
 

 

Dynamics of Multi-functional Acoustic Holograms in 

Contactless Ultrasonic Energy Transfer Systems 
 

 

 

 

Marjan Bakhtiari-Nejad 

 

 

 

Dissertation submitted to the faculty of the 

 Virginia Polytechnic Institute and State University 

 in partial fulfillment of the requirements for the degree of 

 

 

 

Doctor of Philosophy 

in 

Engineering Mechanics 

 

 

 

 

Shima Shahab, Chair 

Muhammad R. Hajj 

Rafael V. Davalos 

Eli Vlaisavljevich 

Raffaella De Vita 

 

 

 

July 31, 2020 

Blacksburg, Virginia 

 

 

 

 

Keywords: acoustic hologram, acoustic patterning, ultrasonic power transfer, acoustic impedance 

matching layers, high-intensity focused ultrasound, nonlinear acoustics, piezoelectric 

transducers, stable cavitation, ultrasound microbubble dynamics 

 

 

 

Copyright 2020, Marjan Bakhtiari-Nejad 



 

 

Dynamics of Multi-functional Acoustic Holograms in 

Contactless Ultrasonic Energy Transfer Systems 

 

Marjan Bakhtiari-Nejad 

 

ABSTRACT 

 

 

Contactless ultrasonic power transfer (UPT), using piezoelectric transducers, is based on 

transferring energy using acoustic waves, in which the waves are generated by an acoustic source 

or transmitter and then transferred through an acoustic medium such as water or human tissue to a 

sensor or receiver. The receiver then converts the mechanical strain induced by the incident 

acoustic waves to electricity and delivers to an electrical load, in which the electrical power output 

of the system can be determined. The execution and efficiency of this technology can be 

significantly enhanced through patterning, focusing, and localization of the transmitted acoustic 

energy in space to simultaneously power pre-determined distributed sensors or devices. A passive 

3D-printed acoustic hologram plate alongside a single transducer can generate arbitrary and pre-

designed ultrasound fields in a particular distance from the hologram mounted on the transmitter, 

i.e., a target plane. This dissertation presents the use of these simple, cost-effective, and high-

fidelity acoustic holograms in UPT systems to selectively enhance and pattern the electrical power 

output from the receivers. Different holograms are numerically designed to create single and multi-

focal pressure patterns in a target plane where an array of receivers are placed. The incident sound 

wave from a transmitter, after passing through the hologram, is manipulated, hence, the output 

field is the desired pressure field, which excites the receivers located at the pre-determined focal 

points more significantly. Furthermore, multi-functional holograms are designed to generate 

multiple images at different target planes and driving frequencies, called, respectively, multi-

image-plane and multi-frequency patterning holograms. The multiple desired pressure 

distributions are encoded on the single hologram plate and each is reconstructed by changing the 

axial distance and by switching the frequency. Several proof-of-concept experiments are 

performed to verify the functionality of the computationally designed holograms, which are 

fabricated using modern 3D-printers, i.e., the desired wavefronts are encoded in the hologram 

plates’ thickness profile, being input to the 3D-printer. The experiments include measurement of 



 

 

output pressure fields in water using needle hydrophones and acquisition of receivers’ voltage 

output in UPT systems.  

Another technique investigated in this dissertation is the implementation of acoustic impedance 

matching layers deposited on the front leading surface of the transmitter and receiver transducers. 

Current UPT systems suffer from significant acoustic losses through the transmission line from a 

piezoelectric transmitter to an acoustic medium and then to a piezoelectric receiver. This is due to 

the unfavorable acoustic impedance mismatch between the transducers and the medium, which 

causes a narrow transducer bandwidth and a considerable reflection of the acoustic pressure waves 

at the boundary layers. Using matching layers enhance the acoustic power transmission into the 

medium and then reinforce the input as an excitation into the receiver. Experiments are performed 

to identify the input acoustic pressure from a cylindrical transmitter to a receiver disk operating in 

the 33-mode of piezoelectricity. Significant enhancements are obtained in terms of the receiver’s 

electrical power output when implementing a two-layer matching structure. A design platform is 

also developed that can facilitate the construction of high-fidelity acoustically matched 

transducers, that is, the material layers’ selection and determination of their thicknesses. 

Furthermore, this dissertation presents a numerical analysis for the dynamical motions of a high-

intensity focused ultrasound (HIFU)-excited microbubble or stable acoustic cavitation, which 

includes the effects of acoustic nonlinearity, diffraction, and absorption of the medium, and entails 

the problem of several biomedical ultrasound applications. Finally, the design and use of acoustic 

holograms in microfluidic channels are addressed which opens the door of acoustic patterning in 

particle and cell sorting for medical ultrasound systems. 
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GENERAL AUDIENCE ABSTRACT 

 

 

This dissertation presents several techniques to enhance the wireless transfer of ultrasonic energy 

in which the sound wave is generated by an acoustic source or transmitter, transferred through an 

acoustic medium such as water or human tissue to a sensor or receiver. The receiver transducer 

then converts the vibrational energy into electricity and delivers to an electrical load in which the 

electrical power output from the system can be determined. The first enhancement technique 

presented in this dissertation is using a pre-designed and simple structured plate called an acoustic 

hologram in conjunction with a transmitter transducer to arbitrarily pattern and shape ultrasound 

fields at a particular distance from the hologram mounted on the transmitter. The desired wavefront 

such as single or multi-focal pressure fields or an arbitrary image such as a VT image pattern can 

simply be encoded in the thickness profile of this hologram plate by removing some of the 

hologram material based on the desired shape. When the sound wave from the transmitter passes 

this structured plate, it is locally delayed in proportion to the hologram thickness due to the 

different speed of sound in the hologram material compared to water. In this dissertation, various 

hologram types are designed numerically to implement in the ultrasonic power transfer (UPT) 

systems for powering receivers located at the predetermined focal points more significantly and 

finally, their functionality and performances are verified in several experiments.  

Current UPT systems suffer from significant acoustic losses through the transmission from a 

transmitter to an acoustic medium and then to a receiver due to the different acoustic impedance 

(defined as the product of density and sound speed) between the medium and transducers material, 

which reflects most of the incident pressure wave at the boundary layers. The second enhancement 

technology addressed in this dissertation is using intermediate materials, called acoustic impedance 

matching layers, bonded to the front side of the transmitter and receiver face to alleviate the 

acoustic impedance mismatch. Experiments are performed to identify the input acoustic pressure 

from a transmitter to a receiver. Using a two-layer matching structure, significant enhancements 

are observed in terms of the receiver’s electrical power output. A design platform is also developed 
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that can facilitate the construction of high-fidelity acoustically matched transducers, that is, the 

material layers’ selection and determination of their thicknesses. Furthermore, this dissertation 

presents a numerical analysis for the dynamical motions of a microbubble exposed to a high-

intensity focused ultrasound (HIFU) field, which entails the problem of several biomedical 

ultrasound applications such as microbubble-mediated ultrasound therapy or targeted drug 

delivery. Finally, an enhancement technique involving the design and use of acoustic holograms 

in microfluidic channels is addressed which opens the door of acoustic patterning in particle and 

cell sorting for medical ultrasound systems. 
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Chapter 1 

Introduction 

The main research goal of this dissertation lays on the enhancement of contactless ultrasonic power 

transfer (UPT) systems using piezoelectric transducers in which the sound wave is generated by 

an acoustic source or transmitter and then transferred through an acoustic medium such as water 

or human tissue to a sensor or receiver [1-4]. The execution and efficiency of this technology can 

be significantly enhanced through patterning, focusing, and localization of the transmitted acoustic 

energy in space via acoustic holography. This work aims to provide the design platform for the 

functional monolithic passive acoustic holograms to shape ultrasonic fields of complex and 

arbitrary spatial distributions using planer single element transducers in UPT systems.  

1.1 Background and Motivation 

Implementing a simple acoustic hologram alongside a single ultrasonic transducer [2, 5, 6] enables 

new capabilities in multifocal focusing, acoustic patterning, and the contactless ultrasonic power 

transfer (UPT) for receivers/sensors. To accomplish the goal of power enhancement in UPT, the 

main objectives cover a broad range, from fundamental theoretical and experimental investigation 

to high impact implementations by (1) electro-elastic-acoustic modeling and testing of various 

static acoustic holograms in UPT systems focusing on the acoustic wave propagation and guiding 

mechanisms [7]; identifying and clarifying the key parameters in the holograms to generate 

multiple acoustic images at different depths [5, 8] and to create different dynamic acoustic fields 

[9-12]; validating and leveraging the theory of the acoustic-elastic models for high-fidelity 

hologram designs and measuring the desired ultrasonic fields in practice [5-7, 13-15], (2) 

implementing acoustic impedance matching layers in UPT [16], and (3) Analyzing oscillations of 
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focused ultrasound (FU)-excited microbubbles [17] and design of acoustic holograms that can be 

used in microfluidic channels for microbubble, particle, and cell sorting and patterning. 

This dissertation is focused on the enhancement of wireless UPT systems by designing high-

fidelity metamaterial-based acoustic holograms, i.e., three-dimensional printed holographic lenses; 

implementing acoustic impedance matching layers in UPT; and analyzing acoustic nonlinearity 

due to high-intensity focused ultrasound (HIFU) field. Passive acoustic holograms store the phase 

or/and amplitude profile of the desired wavefront in a two-dimensional design [5, 15], which is 

used to reconstruct the acoustic pressure field when illuminated with a coherent acoustic source; 

and matching layers alleviate the acoustic impedance mismatch between transducer materials and 

medium. Recently acoustic holograms have shown promising results in various applications 

including therapeutic ultrasound [18-20], diagnostic ultrasound imaging [21], ultrasonic power 

transfer [7], and particle or cell manipulation [5, 22-24] techniques. Building on various methods 

including analytical, computational, and experimental tools, this dissertation has answered 

fundamental questions such as “how to modulate the wavefront of a passing sound wave and shape  

ultrasound pressure fields?”,“how to increase the effective degrees of freedom that can be attained 

in the reconstruction of the wavefront?”, “how to improve the efficiency of ultrasonic systems and 

minimize acoustic losses?”,  and “what are the effects of finite-amplitude sound and nonlinear 

acoustics during FU insonation?” 

We investigate the use of passive acoustic holograms to create multifocal pressure patterns in a 

plane where target receivers are located at specific focal points or regions. First, a phase-shifting 

hologram is mathematically designed. Then, a multi-physics acoustic-electro-elastic model is 

presented for an axially vibrating cylindrical transmitter in conjunction with the hologram to power 

multiple piezoelectric receivers. Experiments were performed to measure ultrasound fields and to 

show the capability of an acoustic hologram to selectively power an array of the receivers and the 

results show the potential of acoustic holograms in constructing and patterning desired single and 

multi-focal acoustic fields to selectively transmit energy to the receiver(s) located at the 

predetermined focal point(s) with dramatic electrical power output enhancements. The design of 

acoustic impedance matching layers is also presented to alleviate unfavorable acoustic impedance 

mismatch and hence improve the power transfer in ultrasonic acoustic energy transfer (UAET) 

systems. Furthermore, we provide some design ideas to fabricate acoustic holograms that can be 

used in microfluidic devices for possible manipulation of microbubbles, particles, and cells in 

medical diagnostic and therapeutic ultrasound applications. 
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Among all the classes of wireless energy transfer, acoustic energy transfer is the safest technology 

to adopt. In particular, biomedical applications offer great potential for contactless ultrasonic 

energy transfer, e.g., battery charging for medical implants without surgery is tremendously 

valuable. One of the main challenges for UPT is to desirably focus and pattern the transmitted 

energy and hence locally power wireless piezoelectric-based sensors. As an alternative to the 

expensive and complex phase-shifting circuity and transducer arrays, the use of a passive 

monolithic hologram alongside a single ultrasonic transducer is a new approach that potentially 

has endless medical diagnostic and therapeutic ultrasound applications. This technique is 

inexpensive and allows for the simplicity of the design and fabrication of 3D-printed holographic 

lenses. These systems influence the design of efficient ultrasonic systems allowing for enhanced 

and selective transfer of acoustic energy by taking advantage of beam-steering and multi-focal 

patterning generated by the hologram. 

This research through conducting experimentally-validated multiphysics modeling aims at filling 

a knowledge gap in terms of focusing and spatial patterning of the transmitted acoustic energy in 

UPT systems.  The research findings in acoustic wave propagation and guiding mechanisms enable 

enhanced and selective powering of medical sensors or ultrasonic implanted transducers, 

improving diagnostic medical imaging, and generating selective heating/energy deposition for 

therapeutic applications.  Generation, focusing, and patterning the desired sound fields by means 

of passive acoustic holograms in UPT has the potential to benefit the medical diagnostic and 

therapeutic ultrasound fields or employing in more general applications such as efficiently 

powering sensor networks, e.g., in localized low power wireless transfer system for distributed 

automotive sensing. The findings will also open the door for using acoustic holograms in 

microfluidic devices in ultrasound therapy as well as acoustic sensing, energy deposition, and 

medical diagnostic imaging. We also performed a numerical/analytical study to analyze single-

bubble dynamics in the nonlinear HIFU pressure field [17], which covers several medical 

ultrasound applications such as employing FU-excited drug-loaded microbubbles for delivering 

and releasing of chemotherapeutic drugs and antibodies in the treatments of neurodegenerative 

diseases such as Parkinson’s and Alzheimer’s disease as well as glioma treatment [25-30].   

Moreover, this work addresses the implementation of acoustic impedance matching layers 

deposited on the front leading surface of the source and receiver transducers [16, 31-38]. Current 

UPT systems suffer from significant acoustic losses through the transmission line from a 

piezoelectric transmitter to an acoustic medium and then to a piezoelectric receiver. This is due to 
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the unfavorable acoustic impedance mismatch between the transducers and the medium, which 

causes a narrow transducer bandwidth and a considerable reflection of the acoustic pressure waves 

at the boundary layers. Using a two-layer matching structure enhances the acoustic power 

transmission into the medium and then reinforces the input as an excitation into the receiver.  

1.2 Intellectual Merit 

The conventional approach for generating three-dimensional complex sound fields rely on a large 

number of active transducers and phase shifting circuits. However, these can only be used in small 

numbers in ultrasound applications, which limits the complexity or degrees of freedom that can be 

attained in the wavefront. As an alternative to the costly and complex phase-shifting circuity and 

transducer arrays, the use of cost-effective passive 3D-printed acoustic phase holograms alongside 

a single and simple ultrasonic transducer is a transformative technology for shaping ultrasound 

fields with significantly higher degrees of freedom and high fidelity, that potentially has endless 

applications. This dissertation, for the first time, introduces the concept of implementing acoustic 

holograms for the contactless transfer of ultrasonic power. This will lead to a new understanding 

of acoustic holography systems that will influence the design of efficient UAET systems. 

Moreover, a design platform developed in this dissertation can facilitate the construction of high-

fidelity acoustically matched transducers, that is, the material layers selection and determination 

of their thicknesses. 

1.3 Outline of the dissertation 

This dissertation presents the outcomes of three research projects, each aims to enhance the 

ultrasonic power transfer (UPT) systems covering different objectives. Firstly, chapters 2 and 3 

address the holographic reconstruction of desired acoustic images using various kinds of acoustic 

holograms for focusing and patterning the contactless transfer of ultrasonic power. Secondly, 

chapter 4 investigates the use of acoustic impedance matching layers in UPT systems to reduce 

losses associated with acoustic reflections. Lastly, a numerical study is presented in chapter 5 to 

examine the effects of acoustic nonlinearity, due to high-intensity focused ultrasound (HIFU) field, 

on a microbubble dynamics, and is covered a brief theoretical study of implementing acoustic 

holography in microfluidic devices. 

• Chapter 2 introduces the concept of implementing acoustic holography via 3D-printed 

high-fidelity passive acoustic phase holograms in UPT systems. This chapter defines 
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acoustic power transmission for heterogeneous media and explains the angular spectrum 

approach (ASA) for the forward and backward propagation of acoustic waves. The steps 

of the optimization algorithm, iterative angular spectrum approach (IASA), to design 

acoustic holograms for a particular field are listed in detail, and the distributed parameter 

piezoelectric model is presented to compute the ultrasonic power transfer from the 

hologram alongside a single transmitter to spatially-distributed receivers located in a target 

plane. Finally, this chapter covers the results for computational and experimental 

holographic reconstruction of different acoustic images, acquisition of receivers’ voltage 

output in UPT experiments using multi-focal holograms, as well as error metrics outcomes 

for quality evaluation of the multi-focal holograms. 

• Chapter 3 provides the computational and experimental realization of multiple acoustic 

images using a single multi-functional hologram of two types, namely multi-image-plane 

and multi-frequency patterning holograms. The extension needed for the IASA 

optimization algorithm to compute each type of multi-functional holograms is described, 

and error metrics are presented to determine the fidelity of various holographic 

reconstruction of multiple images. 

• Chapter 4 develops a design platform for the simple construction of acoustically matched 

transducers using a two-layer matching structure to enhance the wireless ultrasonic transfer 

of power. In this matching configuration, we consider one of the layers as the used glue for 

bonding the other layer to the front side of the transmitter and receiver, hence, in this way, 

we take into account the thickness of glue which is a significant performance factor. A 

transfer matrix method is explained to determine the material layers’ thickness to match 

the transducers at a particular frequency to an acoustic medium of interest. Perfect 

matching is achieved by equating the equivalent acoustic impedance of the heterogeneous 

media, including an acoustic medium, matching layers, and a transducer, to the acoustic 

impedance of the acoustic medium. Furthermore, comprehensive and detailed lists of 

applicable materials for matching layers with their acoustic properties are tabulated in this 

chapter. 

• Chapter 5 addresses the dynamics of a microbubble exposed to nonlinear high-intensity 

focused ultrasound (HIFU) field, which forms fundamentals of acoustic stable cavitation, 

i.e., oscillations of bubbles in size and shape without a violent collapse. The focused 

ultrasound (FU)-induced stable cavitation covers a wide range of biomedical applications 
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such as ultrasonic targeted drug delivery. Finally, this chapter illustrates a process to design 

acoustic holograms that can be used in microfluidic devices for possible manipulation, 

acoustic patterning, and sorting cells, particles, and microbubbles in diagnostic and 

therapeutic medical applications. 

• Lastly, Chapter 6 summarizes the concluding remarks of the aforementioned chapters and 

proposes several future research directions for the techniques presented in this dissertation. 
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Chapter 2 

Acoustic holograms in contactless ultrasonic power 

transfer systems 

This chapter contains excerpts reproduced from an article published in the Journal of Applied 

Physics [1], with the permission of AIP Publishing, and a conference paper published in SPIE 

Smart Structures/Nondestructive Evaluation proceeding [2]. In this chapter, we investigate the 

effects of implementing designed high-fidelity acoustic holograms on the enhancement of 

contactless ultrasonic power transfer (UPT).  

Abstract 

Contactless ultrasonic acoustic energy transfer (UAET) is a new technology that eliminates risks 

or impracticalities associated with wired electrical connections or batteries that need to be replaced 

on a regular basis. This technology, which is based on the reception of acoustic waves at ultrasonic 

frequencies by piezoelectric receivers, can be used to wirelessly charge low-power electronics. 

The execution and efficiency of this technology can be significantly enhanced through patterning 

and focusing of the transmitted acoustic energy in space to simultaneously power distributed 

sensors or devices. This chapter investigates the use of an acoustic hologram to create a multifocal 

pressure pattern in a plane where target receivers are located at specific focal points or regions. 

First, a phase-shifting hologram is designed using an iterative angular spectrum approach (IASA). 

Then, a multi-physics acoustic-electro-elastic model is presented for an axially vibrating 

cylindrical transmitter used to power multiple piezoelectric receivers, in conjunction with the 

hologram. Experiments are also performed to show the capability of an acoustic hologram to 

selectively power an array of the receivers. Both analytical and experimental results show dramatic 

enhancement of power transfer to receivers exposed to a multi-focal pressure pattern created by 
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the hologram. As two case studies, bi-focal and five-element receiver setup are investigated where 

one specific receiver in the two-element array and two specific receivers in the five-element array 

are targeted. The UAET simulations predict significant power transfer enhancements to the 

targeted receivers, which are verified by the proof-of-concept experiments. The effects of system 

parameters such as input frequency, hologram aperture size, and hologram position with respect to 

the ultrasonic source are also reported.  

2.1 Introduction 

The generation and control of three-dimensional sound fields is a long-standing problem, with 

applications that include ultrasound medical treatment (e.g. targeted drug delivery) and imaging 

[3-5], energy transfer [6], and particle manipulation [7, 8]. Initially, acoustic manipulation was 

conducted using phased array transducers [9-12], but the cost associated with active transducers 

and their phase-shifting circuitry was a deterrent for their implementation. Over the past decade, 

acoustic metamaterials have been investigated and characterized, with demonstrated effects such 

as beam-steering [13-16], acoustic focusing [17-20], multifocal focusing [13, 21, 22], negative 

refraction [14, 23], broadband impedance matching [24], analog computing [25], acoustic cloaking 

[26], as well as passive acoustic holography [13, 21, 22], which has attracted significant interest 

because it can be used to generate arbitrarily complex acoustic fields. Passive acoustic holograms 

store the phase and amplitude profile of the desired wavefront in a two-dimensional design, which 

is used to reconstruct the acoustic pressure field when illuminated with a coherent acoustic source. 

These holograms can be implemented using one of two approaches, unit-based acoustic 

metamaterials such as labyrinthine cells [13, 21, 22], and continuous three-dimensional printed 

phase-shifting lenses [27-31]. Both the acoustic metamaterial and three-dimensional printing 

implementation offer full phase control (0 to 360 degrees), while only the acoustic metamaterials 

are capable of demodulating amplitude and phase controls [13, 22]. However, the simplicity of 

design and fabrication of the 3D-printed holographic lenses allows for their implementation in 

applications such as particle manipulation [27] and optically generated ultrasound [29-31]. 

During the same period, ultrasonic acoustic energy transfer (UAET) has emerged as a new 

approach for contactless energy transfer (CET). UAET relies on transferring energy using sound 

waves and is primarily implemented using piezoelectric transmitters and receivers. Several proof-

of-concept experiments have been conducted through different media reporting various 

efficiencies. A review highlighting major advancements is presented by Roes et al [6]. One of the 

challenges for enhancing wireless power transmission and selectively charging sensors or devices 
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is patterning and focusing the transmitted acoustic energy in space. The localization of energy is 

important as it can be used for biomedical applications such as lithotripsy [32] (kidney stone 

removal), or more general applications such as efficiently powering sensor networks. Furthermore, 

there are scenarios where localizing the energy transfer is not only a desire but a must due to the 

delicacy of the system in which energy transfer is implemented. Such examples include sensor 

nodes [33] or neural dust sensing motes placed throughout the human brain [34]. One scenario is 

the use of high-intensity focused ultrasound (HIFU) technology [35] or acoustic mirroring concept 

[36-38] to focus the transmitted energy in space, and, thereby, strongly excite the receiver. 

However, focusing should obviously be carefully employed in UAET since HIFU may yield 

substantial energy localization and heating [35], with levels that may not be allowable because 

safety regulations require acoustic intensity that is lower than 94 mW/cm2 and limit the operating 

frequency to 100 kHz [39]. 

In this chapter, we investigate the capability of a 3D-printed acoustic hologram for contactless 

acoustic power transfer and conduct both theoretical and experimental studies to prove the 

potential of this technology. To this end, we propose to combine UAET systems with the 

diffraction-limited acoustic holograms employing the customized fabrication procedure that was 

first presented by Melde et al [27]. We utilize an iterative angular spectrum approach (IASA) [40] 

to create a desired acoustic pressure pattern for the hologram fabrication. The output pressure 

pattern is then used in conjunction with a distributed parameter piezoelectric model [36, 41] to 

compute the power transfer to spatially-distributed 33-mode receivers. The effects of varying the 

excitation frequency, size of the hologram aperture, and position of the hologram on the target 

image resolution are investigated. Experiments are conducted to show the potential of acoustic 

holograms in constructing single- and two-focus acoustic fields to selectively power the 

piezoelectric receiver(s). In section 2.2, we develop the theoretical background and model for the 

proposed UAET-hologram system. Results from simulations performed using the derived model 

are presented in section 2.3. Details and results from the holographic reconstruction of the desired 

single-focus and multi-focal pressure fields are, respectively, discussed in sections 2.4 and 2.5 

alongside the experimental validation of the computational outcomes. A summary and conclusions 

are presented in section 2.6. 

2.2 Analysis 

Figure 2.1a displays a schematic of an acoustic hologram combined with a UAET system, which 

includes an array of piezoelectric receivers placed in a target plane that is excited by an incident 
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acoustic wave from a transmitter and manipulated by the hologram. Figure 2.1b shows a schematic 

of the continuum model used to analyze the voltage output from the receivers.  

  

Figure 2.1. Schematic representations of (a) an ultrasound energy transfer system with an acoustic hologram 

and (b) the longitudinal excitation of piezoelectric receivers (located in a target plane) by the transmitter 

and single acoustic hologram. Each receiver’s axis of symmetry is perpendicular to the target plane. 

The transfer matrix for the thn  material layer with characteristic acoustic impedance 
nZ  and 

thickness 
nt , with one of the layers being the acoustic hologram, considering a normal incident 

wave through multilayer systems was derived by Callens et al. [42] and Hill and Dardiry [43], and 

is written as: 
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where 
nk  is the wave number in the thn  material. The transfer matrix represents the relation 

between pressure and normal particle velocity at the left and right boundary of the layer satisfying 
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Having calculated the equivalent acoustic impedance, the power (intensity) reflection coefficient 

IR  can be derived by replacing the multilayered boundary system with an equivalent single 

boundary system to write [44] 
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The power (intensity) transmission coefficient 
IT  is then derived as 1 .I IT R= −   

Placing a hologram in the multilayer acoustic structure between the source (transmitter) and the 

target plane (four-layer system), we can calculate the power transmission coefficient as 
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where ( , )t x y  is the thickness of a pixel in the hologram plane at a position ( , )x y  and d  is the 

distance between transmitter and hologram as shown in figure 2.1a, and 0k  and hk  are the wave 

numbers in the medium and in the hologram body, respectively. Moreover, in equation (2.4), hZ , 

0Z  and sZ  are the acoustic impedance of the hologram, medium, and transmitter, respectively. 

For any material ,m  the characteristic acoustic impedance is given by ,mm mZ c=  where 
m  and 

mc  are, respectively, the material density and speed of sound. Equation (2.4) is derived using the 

aforementioned equivalent transfer matrix method in which 
1 2 4 3,   and Z Z Z Z=  correspond to 

0,   and ,s hZ Z Z  respectively. 

Accordingly, if the acoustic hologram is mounted on the transmitter (three-layer system), the 

power transmission coefficient is derived as 

 2 2 2 2 2 2 2

0 0 0three-layer
( , ) 4 [( ) sin ( ( , )) ( ) cos ( ( , ))].I h s h s h h s hT x y Z Z Z Z Z Z k t x y Z Z Z k t x y= + + + (2.5) 

Similarly, equation (2.5) is derived using the equivalent transfer matrix method in which 

1 2 3,   and Z Z Z  correspond to 
0,   and ,s hZ Z Z  respectively. In this chapter, we investigate 

employing the acoustic hologram, which is mounted on the transmitter, and we aim to determine 

the desired pressure field in the target plane where the receivers are located. 

2.2.1 Acoustic wave propagation from transmitter and hologram 

To find the transducer output pressure field, the acoustic pressure close to the transmitter, where 

the hologram is located, is calculated using the Fast Nearfield Method (FNM) [45, 46]. FNM is a 
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simulation method that takes advantage of the one-dimensional integral approach to determine the 

pressure near acoustic sources. The integral is the simplified form of the Rayleigh–Sommerfeld 

diffraction formula [47] and accounts for a uniform surface velocity of the circular source [48]. To 

predict the acoustic field distribution at a target plane, we use the Angular Spectrum Approach 

(ASA) in which the complex acoustic pressure wave is represented as the summation of plane 

waves [49] and write 

 
( )( , , )
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x y

j k x k y k zj x y z
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where 0p  and   are, respectively, the amplitude and relative phase of the complex input acoustic 

pressure and j  is the unit imaginary number. The time dependency of 
0 ( , ,0)p x y  is excluded for 

the sake of brevity. Equation (2.6) satisfies the Helmholtz equation 2 2( ) ( ) 0p k p  + =  in the 

frequency ( ) domain, providing that 
2 2 2 2 ,x y zk k k k= + +  where /k c=  is the wave number 

and c  is the speed of sound in the fluid domain. The angular spectrum of the pressure wave at 

constant 0z = , 0 ( , , 0)x yP k k z = , is obtained from the two-dimensional Fourier transform as 
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The ASA computes the pressure at any arbitrary plane (target plane) using pressure field 

information at a parallel plane, e.g. 0z =  (hologram plane). Hence, when the angular spectrum of 

input pressure 0 ( , ,0)x yP k k  is identified, the angular spectrum at every parallel plane z is obtained 

as 

 0( , , ) ( , ,0) ( , , ),x y x y x yP k k z P k k H k k z=   (2.8) 

where ( , , )x yH k k z  is the propagation function [50] written as 

 ( , , ) ,zjk z

x yH k k z e=   (2.9) 

Accordingly, the pressure distribution at any desired (target) plane z is calculated using the inverse 

two-dimensional Fourier transform as  
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Similarly, the ASA can be used to compute the backpropagation of the pressure field from the 

target plane to the hologram plane in which the corresponding angular spectrum at 0z =  is 

calculated as 

 0 ( , ,0) ( , , ) ( , , ),x y x y x yP k k P k k z H k k z= −   (2.11) 

where ( , , )x yH k k z−  is the backpropagation function written as ( , , ) zjk z

x yH k k z e
−

− = . 

It should be noted that a more accurate method of obtaining the transducer output pressure field is 

experimentally measuring the field fairly close to the transmitter (using a hydrophone, e.g., in the 

water domain) and then numerically backpropagating to the transducer face via the ASA.  

The ASA theory explained in this section is employed for the Near-field Acoustic Holography 

(NAH) method. NAH is a technique that has been used for sound source identification [51-55] and 

it is particularly effective for an inverse problem, i.e., backpropagation of the sound pressure from 

a target plane to a plane close to the acoustic source. NAH constructs the pressure field in a plane, 

as well as the fluid velocity and acoustic intensity vectors based upon the pressure information of 

a parallel plane [49]. In this chapter, by using the NAH, we show the capability to design an 

acoustic hologram to focus the acoustic energy in the desired pattern. The procedure will be 

explained in the next two sections. 

2.2.2 Iterative angular spectrum approach optimization algorithm  

To obtain the desired acoustic pressure pattern in the target plane, the Iterative Angular Spectrum 

Approach (IASA) is used. Implementing the IASA starts by specifying the desired constraints, i.e., 

boundary conditions in the hologram plane and target plane [27]. Initially, the amplitude of the 

pressure field in the hologram plane is set to the amplitude of the transducer output pressure field 

computing via the FNM or by experimentally measuring the pressure field fairly close to the 

transmitter and then numerically back-propagated to the transducer face, and the phase distribution 

is set to zero. In the target plane, upon calculating the forward-propagated pressure field via the 

ASA, we impose the desired target image amplitude on the field without changing the phase. 

Again, the pressure field in the hologram plane is computed via the backpropagation of the wave 

from the target plane to the hologram plane. Then, the acoustic pressure amplitude of the hologram 

plane is set to that of the initial pressure amplitude (close to the transmitter or the transducer output 

pressure field) while considering the transmission losses, 0( , ,0) ( , )  ( , ,0)h Ip x y T x y p x y= , and 

preserving the back-propagated phase. The IASA is repeated until the acoustic pressure field in 



19 
 

the target plane converges to the desired target image, which in turn leads to the construction of 

the final thickness map of the hologram plate. 

Additionally, we note that multiple forward and backward propagations of the acoustic field lead 

to the reflection of higher spatial frequencies [27]. Therefore, we extend our computational domain 

in the x-y plane to 1.3-3 times the diameter of the transmitter and impose zero pressure outside the 

hologram area. 

The thickness change of each pixel of the hologram (from the base thickness of the hologram plate 

0t ) neglecting shear waves is estimated as 
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where ( , )h x y  is the relative phase map calculated in the hologram plane and 

0( , ) ( , )t x y t t x y = − . 

In summary, the IASA optimization algorithm [27, 40] used to design the acoustic hologram 

consists of the following steps: 

1. The transmitter output pressure field  
0 ( , ,0)p x y   is computed via the FNM at the hologram 

plane close to the transmitter face or by experimentally measuring the pressure field fairly 

close to the transmitter and then numerically back-propagated to the transducer face. In the 

hologram plane, the amplitude of the field is set to the amplitude of the transmitter output 

pressure field and the phase map is set to zero.  

2. The complex acoustic pressure in the desired target plane ( , , )tp x y z  is computed via the 

ASA using the propagation function. 

3. The propagated pressure field is then compared to that of the target image. 

4. If the comparison is satisfactory, the IASA is complete; otherwise, the acoustic pressure 

amplitude in the target plane is set to that of the desired target amplitude and the forward-

propagated phase remains unchanged. 

5. The imposed field is back-propagated to the hologram plane via the ASA using the 

backpropagation function. 

6. The thickness map of the hologram and power transmission coefficient are calculated. 
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7. The back-propagated acoustic pressure amplitude in the hologram plane ( , ,0)hp x y  is 

again set to the amplitude of the transmitter output pressure field, and the transmission 

losses are applied using equation (2.5). The back-propagated phase remains unchanged. 

8. The process is repeated from step 2 until a satisfactory distribution is obtained. 

2.2.3 Acoustic propagation and piezoelectric receivers coupling in UAET: closed-form 

voltage response at steady state 

The receiver disks in the target plane are free-free PZT (lead zirconate titanate) cylinders operating 

in the 33-mode of piezoelectricity with fundamental resonance frequencies above the human 

audible frequency range (see figure 2.1b). For the fluid-loaded and electrically-loaded free-free 

piezoelectric receiver disk excited by the acoustic wave, the coupled partial differential equations 

for longitudinal vibrations of the receivers and the AC electrical circuit equation are given by [36, 

41, 56] 
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where ( , )w t  is the displacement response of the disk at the axial position   and time t, ( )v t  is 

the voltage output across the electrical load, E is Young’s modulus at the constant electric field, A 

is the cross-sectional area, m is the mass per unit length, c  is the stiffness-proportional damping 

coefficient, c  is the mass-proportional damping coefficient,   is the electromechanical coupling 

term in physical coordinates, and ( )   is the Dirac delta function. The parameters pC  and 
lR , 

respectively, represent the internal capacitance of the piezoelectric receivers and the external load 

resistance. The excitation forces due to the incident acoustic pressure, ( ) ( )top tf t p t A=  at 0 =  

and ( ) ( )bottom tf t p t A − =  −  at L = , given in terms of the acoustic pressure in the target plane 

( )tp t  (see section 2.2.2), are evaluated at the top surface ( 0) =  and the bottom surface ( )L =  

of the receivers, where   is the ratio of the acoustic pressure on the bottom surface to that on the 

top surface and   is the time delay of 
bottomf  relative to topf . Moreover, the dissipative term 

rR  in 

equation (2.13) is the resistive component of the fluid radiation impedance (see figure 10.19 in 
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[57]). The excitation of the receiver is such that the linear piezoelectricity is assumed and the elastic 

coupling and dissipative nonlinearities are not prominent. 

The linear displacement at the free end of the piezoelectric receiver disk ( ( )z t  in figure 2.1b, 

where ( ) (0, )z t w t= ) due to harmonic excitation at or around the fundamental longitudinal (axial) 

vibration mode is obtained by modal analysis of the distributed-parameter electromechanical 

system for the fundamental mode of vibration. The longitudinal tip displacement of the 

piezoelectric receiver disk at time t is then written as 
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where (0)  and ( )t  are the mass-normalized eigenfunction evaluated at 0, =  figure 2.1b, and 

the generalized modal coordinate for the longitudinal vibration mode of a free-free uniform disk, 

respectively. The mass normalized elastic-mode eigenfunction, calculated from the corresponding 

undamped and electromechanically uncoupled (short-circuit) free vibration, is obtained as [36] 
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where the eigenvalue,  , of the fundamental mode is the first non-zero root of the transcendental 

equation 
2 2 0[ ( / ) 1]sin 2 ( / )cosr rm mL m mL  − − = , where /r rm X =  is the radiation mass, 

i.e., added mass, due to reactive component of fluid radiation impedance 
rX  (see figure 10.19 in 

[57]) and   is the excitation frequency. 

The electromechanically coupled equations of forced vibration and current balance for the 

fundamental mode in the lumped-parameter form (reduced from distributed-parameter solution) 

are expressed as 
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where the over-dot represents differentiation with respect to time and   is the damping ratio.[58] 

Here, acoustic absorption, nonlinearity, and scattering effects are assumed to be negligible for the 

frequency range of interest and receiver dimensions. 

The steady-state electromechanical response to harmonic excitation is also harmonic and is of the 

form ( ) j tz t z e =  and ( ) j tv t v e =  based on the linear system assumption. Here, z  and v  

denote amplitudes of the axial displacement and voltage output, respectively. As a result, the 

fundamental-mode output voltage amplitude frequency response function (FRF) is obtained as [36] 
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where  =  is the phase angle between the excitation forces at the top and bottom surfaces of 

the cylindrical receivers. Consequently, the power output FRF of the piezoelectric receiver disks  

( ) is calculated using equation 
2 / .lv R =  

As a new method, combining the developed piezoelectric-based UAET formulations with the 

acoustic holography technique, imposing constraints on the amplitude of pressure distribution in 

the target plane, enables us to construct a desired multi-focal acoustic field where power 

transmission to receivers are focally achieved and enhanced dramatically. The analysis presented 

in this section starts with defining a desired pressure pattern in the target plane where multiple 

receivers are placed. Then, by applying acoustic holography, the thickness map of a hologram is 

determined. This map is used to form the hologram. The combination of the acoustic source and 

designed hologram enables the selective powering of the piezoelectric cylindrical receivers. We 

expect that the developed theory for using holograms in the contactless transfer of acoustic power 

will provide new insights into applications of UAET.  

2.3 Theoretical results for holographic reconstruction of a VT image  

2.3.1 Acoustic pressure distributions and the thickness map of the hologram 

In this section, the numerical simulation of constructing the pressure fields and hence obtaining 

the information needed for fabrication of an acoustic hologram is illustrated. Having computed the 

initial pressure field close to the face of the circular transmitter using the FNM at 1 MHz, the ASA 

is used to compute the pressure field in the target plane at 50 mmz =  in the water domain. The 

operating frequency of 1 MHz is selected to achieve the reasonable solution quality (the effects of 
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different frequencies are explored in section 2.3.3) and the target depth of 50 mm is a common 

depth in the UAET applications. The acoustic hologram is numerically designed to be driven by a 

piezo transducer disk with a diameter of 100 mm.  

 

Figure 2.2. Acoustic pressure distributions for the holographic reconstruction of a VT image: Pressure field 

in the hologram plane close to the transmitter face, after transmission through the acoustic hologram: the 

(a) amplitude and (b) relative phase. Resultant propagated pressure field in the target plane at 50 mm:z =  

the (c) amplitude and (d) relative phase. The driving frequency is 1 MHz. 

Figure 2.2 shows the pressure distributions after 50 iterations obtained by implementing the IASA 

algorithm in section 2.2.2. In figures 2.2a and b, the amplitude and phase of the back-propagated 

final pressure distribution in the hologram plane,
hp  after transmission through the hologram (step 

7 in the IASA algorithm) are shown. The resultant amplitude and phase of the pressure field tp  at 

the target plane are, respectively, shown in figures 2.2c and d. The pressure field tp  in the target 

plane results from step 4 in the IASA algorithm, which converges to the target image when the 

IASA is complete. Here, we have chosen the university logo, VT shape, as the target image in 

order to show the potential of the computational simulation to reconstruct the complex pressure 

pattern. The resultant acoustic pressure distribution matches well with the VT shape desired pattern 

that we imposed upon the target plane, which shows the capability of the designed hologram in 
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multi-focal lensing and acoustic pressure transmission to generate higher amplitudes over specified 

patterned areas, compared to the case in which there is no hologram. The comparison indicates a 

32% increase in the average acoustic pressure. In this simulation, the number of pixels associated 

with the diffraction-limited acoustic hologram is 201×201 with a resolution of / 3,  where   is 

the wavelength, and the computational domain size is 601×601. 

The final thickness map of the hologram is then computed using the final relative phase map, figure 

2.2b, and equation (2.12). Figure 2.3a illustrates this map, with the base thickness of 5 mm, which 

is later used as an input to the 3D printer for the fabrication of the hologram shown in figure 2.3b. 

The hologram was printed with a 3D printer (Form 2, Formlabs) using Clear Resin material with 

a resolution of 50 µm. The simulations were performed using the properties for water and axially 

vibrating cylindrical PZT transmitter with densities of 1000 kg/m3 and 7800 kg/m3 and the speed 

of sound of 1500 m/s and 4000 m/s, respectively. Moreover, the hologram properties were set to 

1100 kg/m3 for the density and 2424 m/s for the speed of sound in the material. 

 

Figure 2.3. (a) Final thickness map of the hologram plate for the holographic reconstruction of the VT 

image, operating at 1 MHz, obtained from the IASA and (b) the 3D-printed hologram plate. 

2.3.2 Receivers’ power output in the target plane 

In this section, the receivers’ power output in the target plane is calculated using the obtained 

pressure distribution in the plane, where 1024 PZT receivers were equally distributed. Each 

receiver investigated in this case study is a cylindrical 33-mode PZT disk (PIC 255 from Physik 

Instrumente (PI) GmbH & Co. KG [59]) with a diameter of 3 mm and a thickness of 2 mm, and a 

short-circuit fundamental resonance frequency of 1 MHz in free-free boundary conditions. The 

material properties are given by the manufacturer in [60]. The whole setup (in figure 

2.1) is submerged under the water. Using the analytical model, further simulations were conducted 

to obtain the electrical power output for the PZT receivers in the target plane at 50 mmz =  for 
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two cases, i.e. with and without the hologram. The power output for the receivers is calculated at 

1.08 MHz, the underwater open-circuit resonance frequency, and the load resistance is fixed to

12klR =   (see figure A.1 in appendix A.1). The pressure amplitude in the target plane at each 

receiver’s location is used to calculate the external force acting on the surfaces of the receiver and 

is used in equation (2.19) to compute the output voltage amplitude from each receiver. This voltage 

is used in conjunction with the electrical load to calculate the power output. Since the pressure 

distribution over the surface of each receiver is not uniform, the pressure field in the target plane 

is divided into a coarser grid that has the nominal dimension of the diameter of the receivers. The 

pressure over each grid point is then averaged and is multiplied by the receiver area to estimate the 

external force over each receiver’s surfaces. 

 

Figure 2.4. Acoustic pressure distributions for the holographic reconstruction of the VT image in the target 

plane at 50 mm:z = (a) when there is no acoustic hologram and (b) in the presence of the hologram. 

Corresponding power output for the piezoelectric receivers in the target plane at 50 mm:z =  (c) when there 

is no hologram and (d) in the presence of the hologram. The pressure and power output are, respectively, 

normalized by the maximum value in (b) and (d). 

Figures 2.4a and b show the normalized pressure distribution in the target plane when there is no 

acoustic hologram and in the presence of the hologram, respectively. Correspondingly, the 
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normalized power output without the presence of the hologram is shown in figure 2.4c, while figure 

2.4d shows the normalized power output using the acoustic hologram. The figures depict an array 

of receivers that covers the domain in the target plane corresponding to the hologram aperture. It 

is determined that the acoustic hologram enables a new capability in shaping the acoustic pressure 

field and transferring power to the receivers only at focal points (in the VT pressure pattern), 

selectively. For this case study, in addition to pattering, employing the hologram in the UAET 

setup leads to a 9% increase in the average power output.  

Furthermore, figure 2.4d shows that the receiver with the highest power or normalized power 

output equals to 1 when the acoustic hologram was used, is located at x = -22.5 and y = -16.5 mm 

in the target plane. Comparing with the corresponding receiver in the same location, where the 

normalized power output equals 0.33 without employing a hologram (figure 2.4c), the receiver’s 

power output was increased by 200%.  The power can be further increased with impedance 

mismatch alleviation and the inclusion of impedance-matching layers between the transmitter, 

hologram, and receivers [42]. 

2.3.3 Effects of various parameters on pressure pattern in the target plane and thickness 

map of the hologram 

In this section, we aim to analyze the effects of various parameters on the reconstruction of the 

target pressure pattern and fabrication of the hologram plate via its thickness map. The propagated 

pressure fields in the target plane at 50 mmz =  for six different operating frequencies, namely 100 

kHz, 250 kHz, 500 kHz, 1.5 MHz, 2.5 MHz, and 3.3 MHz, are shown in figure 2.5. The 

aforementioned frequencies were selected to visualize the effects of operating frequencies on the 

fidelity of the system. Moreover, there is a limit for the ASA to which the frequency can be 

increased depending on the distance from the hologram plane to the target plane and also on the 

desired pattern. For our case study, the frequency cannot be increased more than 3.3 MHz (with 

/ 2  sampling criteria to avoid aliasing); however, at a smaller distance, e.g., 20 mm,z =  the 

hologram can be constructed at much higher frequencies such as 7 MHz or above. Comparing the 

results obtained in figure 2.2c at 1 MHz and figures 2.5a-c, it is concluded that the hologram 

potential in generating the desired pressure pattern and hence performance quality and accuracy 

decrease as the frequency is decreased. On the other hand, figures 2.5d-f illustrate that increasing 

the frequency from 1 MHz to 1.5-3.3 MHz significantly improves the quality and uniformity of 

the patterned distribution of pressure in the target plane. Hence, increasing the operating frequency 

enhances the efficiency of power transfer. Considering the corresponding thickness maps of the 



27 
 

hologram that are shown in figure 2.6, we note that the resultant thickness map from the IASA 

before 3D printing is considerably affected by the excitation frequency.  

 

Figure 2.5. Propagated pressure fields for the holographic reconstruction of the VT image in the target plane 

at 50 mmz =  for excitation frequencies of (a) 100 kHz, (b) 250 kHz, (c) 500 kHz, (d) 1.5 MHz, (e) 2.5 

MHz, and (f) 3.3 MHz. 

Apparently, over the frequency range below 1 MHz (figures 2.6a-c), a low-quality designed 

thickness map is obtained which in turn leads to the fabrication of an imperfect hologram plate; 

thus, it generates a pressure pattern with less consistency in comparison to the desired target VT 

pattern. In contrast, figures 2.6d-f show considerable improvements in the quality of the 

construction of desired holographic design when operating at 1.5-3.3 MHz with a more detailed 

structure of the pattern in comparison with the pattern of figure 2.3a at 1 MHz. Furthermore, at 
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higher frequencies, the hologram plate can begin with smaller base thickness since it requires less 

amount of maximum material removal, which results in a more consistent thickness map for the 

pixels of the hologram with lower acoustic attenuation. This is one of the important features in 

making a consistent desired pattern since, in a holographic technique, each pixel of the hologram 

acts as a single transducer in transmitting the acoustic field.  

 

Figure 2.6. Final thickness map of the hologram plate for the holographic reconstruction of the VT image, 

obtained from the IASA, for excitation frequencies of (a) 100 kHz 
0( 42 mm)t = , (b) 250 kHz 

0( 17 mm),t =

(c) 500 kHz 
0( 10 mm)t = , (d) 1.5 MHz 

0( 5 mm),t = (e) 2.5 MHz 
0( 2 mm)t = , and (f) 3.3 MHz 

0( 1.5 mm)t = . 

The resolutions for each frequency in the simulations are chosen to ensure that a reasonable 

solution quality, which requires a feasible computational time, is achieved. The number of pixels 
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associated with the diffraction-limited acoustic hologram for the excitation frequency of 100 kHz 

is 161×161 with a resolution of / 24  and the computational domain size is 481×481. For the 

frequencies of 1.5 MHz, 2.5 MHz, and 3.3 MHz, the hologram plane is respectively comprised of 

301×301, 334×334, and 441×441 number of pixels and the computational domain size is 901×901, 

1001×1001, and 1321×1321, respectively. The spatial sampling of / 3  is used for the frequency 

of 1.5 MHz and the frequencies of 2.5 MHz and 3.3 MHz are operated with the / 2  sampling 

criteria. Other simulations are performed with the same number of hologram pixels and 

computational size as the one used for 1 MHz (section 2.3.1). However, the resolution for driving 

frequencies of 250 kHz and 500 kHz are /12  and / 6 , respectively. Likewise, we investigated 

the effects of various hologram aperture size and diameter of the PZT transducer disk. The results 

show that using a larger disk/aperture size will improve the quality of the hologram design and 

therefore enhance the reconstruction quality of the pressure pattern as well as the designed 

thickness map. For that, as an alternative, we suggest using the equivalent source method (ESM) 

method for NAH that can administer sources with arbitrary geometry, i.e. multi-aperture acoustic 

holography method [51, 61, 62]. The results of changing the aperture size are presented in appendix 

A.2, figure A.2, which are analogous to those regarding the effects of changing the frequency. The 

size of reconstructed features in the target plane is diffraction-limited, hence, increasing the 

operating frequency and aperture size, as far as possible, will enhance the image fidelity. An 

example of acoustic power transmission coefficient variation for three layers versus operating 

frequency and layer thickness for different frequencies are shown, respectively, in figures A.3a 

and b in appendix A.3. Also, the calculated power transmission coefficient in the hologram plane 

at 1 MHz for the computational case study is shown in figure A.3c.  

Figure 2.7 shows the results of VT image reconstruction for the case when the hologram is not 

fixed to the transmitter disk and instead, is placed between the transmitter and the target plane  (see 

figure 2.1 in section 2.2). In figure 2.7, 75 mmd =  and 50 mmz = ; please note that 0z =  is the 

hologram plane, hence, the maximum distance (between the transducer and the target plane) is 125 

mm. The amplitude of the reconstructed pressure fields (after 50 iterations of the IASA algorithm) 

at the hologram and target plane are shown in figures 2.7a and c, respectively, while figures 2.7b 

and d show the corresponding phase of the pressure fields. Figures 2.7e and f show, respectively, 

the acoustic power transmission (see equation (2.4)) and the hologram thickness map calculated 

from the phase map in figure 2.7b. 
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Figure 2.7. Acoustic pressure distributions for the holographic reconstruction of the VT image when 

75 mmd =  and 50 mm.z =  Pressure field in the hologram plane: the (a) amplitude and (b) relative phase. 

Resultant propagated pressure field in the target plane: the (c) amplitude and (d) relative phase. (e) 

Corresponding acoustic power transmission coefficient and (f) thickness map of the acoustic phase 

hologram. The driving frequency is 1 MHz and the base thickness is 5 mm. 

Comparing figures 2.7a-d to that of figures 2.2a-d, one can see that although there are some 

differences in the details of the reconstruction pattern, both cases lead to satisfactorily results 

generating the desired pattern at the target plane. Thus, the hologram does not necessarily need to 

be attached to the transducer [63], which could provide more flexibility and capabilities for the 

energy transfer applications, where larger distances between the transmitter and receivers might 

be required. However, the sound beam diffraction and acoustic attenuation when placing hologram 
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in between will be stronger leading to more loss of acoustic energy. Moreover, at some axial 

distances, the acoustic power transmission drops due to the sinusoidal nature of the power 

transmission coefficient (see figure A.3b in appendix A.3). Figure A.4c in appendix A.4 illustrates 

the case ( 50d z  mm= = ) when the power maximum transmission coefficient for the VT pattern 

reconstruction decreases, though the pressure field at the target plane adequately converges to the 

desired field (figure A.4b). Another example is seen in figure A.5 of appendix A.4, where 

50d  mm=  and 100z  mm= . In this example, the homogeneity of the amplitude distribution at the 

target plane enhances (figure A.5b). However, comparing the thickness map of the hologram in 

figures A.5d with that of A.4d, we can conclude that unwanted phase jumps lead to larger thickness 

variations between some adjacent pixels causing thickness anomalies [64], which makes the 

fabrication of 3D-printed acoustic phase holograms difficult, and decreases the holograms’ 

focusing performance in practice. 

2.4 Experimental results for a two-element receiver array setup 

2.4.1 Hologram fabrication and UAET experimental setup  

The experiments were performed to show the functionality of the acoustic hologram in UAET. 

The hologram is designed, using the IASA algorithm, to generate a single acoustic focus on the 

left side of a target plane at a distance 40 mmz =  from the hologram plane with the excitation 

frequency of 1MHz. The focal area is defined to encompass a piezoelectric receiver disk and after 

60 iterations, the solution converges to the desired pressure pattern as shown in figure 2.8a. The 

final thickness map, with a base thickness of 5 mm, is presented in figure 2.8b, which was rendered 

into a 3D-printed acoustic hologram using Clear Resin material with the properties described in 

section 2.3.1.  

 

Figure 2.8. Normalized acoustic pressure distribution for the holographic reconstruction of a left-side-

single-focus image obtained from the IASA computational simulation in the target plane at 40 mmz =  and 

(b) the corresponding final thickness map of the hologram plate. The driving frequency is 1 MHz. 
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The UAET experimental setup with the acoustic hologram is shown in figure 2.9. The acoustic 

source (transmitter) is a PZT disk with a diameter of 50 mm and a thickness of 2.1 mm operating 

at the thickness mode of 1 MHz. We used two PZT receiver disks with a diameter of 19 mm, a 

thickness of 2 mm, and the resonance frequency (thickness mode) of 1 MHz and placed them in 

the target plane. All the disks are cylindrical 33-mode modified PZT-4 (Steiner & Martins, INC. 

[65]) and the material properties are given by the manufacturer in [66]. The hologram was mounted 

on the transmitter with a thin layer of high-shear-strength epoxy (3M DP460 Scotch-Weld Epoxy 

Adhesive). The backside of the disks was fixed to a fabricated acrylic holder using the same epoxy 

with the method described in [67].  

 

Figure 2.9. Experimental setup showing implementation of the acoustic hologram with the transmitter-

receivers in UAET (a: deionized water tank, b: waveform generator and preamplifier, c: load resistors, d: 

transmitter and hologram, and e: receivers). 

The transmitter was actuated using a waveform generator (Keysight 33500B series) that was 

connected to an amplifier (Krohn-Hite Corp, model 7500). The receivers ( 1 2 and R R  in figure 2.9) 

were connected to load resistors (RS-201W Wide-Range Precision Resistance Substituter) and a 

preamplifier (Stanford Research Systems Model SR560, Low-Noise Preamplifier) was used to 

amplify the receiver’s signal. The data from the receivers were then acquired using NI 

SignalExpress® software through a National Instrument data acquisition device (PCI-6115). 

Furthermore, the data were bandpass filtered between 900 kHz and 1.1 MHz to reduce noise. The 

transmitter, hologram, and receivers were fully submerged in 615×318×325 mm tank of deionized 
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water. Based on the desired pressure pattern from the acoustic holography, figure 2.8a, the voltage 

output from the receiver 1R  was expected to be higher than that of the receiver 
2R . This outcome 

is illustrated in the next section. 

2.4.2 Patterning in UAET using hologram: pressure distribution and receivers’ voltage 

response 

The objective of the experiment is to excite the fixed-free receiver disks in the target plane by the 

transmitter and single acoustic hologram that were discussed above. The detailed theoretical 

modeling for longitudinal excitation of a fixed-free cylindrical piezoelectric receiver is described 

in [68] and chapter 4, section 4.2.2. We measured the sound pressure in the target plane at 

40 mmz =  using a calibrated 1 mm needle hydrophone (Precision Acoustics Ltd with the 

sensitivity of 1154 mV/MPa at 1 MHz) mounted on a manufactured custom 3D positioning system. 

The hydrophone preamplifier was connected to a DC coupler with power supply (Precision 

Acoustics Ltd) referenced to the PCI-6115 card in which the hydrophone signal was acquired using 

a built-in MATLAB function (for data acquisition) and a developed script that 2D scans the 

acoustic field in the target plane. The data from the hydrophone was also bandpass filtered between 

900 kHz and 1.1 MHz. Figures 2.10a and b show the normalized peak pressure as measured by the 

hydrophone (see figure A.6 in appendix A.5) in the target plane when there is no acoustic hologram 

and in the presence of the hologram, respectively. Noticeably, using the acoustic hologram 

enhances the pressure amplitude in the targeted area and produces the focal point. Comparing the 

experimental results in the presence of the acoustic hologram, figure 2.10b, with the theoretical 

results, figure 2.8a, we observe a good agreement where the target pressure pattern, (i.e., single 

desired focal point on the left side of the acoustic field) is clearly realized. Also, we have verified 

the functionality of the acoustic hologram in generating the patterned distribution of pressure at 

frequencies within ±20% of the operating frequency. 

The dashed circles in figure 2.10b represent the locations of the PZT receivers in the target plane 

for the UAET experiment (see figure 2.9) and the normalized average pressure in the plot is 

calculated for the six selected segments of the field as shown in figure 2.10c. The results presented 

in this section were verified in two ways. Firstly, we verified the functionality of the designed 

acoustic hologram using the IASA, in generating the patterned distribution of pressure by 

comparing figure 2.8a with figure 2.10b. Secondly, we compared the time histories of the measured 

voltage output across the electrical load connected to the receivers with UAET modeling results 

for the PZT receivers excited by the given average pressure in figure 2.10c. The average pressure 
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in the segment including receiver 1 1( )R  is almost double (1/ 0.51 1.96)=  that of the receiver 2 

2( ),R  which means 
for R1 for R2

1.96t tp p= . Time histories of the measured voltage output across the 

electrical load connected to the receivers 1R  and 
2R  are presented in figure 2.10d. The ratio of the 

amplitudes of the voltage output is 
for R1 for R2

2.02 .v v=  A very good agreement is noted between 

these values and those predicted by the model in that the voltage response is linearly proportional 

to the input pressure as derived in equation (2.19), i.e., tv p . Hence, by using the designed 

acoustic hologram, a significantly higher voltage output from 1R  is achieved, which shows the 

potential of the acoustic hologram in transferring localized and higher power to a receiver at the 

predetermined focal point.  

 

Figure 2.10. Experimentally measured acoustic pressure distribution for the holographic reconstruction of 

the left-side-single-focus image in the target plane at 40 mm:z =  (a) when there is no hologram and (b) in 

the presence of the hologram. (c) The average pressure calculations with the hologram, in defined segments, 

and (d) the corresponding normalized experimentally measured voltage output from the two receivers 

located in the target plane compared with the UAET modeling results. The pressures and average pressures 

are normalized by the maximum value in (b) and (c), respectively. The driving frequency is 1 MHz. 
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2.5 Multi-focal image patterning holograms 

In this section, we aim to design holograms that can generate more complex pressure fields, i.e., 

multi-focal patterning to implement it in practice for the enhancement of ultrasonic power transfer 

(UPT). The experiments were performed to obtain a piezo transmitter disk output pressure field. 

The transmitter disk is a cylindrical 33-mode modified PZT disk (PIC255 from PI Ceramic GmbH 

[69]) and the material properties are given by the manufacturer. The disk has a diameter of 50 mm 

and a fundamental resonance frequency (thickness mode) of 2.3 MHz in the water domain 

(measured by the HP4192A impedance analyzer). 

2.5.1 Computational holographic reconstruction of the multi-focal image patterning 

We measured the sound pressure in a plane at the distance 9.3 mm from the transmitter disk (see 

figure 2.11a) using a calibrated 0.2 mm needle hydrophone (Precision Acoustics Ltd with the 

sensitivity 44  mV/MPa at 2 MHz) mounted on a manufactured custom 3D positioning system as 

depicted in figure A.7 in appendix A.5. The disk was bonded to a thin brass plate using a thin layer 

of high shear-strength epoxy (3M DP460 Scotch-Weld Epoxy Adhesive) and then the plate was 

mounted in a watertight box made of an acrylic sheet with the help of a neoprene rubber sheet as 

shown in figure A.7 and similarly to the procedure explained in [27]. We used the box to 

electrically insulate the PZT transducer in water and to construct the air-backed transducer which 

reflects almost all power from the backside of the transducer toward the transmission line and 

enhances the power transfer. The box including the PZT disk was fully submerged in 615 mm × 

318 mm × 325 mm tank of deionized water. Before submerging the hydrophone, the water inside 

the tank was properly degassed using a fabricated degassing device for 2 hours. The hydrophone 

preamplifier was connected to a DC coupler with power supply (Precision Acoustics Ltd) 

referenced to a 1-GS/s digital oscilloscope (Tektronix TBS 2000 series, model TBS2104) with a 

sampling rate of 500 MHz, a waveform record length of 2000 points, and 128 averages in which 

the hydrophone signal was acquired. A developed MATLAB script is used that scans the acoustic 

field in the 2D measurement plane. The disk was actuated using a waveform generator (Keysight 

33500B series) that was connected to an amplifier (E&I RF power amplifier, model A075). The 

low driving voltage of 30.4 V peak-to-peak was applied for hydrophone scans to ensure that the 

PZT disk maintains the same performance over the 9-hour hydrophone scan. The deionized water 

tank was partially lined with acoustic absorber sheets (Aptflex F28, Precision Acoustics Ltd) to 

avoid reflections from the tank walls. The measurement at each position on a plane at 9.3 mm 

distance from the transmitter was averaged over four times.  
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Figure 2.11. Acoustic pressure distributions for the source reconstruction: (a) experimentally measured 

pressure field in the plane with a distance of 9.3 mm from the ultrasonic source and (b) the numerically 

back-propagated transmitter output pressure field. Acoustic pressure distributions after 40 iterations of the 

IASA algorithm for holographic reconstruction of a two-focus image, including the acoustic field in the 

hologram plane: the (c) amplitude and (d) relative phase and the pressure field in the target plane at 

60 mm:z =  the (e) amplitude and (f) relative phase. Two-focus hologram fabrication: (g) calculated 

hologram thickness from the hologram phase map in (d); and (h) the manufactured 3D-printed acoustic 

phase hologram. The driving frequency is 2.3 MHz. 
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Figure 2.12. Holographic reconstruction of a single-focus image: (a) the acoustic pressure amplitude in the 

target plane at 60 mmz =  and (b) the calculated hologram thickness. Holographic reconstruction of a three-

focus I image: (c) the acoustic pressure amplitude in the target plane at 60 mmz =  and (d) the calculated 

hologram thickness. Holographic reconstruction of a three-focus II image: (e) the acoustic pressure 

amplitude in the target plane at 60 mmz =  and (f) the calculated hologram thickness. Holographic 

reconstruction of a four-focus image: (g) the acoustic pressure amplitude in the target plane at 60 mmz =  

and (h) the calculated hologram thickness. The holograms are numerically constructed after 30-40 iterations 

of the IASA optimization algorithm and the driving frequency is 2.3 MHz. 
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The aperture of the measurement plane was about 30% wider than the diameter of the disk (65.28 

mm × 65.28 mm) and we set the spatial resolution to 0.32 mm, which is about the one-half 

wavelength in the water medium at the driving frequency of 2.3 MHz, to avoid aliasing [70]. The 

experimentally measured pressure field is then numerically back-propagated to the transmitter face 

to reconstruct the acoustic source field [52, 70] using the Near-field Acoustic Holography (NAH) 

method [49, 53, 54] via the ASA. figure 2.11b shows the transmitter output pressure field, which 

is the back-propagated field at the boundary between the transmitter and water from the measured 

field in figure 2.11a. The acquisition window was chosen to start at least 0ring /t z c+ , where ringt  is 

the ring-up time that the transducer takes to reach full output, and finish less than 03 /z c  after the 

start of the electrical excitation since multiple reflections between the transducer and hydrophone 

can start after the time equals 03 /z c  [71]. Hence, for 9.3 mmz = , we set the acquisition time in 

the digital oscilloscope from 10 µs to 14 µs.  

In this section, we have designed different acoustic holograms to reconstruct complex multi-focal 

patterns, including single-, two-, three- (I and II patterns), and four-focus patterning holograms as 

seen in figures 2.11e and 2.12a, c, e, and g. The multi-focal patterns were initially created using 

the Autodesk Inventor and then be used as bitmap image file (BMP) formats in a MATLAB code 

for the IASA algorithm. Figures 2.11c-f show the pressure distributions (amplitude and phase 

maps) at the hologram and target planes, after 40 iterations of the IASA algorithm for holographic 

construction of the two-focus hologram at 60 mmz = , which is later verified with experiments as 

shown in figures 2.14c-f. The thicknesses of the multi-focal holograms, shown in figures 2.11g 

and 2.12b, d, f, and h, are calculated based on the holograms’ phase maps using equation (2.12), 

e.g., the phase map in figure 2.11d is used to determine the thickness map of the two-focus 

hologram illustrated in figure 2.11g, This thickness map is then converted into the Standard 

Tessellation Language (STL) file format using MATLAB and finally as an input to a modern 3D 

printer (J750™, Stratasys Ltd) in VeroClear material with a density of 1185 kg/m3 and the speed 

of sound of 2424 m/s [27]. Figure 2.11h shows the 3D-printed two-focus transmission hologram 

manufactured by the Stratasys company after providing the STL file to the company. 

Figure A.8a in appendix A.6 presents the acoustic pressure attenuation factor 
( , )

( , ) ht x y
x y e

−
 =  

(see section 4.2.3 in chapter 4) for each pixel of thickness ( , )t x y , where h  is a frequency-

dependent sound attenuation coefficient in the hologram (VeroClear) material ( 63.3 Np/mh =  

measured at 2 MHz [27]). We use this attenuation factor to update the amplitude of the multi-focal 
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holograms’ pressure fields as 0( , ,0) ( , ) ( , )  ( , ,0)h Ip x y x y T x y p x y=   in each IASA iteration. 

Moreover, the acoustic attenuation of water is also considered in the computational simulations as

water 0.023 Np/m =  [72] (measured at 1 MHz)a. The acoustic power transmission coefficient map 

using the two-focus hologram calculated from the equation (2.5) is also shown in figure A.8b, 

which is the ratio of the output acoustic power to the input acoustic power for each pixel. 

Material selection for acoustic holograms plays an important role in their thickness profile (see 

figures 2.11g and 2.12b, d, f, and h), which depends on the holograms’ acoustic properties, i.e., 

their density and speed of sound. The characteristic acoustic impedance of hologram shall not be 

close or too much different from an acoustic medium (such as water). This is to avoid large 

thickness variations or extra-fine thickness range (micrometer scale) in the manufacturing process 

using 3D printers with limited control and resolution [73]. Two error metrics are used to analyze 

the quality of our designed holograms, namely the signal-to-noise ratio (SNR) and parameter 

image correlation [22]. The SNR is calculated for each hologram as the ratio of the average 

pressure in the target region where we imposed a non-zero amplitude to that of the average pressure 

in the region where we imposed zero amplitude (see figures 2.15a and b). The correlation evaluates 

the similarity between the computational or experimental image (e.g., figure 2.11e or 2.14e for the 

two-focus hologram) with that of the target image we imposed during the IASA (e.g., figure 2.15a 

for the two-focus hologram). To calculate the correlation, denoted by 
cr , we write 

 

( )( )

( ) ( )
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 (2.20) 

where tp  is the computational or experimental acoustic pressure in the target plane, T  is the 

imposed target image amplitude (figure 2.15a), tp  is the average pressure value of the pixels in 

the matrix tp , and T  is the average value of the target image amplitude, in the matrix T . 

Higher values of correlation indicate a good similarity between the two images and 1cr =  only 

happens when the two images are identical. The SNR and correlation are calculated for each 

computational image for the multi-focal holograms, as seen in figure 2.13. The results in figure 

                                                 
a The acoustic attenuation are calculated assuming a proportional increase of losses to the first power of frequency for 

VeroClear and to the second power of frequency for water. 
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2.13a suggest that as the target pattern becomes more complex, the signal-to-noise ratio decreases 

and comparing two different images of three-focus patterning (I and II), one can see that a 

symmetrical pattern leads to a higher SNR. Furthermore, the image correlation for all multi-focal 

patterning shows promising results as the values are between 0.94-0.95 (see figure 2.13b), which 

demonstrates good similarities between the computational holographic images and their respective 

imposed target images. 

 

Figure 2.13. Error metrics to evaluate the quality of computational holographic reconstruction of multi-

focal image patterning: (a) signal-to-noise ratio (SNR), normalized by the maximum SNR value, and (b) 

correlation between the computational holographic images and their respective imposed target images.  

2.5.2 Patterning in UPT using the two-focus hologram: experimental holographic 

reconstruction of the two-focus image and receivers’electrical power output 

Experiments were conducted firstly to measure the holographic pressure fields generated using the 

passive two-focus hologram alongside the single ultrasonic transducer (see figure A.7) with the 

properties defined earlier. After the computational image is reconstructed (figure 2.11e) and the 

thickness profile of the field is obtained (figure 2.11g), the 3D-printed acoustic phase hologram 

was fabricated (figure 2.11h) and used in conjunction with the transmitter disk. The hologram is 

temporarily fixed to the brass plate, in which the disk was bonded to, using high vacuum grease 

(Dow Corning;  Mcmaster-Carr), which provides reasonable acoustic coupling (see figure 2.16b). 

Moreover, with this temporary fixing, we can implement various holograms as they can easily be 

attached and detached from the brass plate. Please note that we have used other holograms in 

chapter 3 with the same fabricated ultrasonic source device comprising the box, transmitter disk, 

and brass plate. We have experimentally verified the computational pressure fields (amplitude and 

phase, figures 2.11c-f) in the two-focus hologram plane and target plane at 60 mmz = . The 

measurements were performed using the 0.2 mm needle hydrophone with the same setup and same 
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measurement, acquisition, and driving parameters as explained in section 2.5.1. The only 

parameters that change are the sampling rate and acquisition time for measuring the pressure field 

at 60 mmz =  when we set the acquisition time in the oscilloscope from 60 µs to 68 µs with a 

sampling rate of 250 MHz.  

 

Figure 2.14. Experimentally measured acoustic pressure field in the plane with a distance of 9.3 mm from 

the two-focus hologram: the (a) amplitude and (b) relative phase. The numerically back-propagated pressure 

field at the two-focus hologram: the (c) amplitude and (d) relative phase, and the experimentally measured 

pressure field in the target plane at 60 mm:z =  the (e) amplitude and (f) relative phase. The driving 

frequency and voltage are 2.3 MHz and 30.4 V peak-to-peak, respectively, and the measurement at each 

position in (a), (b), (e), and (f) was averaged over three times.  
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We first measure the pressure field at 9.3 mmz = , as depicted in figures 2.14a and b, then we 

numerically back-propagated the measured field to the hologram plane to obtain the pressure field 

shown in figures 2.14c and d in the hologram plane. Finally, we axially moved the hydrophone to 

the target plane at 60 mmz =  and measured the corresponding pressure field, depicted in figures 

2.14e and f. It should be noted that the relative phase at each point is determined by calculating the 

phase lag between the output hydrophone signal and the input signal generated by the waveform 

generator driving the transducer. Comparing the experimental holographic fields with that of 

theoretical/computational images, we observe a good agreement where the desired target pressure 

pattern of two focal points is realized.  

Introducing a new error metric called reconstruction efficiency [74, 75], we have also examined 

the quality of our fabricated transmission hologram in terms of acoustic power. The reconstruction 

efficiency is calculated by 
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where tP  is the total acoustic power in the target plane, denoted by pt , , rt tP  is the acoustic power 

corresponds to the region where we imposed the non-zero target image amplitude (see figures 

2.15a and b), which is called target region, denoted by rt , and 0

2

, , 0/ 2t i t iI cp =  is the acoustic 

intensity driven from the measured pressure for each pixel. Hence, equation (2.21) computes the 

ratio of acoustic power in the target region to that of the total acoustic power in the target plane. 

The reconstruction efficiencies for the computational image in figure 2.15b and the experimental 

image in figure 2.15d are, respectively, 95.66% and 25.08%; and the image correlations are 0.9445 

for the computational image (see figure 2.13b) and 0.5272 for the experimental image. Very good 

image correlation and high reconstruction efficiency are achieved for the computational image 

whereas due to various experimental error, these error matrices are lower for the experimental 

image. Major errors in our experiments include (i) changes in the environment or functionality of 

the transducer caused by temperature drift or water evaporation due to long times of each 2D scan, 

which is around 9 hours; (ii) The finite thickness of the brass plate, which does not exactly equal 

one-half wavelength at 2.3 MHz, to obtain optimal ultrasonic power transfer, can reduce the source 

performance to some extent; (iii) Reflection and diffraction of sound waves due to the presence of 

the hydrophone, tank walls, and surfaces, which may interfere with the measurement plane; (iv) 
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instrumental errors such as those related to the oscilloscope, hydrophone’s calibration or spatial 

errors of our manufactured positioning system; (v) errors associated with the manufacturing 

process of the source device due to the soldering point on the surface of the disk, located at areas 

between x = 0 to 20 mm and y = -20 to -12 mm, or due to the disk bonding to the brass plate, which 

both may cause some unwanted hotspots and nonuniformities in the transducer output pressure 

field, as they are apparent in figure 2.15d, as well as figures 2.11a and b; and (vi) random errors 

such as those associated with alignment of components in the experiment which may slightly 

change the location of the desired pattern (see figures 2.15c and d). However, the experimental 

results are generally satisfactory as the patterning goal is achieved, which was to reproduce a two-

focus target image to generate higher amplitudes of pressure and in return obtain higher electrical 

power output from specified receivers at the target plane. 

 

Figure 2.15. Comparison between the computational and experimental holographic reconstruction of the 

two-focus image: (a) imposed target binary amplitude image, (b) the reconstructed computational pressure 

field at the target plane at 60 mmz = , (c) the apparent changes in the location of the target amplitude image 

in the experiments, and (d) the reconstructed experimentally measured pressure field in the target plane at 

60 mmz = . 
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After measuring the pressure field in the target plane at 60 mmz = , we placed a five-element 

receiver array in the target plane facing our ultrasonic apparatus containing the ultrasound source 

device (transmitter disk, box, and brass plate) and the two-focus 3D-printed transmission acoustic 

phase hologram. The receiver disks are cylindrical 33-mode modified PZT disks (PIC255 from PI 

Ceramic GmbH) and the material properties are given by the manufacturer. The identical disks 

have a diameter of 16 mm and a fundamental resonance frequency (thickness mode) of 2.3 MHz 

in the water domain (measured by the HP4192A impedance analyzer) similar to the transmitter 

disk. The backside of the receiver disks was fixed to a custom-built acrylic holder (designed with 

the Autodesk Inventor and manufactured by a laser cutter as seen in figure 2.16b) using a thin layer 

of high shear-strength epoxy (3M DP460 Scotch-Weld Epoxy Adhesive) with the method 

described in [67]. It is worth emphasizing that special cares need to be taken to ensure bubble-free 

surface contacts between any two parts that are bonded together in experiments.  

 

Figure 2.16. Two-focus patterning in UPT: (a)-(b) experimental setup showing implementation of the two-

focus 3D-printed transmission acoustic phase hologram alongside the fabricated ultrasonic source device, 

comprising the box, single transmitter disk, and brass plate, to excite the five-element receiver array.  

(1: waveform generator, 2: digital oscilloscope, 3: load resistors, 4: positioning system, 5: ultrasonic source 

device, 6: receivers, and 7: acoustic absorber sheet); (c) experimentally measured voltage output from the 

parallel combination of receivers 2 & 4, located at two focal points, and receivers 1 & 3 in the target plane 

at 60 mmz = . 
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Sound waves are generated by the ultrasonic apparatus using the waveform generator driving the 

transmitter, with an input voltage of 30.4 V peak-to-peak, and then transferred through the water 

domain to the array of receivers. Receivers 
2 4&R R  and 1 3&R R , in figure 2.16b, were connected 

in parallel to load resistors (RS-200-2W High-Power Resistance Box) with the optimal electrical 

load resistances set to 60 lR =  . The optimal load resistance was experimentally identified by 

sweeping the load resistance from 1-300 Ω  to find the optimal load that gives the maximum 

electrical average power output  
2

avg / lrmsv R =  from each receiver disk, where / 2rmsv v=  is 

the root mean square (RMS) voltage output. The experiment for finding the optimal load was 

performed with the same setup in figure 2.16 and the aforementioned driving conditions. It should 

be noted that receivers 2 4&R R  were located at the two predetermined focal points in the target 

plane. The voltage output signals from the receivers, in figure 2.16c, were acquired using the digital 

oscilloscope with a sampling rate of 250 MHz, a waveform record length of 2000 points, 128 

averages, and the time acquisition of 60 µs to 68 µs. A large RMS voltage ratio of 5.5 comparing 

output signals from two parallel receivers 2 4&R R  with 1 3&R R  is observed in figure 2.16c, which 

results in a significant electrical average power output ratio of 30.3 obtained in one set of data 

acquisition. To further verify this outcome, the electrical average power enhancement was 

calculated averaged over different times conducting several sets of the UPT experiment by moving 

the receiver array ±0.1 to ±0.5 mm in the axial z-direction and the ratio of 23.4 was obtained. These 

promising results show the potential of the high-fidelity acoustic holograms in focusing and 

arbitrarily patterning the contactless transfer of ultrasonic power, which is of great importance in 

acoustic energy transfer systems.  

2.6 Conclusions 

Contactless ultrasonic power transfer is a promising approach for many potential applications such 

as wireless charging of medical implants used in therapy and sensor networks. One of the main 

challenges for ultrasonic acoustic energy transfer (UAET) is to desirably focus and pattern the 

transmitted energy and hence locally power wireless piezoelectric-based sensors. We investigated 

the use of acoustic holograms in UAET through which high amplitudes of acoustic pressure can 

be patterned to accomplish energy localization at predetermined focal points. An iterative angular 

spectrum approach was implemented to numerically design a metamaterial-based acoustic 

hologram for the holographic reconstruction of the multi-focal pressure pattern. Further 

simulations were performed to analyze ultrasonic power transfer (UPT) to multiple cylindrical 
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receivers in a target plane. The results show that using the hologram in conjunction with UPT 

systems allows for enhanced and selective transfer of acoustic energy by taking advantage of beam 

steering and multi-focal patterning generated by the hologram. The effects of various parameters, 

such as operating frequency, hologram aperture size, and hologram’s position, on accuracy and 

quality of reconstruction of the desired pattern, were investigated. It is shown that the performance 

quality and fidelity of the system are strongly affected by these parameters. The performed 

experiments show the potential of acoustic holograms in the holographic reconstruction of single- 

and two-focus acoustic patterns to selectively transmit acoustic energy to the receiver(s) located at 

the predetermined focal point(s) with dramatic electrical power output enhancements. 
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Appendix A 

A.1 Analytical electrical impedance 

Deriving an expression for the impedance of the fluid-loaded receivers is useful for the 

identification of its parameters such as underwater short- and open-circuit natural frequencies n  

under electrical excitation. In equation (2.17), changing the input to ( ) j tv t Ve =  and setting 

( ) ( ) 0,top bottomf t f t = − =  while in equation (2.18), replacing the current output ( ) / lv t R  by the 

actuation current input ( ) j ti t Ie − = − , yields  
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for the fluid-loaded receivers’ electromechanical impedance ( /Z V I= ), which includes the 

fundamental longitudinal vibration mode only. 

 

Figure A.1. In-air and underwater electromechanical impedance FRFs of the piezoelectric receiver disk in 

free-free boundary conditions. 

The analytical impedance FRFs for in-air and underwater actuation are shown in figure A.1 as 

obtained from equation (A.1). The impedance curves capture the fundamental resonance and anti-

resonance frequencies of the receiver disk, which are also called the short- and open-circuit 

resonance frequencies, and they have the values of 1 and 1.08 MHz, respectively. The effects of 

the added mass and damping due to water loading are clearly observed in figure A.1, and the model 
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successfully represents the underwater dynamics of the receiver near resonance. It should be noted 

that the resistive and reactive components of the radiation impedance determine the fluid-induced 

damping and fluid-loaded resonance frequency, and they depend on the size of the receiver. 

A.2 Aperture size effects on the target image fidelity 

 

Figure A.2. Propagated acoustic pressure amplitude in the target plane at 50 mmz =  (VT acoustic image) 

and with the excitation frequency of 1 MHz for aperture sizes (transmitter disk diameter) of (a) 25 mm, (b) 

50 mm, and (c) 150 mm. Corresponding final thickness map of the hologram plate obtained from the IASA 

for aperture sizes of (d) 25 mm, (e) 50 mm, and (f) 150 mm. The base thickness is 5 mm. 

A.3 Power transmission coefficient for the VT pattern 

Figure A.3 shows examples of power transmission coefficient calculations with three layers where 

an acoustic hologram is mounted on a transmitter. Figure A.3a and b demonstrate the general case 

of a three-layer system (assuming that the hologram has a uniform thickness) analyzing two effects 

of the operating frequency of the transmitter and a layer (hologram) thickness, respectively. The 

result in figure A.3a is obtained for the layer thickness of 5 mm and it indicates that the peak 

transmission occurs at certain frequencies such as 1.1 MHz. Figure A.3b reveals that layer 

thickness also plays a significant role in the power transmission coefficient. It confirms the fact 

that both frequency and thickness should be carefully analyzed and selected in order to achieve the 

highest possible acoustic transmission. Moreover, as the frequency increases, the curve shows 

more fluctuations within the layer thickness range presented in the plot. Figure A.3c illustrates the 
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power transmission coefficient in the hologram plane at 1 MHz for the computational results 

obtained in section 2.3.1. Clearly, the VT pattern is depicted in the plot and the maximum 

transmission matches with that of figures 2.4(b) and (d). 

 

Figure A.3. Power transmission coefficient variation for three layers (a) versus operating frequency with 

the layer thickness of 5 mm, and (b) versus the layer thickness for different frequencies. (c) The calculated 

power transmission coefficient for the pixels of the hologram, at 1 MHz for the computational case study 

shown in figure 2.2. 
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A.4 More examples showing the effects of detaching the acoustic phase hologram from the 

transmitter disk and placing it between the transmitter and the target plane 

 

Figure A.4. Acoustic pressure distributions for the holographic reconstruction of the VT image when 

50 mmd =  and 50 mm.z =  Pressure field in the hologram plane: the (a) amplitude and (b) relative phase. 

(c) Corresponding acoustic power transmission coefficient and (d) thickness map of the acoustic phase 

hologram. The driving frequency is 1 MHz and the base thickness is 5 mm. 

 

Figure A.5. Acoustic pressure distributions for the holographic reconstruction of the VT image when 

50 mmd =  and 100 mm.z =  Pressure field in the hologram plane: the (a) amplitude and (b) relative phase. 

(c) Corresponding acoustic power transmission coefficient and (d) thickness map of the acoustic phase 

hologram. The driving frequency is 1 MHz and the base thickness is 5 mm. 
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A.5 Hydrophone experimental setups 

Figure A.6a and b show pictures of the experimental setup showing the hydrophone measurements 

in the target plane when there is no acoustic hologram and in the presence of the left-side-single-

focus hologram, respectively. 

 

Figure A.6. Experimental setup showing the 1 mm needle hydrophone measurements in the target plane (a) 

when there is no acoustic hologram and (b) in the presence of the left-side-single-focus hologram. 

 

 

Figure A.7. Experimental setup for measurement of acoustic pressure generated by the passive two-focus 

hologram with the single PZT transmitter disk enclosed in the watertight box: (a) DC coupler with power 

supply and (b) 0.2 mm needle hydrophone. 
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A.6 Power transmission coefficient and acoustic attenuation for the two-focus pattern 

 

Figure A.8. Acoustic attenuation and transmission losses for the pixels of the two-focus hologram at 2.3 

MHz: (a) acoustic pressure attenuation factor and (b) power transmission coefficient map. 
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Chapter 3 

Multi-functional transmission acoustic holograms 

for contactless transfer of ultrasonic power 

This chapter presents the computational and experimental realization of holographic ultrasonic 

fields using multi-functional holograms for further enhancements of ultrasonic power transfer 

(UPT) systems. The first group of holograms can generate multiple image patterns at different 

target planes or distances from the ultrasonic source apparatus. The second group is dynamic 

holograms that can encode multiple images, each responsive to different driving frequencies. 

Abstract 

Using a cost-effective and single static acoustic hologram in conjunction with ultrasonic power 

transfer (UPT) systems allows for enhanced and selective acoustic transmission from a single 

ultrasonic transmitter to an array of receivers at a particular location. More enhancements can be 

achieved in UPT patterning by introducing new holographic capabilities using multi-functional 

holograms. These holograms are designed to generate multiple image patterns of acoustic fields at 

different target planes or distances from the ultrasonic source apparatus, called multi-image-plane 

patterning holograms; and to generate multiple acoustic patterns by switching the driving 

frequency, called multi-frequency patterning holograms, which enable dynamic real-time adaptive 

controls over the ultrasonic system. This chapter investigates the use of these multi-functional 

acoustic holograms for possible implementation in UPT systems to provide more flexibility in 

acoustic power enhancement. Essential modifications are applied to the iterative angular spectrum 

approach (IASA) optimization algorithm for reconstruction of multiple images at different target 

planes, i.e., volumetric acoustic fields, and via different driving frequencies, i.e., dynamic acoustic 

fields. The modified IASA is then used to design various phase-shifting multi-image-plane and 
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multi-frequency transmission holograms for UPT purposes. Proof-of-concept experiments are also 

performed to show the functionality of these multi-functional holograms to spatially and 

dynamically reconstruct multiple desired acoustic patterns, which show satisfactory results. 

3.1 Introduction 

As an alternative to the expensive and complex phase-shifting circuity and active phased 

transducer arrays, the use of a passive monolithic hologram in conjunction with a single transducer 

is a transformative technology to shape sound fields. Holographic reconstruction using acoustic 

transmission holograms involves storing the phase or/and amplitude profile of the desired 

wavefront in a two-dimensional designed structure, which alongside a single ultrasonic source, can 

reproduce arbitrary acoustic fields in a transmission configuration [1-4]. These holograms can be 

fabricated using conventional 3D printers, which make the design procedure simple and are cost-

effective. Another significant advantage of the combination of a hologram and transducer over a 

phased array is that the hologram provides higher fidelity and information content, which is only 

limited by the printer’s build size and resolution, results in enhancing the system’s degrees of 

freedom. The 3D-printed acoustic phase hologram used to modulate the phase of the incident wave 

is chosen to have a different speed of sound compared to that of an acoustic medium (such as water 

or living tissue). This causes the transmitted wave, generated from the acoustic source, to be locally 

delayed proportionally to the thickness profile of the hologram [1, 2, 4-6]. Recently acoustic 

holograms have shown promising results in various applications including techniques of 

therapeutic ultrasound [7-9], diagnostic ultrasound imaging [10], ultrasonic power transfer [4], and 

particle or cell manipulation [1, 11, 12]. The holograms can be categorized in the acoustic 

metamaterial group due to their capability for modulation and manipulation of sound waves [13]; 

a recent review highlighted the major advancements of acoustic holography using metasurfaces is 

presented by Zhang et al [14]. The work in the previous chapter addressed the use of a single static 

acoustic transmission hologram to desirably and selectively pattern and focus the contactless 

transfer of ultrasonic power. In this chapter, we aim to evaluate single-element multi-functional 

holograms that can reconstruct multiple sound images. 

Contrary to active phased array transducers that can be adaptively and dynamically controlled in 

real-time, conventional acoustic holograms are static. This means that each designed hologram can 

only reconfigure a distinct field at a specific target plane sensitive to a particular driving frequency. 

To circumvent the limitation for a field reconstruction at a distinct image plane, one can design 

and fabricate multi-image-plane patterning transmission holograms, i.e., holograms that can 
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generate multiple images at different target planes [1, 15]. Moreover, multi-frequency patterning 

transmission holograms can be designed and manufactured to dynamically reconfigure acoustic 

fields by generating multiple patterns as the driving frequency is changed [5]. Alternatively, one 

can take advantage of dynamical programmability of active phased array holography by 

implementing static acoustic holograms or metamaterials combined with dynamic phased array 

transducers, but with fewer elements [16-19], to reconstruct more complex field patterns compared 

to using an array alone, which requires much more elements. Moreover, to overcome the static 

nature of conventional holograms, a recent work presented a new approach and showed that using 

a single transducer with two holograms stacked together, a complex and reconfigurable acoustic 

pressure field can be generated [20]. 

The work in this chapter focuses on designing multi-image-plane and multi-frequency holograms 

for possible implementation in ultrasonic power transfer (UPT) systems [21-24]. In section 3.2, we 

extend the iterative angular spectrum approach (IASA) optimization algorithm to include the 

utilization of multiple image planes and multiple driving frequencies. Results from computational 

and experimental holographic reconstruction for multi-functional holograms are presented in 

sections 3.3. A summary and conclusions are presented in section 3.4. 

3.2 Extension of the IASA optimization algorithm for multi-functional holograms 

The iterative angular spectrum approach (IASA) steps which explained in chapter 2, section 2.2.2, 

are also applied here for multi-functional holograms with simple extensions to cover multiple 

image planes and multiple driving frequencies. The modifications are as follows: 

1. Multi-image-plane patterning: firstly, in each iteration, the pressure field from the 

hologram plane is propagated via the angular spectrum approach (ASA) using the 

propagation function to each image plane, and the multiple desired target amplitudes are 

imposed upon each corresponding propagated field. Secondly, the imposed fields are back-

propagated via the ASA using the backpropagation function to the hologram plane 

separately, and then the back-propagated complex fields are added together by summation. 

2. Multi-frequency patterning: Initially, the transmitter output pressure fields at each driving 

frequencies are averaged together to obtain a single complex field. The field is then 

propagated to the target plane using each frequency and the desired target amplitudes are 

imposed upon each field separately. The imposed fields are back-propagated to the 

hologram plane, each using their respective frequency and the subsequent complex fields 
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are summed up. For calculating the thickness map, we compute equation (2.12), in chapter 

2, using the lowest designed frequency to ensure the maximum required hologram material 

removal is taken into account. However, the power transmission coefficient and acoustic 

attenuation should be calculated independently for each frequency. After adding the back-

propagated fields together, the amplitude of the field is updated as 

0( , ,0) ( , ) ( , )  ( , ,0)h Ip x y x y T x y p x y=   considering pressure attenuation factor   and 

power transmission coefficient IT  for each frequency, and then the resultant fields are 

averaged together leading to a single complex pressure field in the hologram plane to 

propagate to the target plane for the next iteration. 

It is worth noting that the acoustic pressure attenuation factor  
( , )

( , ) ht x y
x y e

−
 =  for each pixel of 

thickness ( , )t x y , where 
h  is a frequency-dependent sound attenuation coefficient in the 

hologram (VeroClear) material, should be updated for every frequency assuming a proportional 

increase of attenuation loss to the first power of frequency; the attenuation coefficient value was 

measured and is reported in [1] as 63.3 Np/m measured at 2 MHz. Moreover, the acoustic 

attenuation of water is also considered in the computational simulations as water 0.023 Np/m =  

[25] (measured at 1 MHz), assuming a proportional increase of losses to the second power of 

frequency. 

3.3 Experimental and computational results for holographic reconstruction of 

multiple images 

Multi-functional holograms are designed to pattern and focus the contactless transmission of 

acoustic waves generated by the same ultrasonic apparatus used in chapter 2 (also see figure 3.5a), 

to a 3×3 (nine-element) receiver array in multiple ways. This is achievable when multiple complex 

pressure fields are generated using the multi-functional holograms based on different axial 

distances (from the hologram plane) and different driving frequencies. It means that we can 

selectively power a different set of receivers by placing multiple receiver arrays at different 

distances from the ultrasonic apparatus, using multi-image-plane holograms; and a different set of 

receivers can be powered by switching the frequency when a single array is placed, in a particular 

distance from the hologram plane, using multi-frequency holograms. Each receiver investigated in 

these case studies is a cylindrical 33-mode modified PZT disk (PIC255 from PI Ceramic GmbH) 
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with a diameter of 16 mm and a fundamental resonance frequency (thickness mode) of 2.3 MHz 

in the water domain (measured by the HP4192A impedance analyzer). 

3.3.1 Multi-image-plane patterning holograms 

In this section, we aim to design holograms that can generate different complex patterns at different 

distances from the hologram plane. To begin the IASA algorithm, we need to use the transmitter 

disk output pressure field for propagating and back-propagating of fields between the hologram 

plane and target planes. These numerical simulations of acoustic wave propagations have to be 

performed until the pressure fields at the target planes converge to the desired patterns. To this 

end, the experimentally obtained transmitter output pressure field is used (see figure 2.11b in 

chapter 2) as we use the same transmitter disk for generating multiple images. We have created 

different images using the Autodesk Inventor to accomplish acoustic patterning in UPT for 

selectively powering the elements of the 3×3 receiver array at two different distances of 

30 mmz =  and 60 mmz =  from the hologram plane. These patterns can be seen in figures 3.1c 

and e (plus I & cross shapes); as well as figures 3.3a and b (plus II & corner shapes); figures 3.3d 

and e (plus III & square shapes); figures 3.3g and h (letters I & Z shapes); each set is for designing 

a different multi-image-plane hologram. Figures 3.1a-f show, respectively, the pressure 

distributions (amplitude and phase maps) for the holographic reconstruction of the plus- and cross-

shaped patterns, each having five focal points, in the hologram plane and target planes at 

30 mmz =  and 60 mmz = , after 60 iterations of the IASA.  

The thickness profile of the plus-cross hologram plate is shown in figure 3.1g, calculated using 

equation (2.12) from the final phase map in the hologram plane in figure 3.1b. This thickness map 

is, after converting into the Standard Tessellation Language (STL) file format, used as an input for 

3D printing the designed plus-cross hologram plate, as depicted in figure 3.1h, using VeroClear 

material. We then performed experiments to measure the pressure fields at distances of 30 and 60 

mm from the hologram, which was temporarily fixed to the brass plate, in which the transmitter 

disk was bonded to (see section 2.5 for the fabrication procedure, hydrophone measurements, and 

material properties). Figure 3.2 shows the results of acoustic fields’ amplitude and phase 

measurements using the plus-cross hologram, averaged over 2-3 times, at 30 mmz =  (figures 3.2a 

and b) and 60 mmz =  (figures 3.2c and d). The relative phase at each point is determined by 

comparing the output hydrophone signal and the input signal generated by the waveform generator 

driving the transmitter. We set the acquisition time in the oscilloscope from 30 μs to 38 μs and 60 

μs to 68 μs for 30 mmz =  and 60 mmz = , respectively, with sampling rates of 250 MHz.  
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Figure 3.1. Acoustic pressure distributions after 60 iterations of the IASA algorithm for the holographic 

reconstruction of plus I (5 focal points) & cross (5 focal points) images, including the acoustic field in the 

hologram plane: the (a) amplitude and (b) relative phase; and the pressure fields in the target planes at 

30 mm:z =  the (c) amplitude and (d) relative phase, and 60 mm:z =  the (e) amplitude and (f) relative 

phase. Plus-cross multi-image-plane hologram fabrication: (g) calculated hologram thickness from the 

hologram phase map in (b); and (h) the manufactured 3D-printed acoustic phase hologram. The driving 

frequency is 2.3 MHz. 
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Comparing the experimental holographic fields with that of the computational images, we observe 

a good agreement where the desired target pressure patterns of plus and cross shape are reasonably 

realized. The reconstruction efficiencies (see equation (2.21)) for the computational images in 

figures 3.1c and e are 94.44% and 92.11%, respectively, and for the experimental images in figures 

3.2a and c are 30.54% and 30.36%, respectively. There are some amplitude nonuniformities in the 

experimental holographic reconstruction of multiple images at the two target planes due to the 

errors associated with the fabrication and instruments, especially those related to the precise 

alignment and the exact axial distance between the hydrophone and the hologram surface. We have 

noticed that as we move the hydrophone in the axial z-direction by only 0.1 mm, the patterns, 

particularly the locations of pressure maxima and minima change considerably due to the near-

field acoustic pressure fluctuations. To ameliorate this effect, we measured the pressure fields at 

least 3 times and the final map is obtained by averaging over different times of measurement. The 

in-depth analysis of the possible experimental errors during experimental hydrophone 

measurements of the holographic reconstructed pressure fields is provided in section 2.5.2.  

 

Figure 3.2. Experimentally measured pressure fields using the plus-cross multi-image-plane hologram in 

the target planes at 30 mm:z =  the (a) amplitude and (b) relative phase, and 60 mm:z =  the (c) amplitude 

and (d) relative phase. The driving frequency and voltage are 2.3 MHz and 30.4 V peak-to-peak, 

respectively. 
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Encoding multiple images and hence additional information into a single hologram also causes 

some reduction in quality and homogeneity of the images. It should be noted that 3D-printed 

acoustic phase holograms are designed only by modulating the phase of the fields and the finite 

and flat aperture of the holograms, as well as their fixed distances to target planes, limit the 

reproduction of the fields. Moreover, the holograms are initially designed by imposing target 

binary amplitude images, which result in infinitely steep edges, which can not be perfectly 

generated by physical waves possessing finite frequency bandwidth features [26].  

 

Figure 3.3. Holographic reconstruction of plus II (5 focal points)  & corner (4 focal points) images: the 

acoustic pressure amplitudes in the target planes at (a) 30 mmz =  and (b) 60 mmz = , and (c) the 

calculated hologram thickness. Holographic reconstruction of plus III (5 focal points) & square (8 focal 

points) images: the acoustic pressure amplitudes in the target planes at (d) 30 mmz =  and (e) 60 mm,z =

and (f) the calculated hologram thickness. Holographic reconstruction of letters I (3 focal points) & Z (7 

focal points) images: the acoustic pressure amplitudes in the target planes at (g) 30 mmz =  and (h) 

60 mmz = , and (i) the calculated hologram thickness. The driving frequency is 2.3 MHz. 

Investigating the final thickness profile of the designed multi-image-plane holograms in figures 

3.1g and 3.3c, f, and i, calculated from the final phase maps in the hologram planes, after 60-80 

IASA iterations, few thickness irregularities are noticed originating from unwanted phase jumps. 

These phase anomalies also adversely affect the fidelity of holographic reconstruction of images 
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at the target planes, which can be observed in the amplitude and phase of the experimental fields 

of figure 3.2. Despite all aforementioned imperfections, the computations and experiments in this 

section show satisfactory results by generating higher amplitudes of pressure at nearly 

predetermined locations to fulfill the goal of possible patterning and focusing the contactless 

transfer of power in ultrasonic systems at multiple distances from the acoustic source. Figure 3.4 

shows the signal-to-noise ratio (SNR) and parameter image correlation for the quality analysis of 

multiple pattern images of figures 3.1c and e and figures 3.3a and b, 3.3d and e, and 3.3g and h. 

The SNR for each image pattern is calculated as the ratio of the average pressure amplitude in the 

target region where we imposed a non-zero amplitude (foreground pressure) to that of the average 

pressure amplitude in the region where we imposed zero amplitude (background pressure). On the 

other hand, we introduce another error metric for the multi-image-plane patterning called distance 

crosstalk, the unwanted generation of patterns or artifacts in the field at a particular distance that 

resembles the patterns imposed for the field at other distance. For calculating the distance crosstalk, 

the unwanted coupling SNR between two images has to be calculated as the ratio of the average 

foreground pressure to that of the background pressure of the particular field but considering the 

image pixels associated with the other field.   

 

Figure 3.4. Error metrics to evaluate the quality of computational holographic reconstruction of multi-

image-plane patterning: (a) signal-to-noise ratio (SNR), normalized by the maximum SNR value, which 

corresponds to the letter-I-shaped patterning, and (b) correlation between the computational holographic 

images and their respective imposed target images. 

The crosstalks in figure 3.4a are labeled as the unwanted coupling between Plus I-Cross, Plus II-

Corner, Plus III-Square shapes, and letters I-Z and depicted as dark red dotted rectangles. For each 

crosstalk metric, we find two values, e.g., for the distance crosstalk between plus and cross images, 

one value is the SNR calculated for the field of plus shape, but considering the image pixels of the 
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cross-shaped pattern and the second value is the SNR calculated vice-versa. To find a single value 

analyzing the distance crosstalk between two images, we compute the average of the two values. 

Clearly, the lower the distance crosstalk is, the higher fidelity is constructed for the multi-image-

plane patterning, whereas a higher value of the SNR for each image (labeled as Plus I, Cross, Plus 

II, Corner, Plus III, Square, I, Z in figure 3.4a) indicates that the corresponding hologram encodes 

higher images’ quality. As depicted in figure 3.4a, almost all the designed multi-image-plane 

holograms show high values of the SNR for each image pattern and relatively low values of 

distance crosstalk between images, which confirms the high fidelity of these computed holograms. 

Figure 3.4b shows the image correlations for evaluating the similarities between the computational 

images with that of the imposed target images (see equation (2.20)) using the multi-image-plane 

holograms. Comparing with the correlation results of holograms encoding single images (figure 

2.13), the image correlations for multiple images at different distances slightly decrease. This is 

due to the unwanted generation of the crosstalks and artifacts during the holograms’ computations 

and multiple forward and backward propagations, and the fact that unavoidably the waves pass the 

other target planes as well. We also note that the symmetry and complexity of the patterns, as well 

as the distances between target planes and the aperture size of the holograms compared to the size 

of the patterns, significantly influence the performance quality of the multi-image-plane 

holograms. 

3.3.2 Multi-frequency patterning holograms 

In this section, we aim to design holograms that can generate different complex patterns by 

changing the driving frequency. In this way, we somehow overcome the limitation of static and 

fixed holograms and introducing real-time adaptive controls over the ultrasonic apparatus via 

employing dynamic holograms that can encode multiple image patterns, each sensitive to different 

driving frequencies. Using the same ultrasonic apparatus as before, which includes the transmitter 

disk of 50 mm diameter with the resonance frequency of 2.3 MHz, we performed underwater 

actuation experiments (see figure 3.5a) to measure the disk’s surface velocity frequency response 

function (FRF). The surface velocity was measured using a laser Doppler vibrometer (LDV, 

including PolytecOFV-505 sensor head and Polytec OFV-5000 controller) and acquired using the 

1-GS/s digital oscilloscope (Tektronix TBS 2000 series, model TBS2104) with the excitation 

average voltage of 32.8 V peak-to-peak from the waveform generator (Keysight 33500B series) 

that was connected to the amplifier (E&I RF power amplifier, model A075). As noticed from the 

surface velocity FRF of the transmitter disk in figure 3.5b, the PZT transducer vibrates 
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considerably at frequencies of 1.3 and 1.8 MHz, apart from the fundamental frequency of 2.3 MHz. 

Hence, these three frequencies are chosen as the design frequencies for constructing dynamic 

multi-frequency holograms. 

 

Figure 3.5. (a) Underwater actuation experimental setup and (b) corresponding measured surface velocity 

of the 50-mm-diameter PZT transducer using laser Doppler vibrometer, versus excitation frequency, which 

shows the considerable transducer’s underwater vibration responses at frequencies of 1.3 and 1.8 MHz, as 

well as at the fundamental frequency of 2.3 MHz. 

The transmitter disk output pressure fields at the design frequencies of 1.3 and 1.8 MHz were also 

measured, which provides the boundary condition for the ultrasonic source (see figures 2.11a and 

b for the transducer output at 2.3 MHz). Figures 3.6a and c show the experimentally measured 

sound pressures at the distance of 9.3 mm from the ultrasonic source, operating at 1.3 and 1.8 MHz, 

respectively, using the calibrated 0.2 mm needle hydrophone. All the experimental setup, as well 

as the measurement and acquisition parameters, are the same as that of the hydrophone experiments 

at the distance of 9.3 mm for the driving frequency of 2.3 MHz (see section 2.5.1). Similarly, the 

excitation voltages and spatial resolutions were, respectively, set to 30.4 V peak-to-peak and 0.32 

mm and the measurements were averaged over four times. Figures 3.6b and d show the numerically 

back-propagated transmitter output pressure fields driving at 1.3 and 1.8 MHz, respectively, which 

identify the source boundary conditions at the respective design frequencies. 

Using the transducer output pressure fields at the three design frequencies, we compute multi-

frequency holograms using the modified IASA optimization algorithm as explained in section 3.2. 

We have created different images using the Autodesk Inventor to enable real-time reconfiguration 

control for acoustic patterning in UPT for selectively powering the elements of the 3×3 receiver 

array, sensitive to the different frequencies of 1.3, 1.8, and 2.3 MHz. These patterns can be seen in 

figures 3.7 and 3.8c and e (letter I1 & plus shapes); as well as figures 3.10a, b, d, and e (letters U1 



72 
 

& H1 shapes); figures 3.10g, h, j, and k (letters U2 & H2 shapes); figures 3.11a, b, d, and e  (letters 

I2 & Z shapes); figures 3.11g, h, j, and k (letters L & U3 shapes); each set is for designing a 

different multi-frequency hologram. 

 

Figure 3.6. Acoustic source boundary conditions: experimentally measured pressure fields in the plane with 

a distance of 9.3 mm from the ultrasonic source at the driving frequency of (a) 1.3 MHz and (c) 1.8 MHz; 

the numerically back-propagated transmitter output pressure field at the driving frequency of (b) 1.3 MHz 

and (d) 1.8 MHz.  

Figures 3.7 and 3.8a-f show the pressure distributions (amplitude and phase maps) for the 

holographic reconstruction of the letter-I- and plus-shaped patterns, with corresponding three and 

five focal points, reconstructed from multi-frequency holograms sensitive to driving frequencies 

of 1.3 and 2.3 MHz (figures 3.7a-f) and also frequency set of 1.8 and 2.3 MHz (figures 3.8a-f). 

Figures 3.7 and 3.8a and b present the pressure fields in the hologram plane and figures 3.7 and 

3.8c-f illustrate the fields in a target plane at 51 mmz =  for driving frequency sets of 1.3 and 2.3 

MHz, as well as 1.8 and 2.3 MHz, respectively. The thickness profiles of the letter-I-plus multi-

frequency hologram plates are shown in figures 3.7 and 3.8g for the two sets of driving frequencies, 

i.e., 1.3 and 2.3 MHz, and 1.8 and 2.3 MHz, from the final phase map in the holograms’ plane in 

figures 3.7 and 3.8b, respectively. 
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Figure 3.7. Acoustic pressure distributions after 20 iterations of the IASA algorithm for holographic 

reconstruction of letter I1 (3 focal points) & plus (5 focal points) images, including the average acoustic 

fields for driving frequency of 1.3 and 2.3 MHz in the hologram plane: the (a) amplitude and (b) relative 

phase; and the pressure fields in the target plane at 51 mmz =  for driving frequency of 1.3 MHz: the (c) 

amplitude and (d) relative phase, and for driving frequency of 2.3 MHz: the (e) amplitude and (f) relative 

phase. Fabrication of letter-I-plus multi-frequency hologram with driving frequency set of 1.3 and 2.3 MHz: 

(g) calculated hologram thickness from the hologram phase map in (b); and (h) the manufactured 3D-printed 

acoustic phase hologram.  
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Figure 3.8. Acoustic pressure distributions after 30 iterations of the IASA algorithm for holographic 

reconstruction of letter I1 (3 focal points) & plus (5 focal points) images, including the average acoustic 

fields for driving frequency of 1.8 and 2.3 MHz in the hologram plane: the (a) amplitude and (b) relative 

phase; and the pressure fields in the target plane at 51 mmz =  for driving frequency of 1.8 MHz: (c) the 

amplitude and (d) relative phase, and for driving frequency of 2.3 MHz: the (e) amplitude and (f) relative 

phase. Fabrication of letter-I-plus multi-frequency hologram with driving frequency set of 1.8 and 2.3 MHz: 

(g) calculated hologram thickness from the hologram phase map in (b); and (h) the manufactured 3D-printed 

acoustic phase hologram.  
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Figure 3.9. Experimentally measured pressure fields in the target plane at 51 mmz =  using the letter-I-plus 

multi-frequency hologram, designed for frequency set of 1.3 and 2.3 MHz: amplitude maps for driving 

frequency of (a) 1.3 MHz and (c) 2.3 MHz; phase maps for driving frequency of (b) 1.3 MHz and (d) 2.3 

MHz. Experimentally measured pressure fields in the target plane at 51 mmz =  using the letter-I-plus 

multi-frequency hologram designed for frequency set of 1.8 and 2.3 MHz: amplitude maps for driving 

frequency of (e) 1.8 MHz and (g) 2.3 MHz; phase maps for driving frequency of (f) 1.8 MHz and (h) 2.3 

MHz. The driving voltage for all experiments is set to 30.4 V peak-to-peak. 
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These thickness maps are then used for 3D printing the designed hologram plates, as depicted in 

figures 3.7 and 3.8h, using VeroClear material. Compared to the multi-image-plane holograms 

presented in section 3.3.1, more noticeable and undesirable artifacts are generated in the field at 

the particular design frequency that resembles the image patterns encoded onto other design 

frequency, which for multi-frequency holograms called frequency crosstalk. Furthermore, we have 

noticed that the crosstalk increases as the frequency spacing decreases comparing the two sets of 

1.3 and 2.3 MHz (figure 3.7c) with that of 1.8 and 2.3 MHz (figure 3.8c). Hydrophone experiments, 

similar to section 3.3.1, were also performed using the multi-frequency hologram plates shown in 

figures 3.7 and 3.8h. Figure 3.9 shows the measurement results of acoustic fields’ amplitude and 

phase, averaged over two times, using the letter-I-plus hologram at the design frequency set of 1.3 

and 2.3 MHz (figures 3.9a-d) and the other letter-I-plus hologram, this time at the different design 

frequency set of 1.8 and 2.3 MHz (figures 3.9e-h). The acquisition time in the oscilloscope was set 

from 60 μs to 68 μs with a sampling rate of 250 MHz.  

The reconstruction efficiencies for the computational images in figures 3.7c and e using the multi-

frequency hologram for frequency set of 1.3 and 2.3 MHz are 76.77% and 92.07%, respectively, 

and for the experimental images in figures 3.9a and c are 21.85% and 41.15%, respectively. 

Similarly, the reconstruction efficiencies using the multi-frequency hologram for frequency set of 

1.8 and 2.3 MHz are 76.84% and 94.77% for the computational images in figures 3.8c and e, and 

24.20% and 33.69% for the experimental images in figures 3.9e and g, respectively. The 

reconstruction efficiency ranges are comparable to that of the computational and experimental 

images for the designed multi-image-plane hologram presented in figures 3.1 and 3.2, except for 

the efficiency reductions of around 19-28% associated with lower frequencies of 1.3 and 1.8 MHz. 

However, the desired patterns are not as realizable as those of the multi-image-plane patterning for 

experimental images, i.e., less amplitude uniformity is achieved for multi-frequency holograms, 

which can be seen as pointwise amplitude concentrations (very high-amplitude regions) or faint 

appearance of patterns (very low-amplitude regions).  

Moreover, in each frequency set of the experiments, the target patterns for the driving frequency 

of 2.3 MHz were better reconstructed and demonstrate higher reconstruction efficiencies compared 

to those of 1.3 and 1.8 MHz due to shorter wavelength and better reconstruction resolution of 

higher frequencies. The experimentally reconstructed image for the driving frequency of 1.3 MHz 

resembles the least similarity to its associated target pattern, probably due to imperfections seen in 

the phase map/thickness profile of the hologram and the less functionality of the transducer at 1.3 



77 
 

MHz, as was also apparent in the electrical impedance of the underwater transducer disk (measured 

by the impedance analyzer).    

 

Figure 3.10. Holographic reconstruction of letters U1 (5 focal points) & H1 (7 focal points) images for 

multi-frequency holograms: the acoustic pressure amplitudes for frequency set of (a) 1.3 MHz and (b) 2.3 

MHz, and (c) the calculated hologram thickness; the acoustic pressure amplitudes for frequency set of (d) 

1.8 MHz and (e) 2.3 MHz, and (f) the calculated hologram thickness. Holographic reconstruction of letters 

U2 (7 focal points) & H2 (7 focal points) images for multi-frequency holograms: the acoustic pressure 

amplitudes for frequency set of (g) 1.3 MHz and (h) 2.3 MHz, and (i) the calculated hologram thickness; 

the acoustic pressure amplitudes for frequency set of (j) 1.8 MHz and (k) 2.3 MHz, and (l) the calculated 

hologram thickness. The target plane for all the images is set to 51 mm.z =  
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Figure 3.11. Holographic reconstruction of letters I2 (3 focal points) & Z (7 focal points) images for multi-

frequency holograms: the acoustic pressure amplitudes for frequency set of (a) 1.3 MHz and (b) 2.3 MHz, 

and (c) the calculated hologram thickness; the acoustic pressure amplitudes for frequency set of (d) 1.8 

MHz and (e) 2.3 MHz; and (f) the calculated hologram thickness. Holographic reconstruction of letters L 

(5 focal points) & U3 (7 focal points) images for multi-frequency holograms: the acoustic pressure 

amplitudes for frequency set of (g) 1.3 MHz and (h) 2.3 MHz, and (i) the calculated hologram thickness; 

the acoustic pressure amplitudes for frequency set of (j) 1.8 MHz and (k) 2.3 MHz; and (l) the calculated 

hologram thickness. The target plane for all the images is set to 51 mm.z =  

The general lower performance quality for the reconstruction of multiple computational and 

experimental images via the multi-frequency holograms, besides the aforementioned experimental 
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errors, could be due to several factors. One possible reason is that the phase offset used for 

computation of multi-frequency holograms’ thickness profile is not precisely generated based on 

each specific design frequency. Instead, we have assumed that all phase maps of complex fields 

have a contribution to the surface profile of the holograms by complex summation of the fields at 

different design frequencies. This limits the hologram aperture to generate any arbitrary pattern 

and also increases the crosstalk between patterns. It is believed that simpler and more centric 

patterns with smaller aperture sizes (e.g., receivers/focal points having smaller diameters) could 

be better generated with multi-frequency holograms. To confirm this hypothesis, we have 

computationally designed multi-frequency holograms, shown in figures B.1 and B.2 in appendix 

B with their associated error metrics in figure B.3, using three design frequencies of 1.3, 1.8, and 

2.3 MHz, one to generate patterns enclosing 8-mm-diameter receivers for UPT purposes and the 

other to generate patterns of numbers 1, 2, and 3. It is also worthwhile to mention that the patterns 

presented in this section encompassing 16-mm-diameter receivers could generate with much lower 

quality using the three design frequencies together. Another possibility is that although maximizing 

the frequency spacing within the transducer bandwidth decreases the crosstalk, as can also be 

discerned from figure 3.12a (crosstalks are depicted as dark red dotted rectangles), the wavelength 

difference between design frequencies increases the errors in the phase offset generated by a multi-

frequency hologram. 

 

Figure 3.12. Error metrics to evaluate the quality of computational holographic reconstruction of multiple 

images using multi-frequency holograms with two design frequencies: (a) signal-to-noise ratio (SNR), 

normalized by the maximum SNR value, and (b) correlation between the computational holographic images 

and their respective imposed target images. 

The phase errors cause large thickness variations between adjacent pixels, which can be observed 

in the final thickness profile of the designed multi-frequency holograms shown in figures 3.7 and 
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3.8g and figures 3.10 and 3.11c, f, i, and l, calculated from the final phase maps in the hologram 

planes, after 20-40 IASA iterations. Regardless of all these errors and imperfections related to the 

holographic reconstruction of multiple images using the multi-frequency holograms, the 

computations and experiments, presented in this section, show relatively satisfactory results as the 

goal of selectively enhancing ultrasonic power transfer is fulfilled. The quality of these holographic 

images can be further enhanced by introducing some modifications in the IASA optimization 

algorithm, such as increasing the phase modulation depth (e.g., from 2π to 4π), implementing 

higher design frequencies and then increasing frequency spacings, enlarging the holograms 

aperture size, and modulating both amplitude and phase of complex fields, to name a few [27, 28]. 

However, these modifications should be tailored to meet the essential design requirements of 

acoustic holograms and transducers, i.e., holograms’ thin-element approximations and frequency 

spacing constraints due to the transducers’ bandwidth. Moreover, it should be noted that higher 

frequencies lead to more attenuation of sound waves in the medium and their implementations are 

limited by the resolution of the 3D printer devices. On the other hand, the diffraction limit of lower 

frequencies constrains the capability of reconstruction of arbitrarily holographic images and the 

realization of fine details of the pattern since the target feature size is diffraction-limited. 

Figure 3.12a confirms the fact that using the higher frequency set of 1.8 and 2.3 MHz compared 

to that of 1.3 and 2.3 MHz enhances the SNR for each desired pattern and conversely increases the 

unwanted frequency crosstalk between the patterns. Figure 3.12b shows the image correlations for 

similarity investigations between the computational holographic images and the imposed target 

images using the multi-frequency holograms. The image correlations for multiple images at 

different design frequencies decrease to some extent, compared with the correlation results of 

multi-image-plane holograms in figure 3.4b, due to more generation of artifacts and crosstalks, as 

well as the additional approximations that were applied to the IASA optimization algorithm for the 

design of multi-frequency holograms. 

3.4 Conclusions 

Multi-functional transmission holograms provide new promising potentials in the holographic 

reconstruction of acoustic field patterns. The multi-image-plane holograms enable a full generation 

of desired 3D volumetric acoustic fields by reproducing multiple images at different target planes 

and the multi-frequency holograms enable real-time dynamical reconfiguration of an ultrasonic 

apparatus reproducing multiple images of acoustic fields via switching the driving frequency. We 

investigated the use of these multi-functional holograms for possible implementation in ultrasonic 
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power transfer (UPT) systems to locally power piezoelectric-based sensors in three-dimensional 

fields, at different distances from the source, and with real-time adaptive control over driving 

frequency conditions. Modifications were applied to the iterative angular spectrum approach 

(IASA) optimization algorithm to generate multiple acoustic patternings at different target planes 

and via different driving frequencies. Computational simulations and experiments were performed 

to show the functionality of multi-functional holograms to generate multiple acoustic patterns in 

theory and practice, which show promising results and provide new insights into the enhancement 

of UPT systems. 
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Appendix B 

 

Figure B.1. Holographic reconstruction of letter C (10 focal points), square I (12 focal points), and square 

II (16 focal points) images for multi-frequency holograms: the acoustic pressure amplitudes in the target 

plane at 51 mmz =  for frequency set of (a) 1.3 MHz, (b) 1.8 MHz, and (c) 2.3 MHz, and (d) the calculated 

hologram thickness.  

 

Figure B.2. Holographic reconstruction of numbers 1, 2, and 3 images for multi-frequency holograms: the 

acoustic pressure amplitudes in the target plane at 51 mmz =  for frequency set of (a) 1.3 MHz, (b) 1.8 

MHz, and (c) 2.3 MHz, and (d) the calculated hologram thickness.  
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Figure B.3. Error metrics to evaluate the quality of computational holographic reconstruction of letter C, 

square I, and square II images using multi-frequency holograms with three design frequencies of 1.3, 1.8, 

and 2.3 MHz: (a) signal-to-noise ratio (SNR), normalized by the maximum SNR value, and (b) correlation 

between the computational holographic images and their respective imposed target images. Error metrics 

to evaluate the quality of computational holographic reconstruction of numbers 1, 2, and 3 images using 

multi-frequency holograms with three design frequencies of 1.3, 1.8, and 2.3 MHz: (c) signal-to-noise ratio 

(SNR), normalized by the maximum SNR value, and (d) correlation between the computational holographic 

images and their respective imposed target images. 
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Chapter 4 

Dynamics of acoustic impedance matching layers 

in contactless ultrasonic power transfer systems 

This chapter is based on an article published in Smart Materials and Structures journal [1], © IOP 

Publishing, reproduced with permission, all rights reserved. In this chapter, we investigate the 

effects of implementing acoustic impedance matching layers on the enhancement of ultrasonic 

power transmission.  

Abstract 

The acoustic impedance mismatch between transducer materials and medium in ultrasonic power 

transfer systems narrows the transduction bandwidth and causes losses through the back reflection 

of progressive pressure waves at the boundary between the transducers and medium. Capturing 

both resonances and losses due to impedance mismatch of interwoven elements is essential for 

advancing the development of these systems. We present a unified approach, based on the 

multiplication of a sequence of transfer matrices, to determine an equivalent acoustic impedance. 

The analytical model couples the properties of the transmitter and receiver with multiple matching 

layers and a single classical quarter-wave layer in controlled setups with the objective of 

minimizing reflections through acoustic impedance mismatch alleviation. Losses due to ultrasonic 

attenuation in the material layers and medium are also considered. The acoustic field at the receiver 

location constitutes the input to the coupled electro-elastic equations of the fluid-loaded and 

electrically-loaded piezoelectric receiver. Experiments are performed to identify the input acoustic 

pressure from a cylindrical transmitter to a receiver disk operating in the 33-mode of 

piezoelectricity. The results show significant enhancements in terms of the receiver’s electrical 

power output when implementing a two-layer matching structure. We present the results showing 
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non-dimensional wave number variations vs. characteristic impedance, which can be used to 

calculate the materials’ thicknesses for acoustically matching ultrasonic power transfer systems to 

an acoustic medium of interest at any desired resonant frequency while considering any type of 

glue or epoxy as the bonding layer. The derived physical models facilitate the development of 

high-fidelity matched systems with enhanced contactless power transmission. 

4.1 Introduction 

Ultrasonic power transfer (UPT) is based on transferring energy using acoustic waves generated 

and received by piezoelectric (PZT) transducers. The sound wave is generated by a transmitter and 

then transferred through an acoustic medium such as water [2, 3], air [4, 5], human tissue [6, 7] or 

solid wall [8, 9] to a receiver, which in turn converts the mechanical strain induced by the incident 

acoustic waves to electricity that can be delivered to an electrical load [2]. A review highlighting 

major advancements in UPT is presented by Roes et al. [10]. Various UPT concepts using 

piezoelectric transduction include: (i) an array of receivers excited by a pulsating sphere, i.e., 

spherical acoustic transmitter [2, 3], (ii) cylindrical source-cylindrical receiver combination in a 

separate domain (e.g., as in transcutaneous UPT [6, 11]), (iii) enhanced power transfer by focusing 

of the source using a high-intensity focused ultrasound (HIFU) transducer [12] or passive acoustic 

holograms (lenses) when illuminated with an acoustic source such as a PZT (lead zirconate 

titanate) disk as the active element to generate the desired pressure pattern [13, 14], (iv) 

identification of electro-elastic nonlinearities in UPT systems [15], and (v) enhanced power 

transfer by acoustic impedance matching of the transmitter and receiver disks to the medium, 

which is the scope of this work. The proposed scenarios for performance enhancement and 

frequency bandwidth improvement of UPT systems mainly include focusing of the transmitted 

acoustic energy in space and alleviating impedance mismatch issues [3]. To improve the efficiency 

of UPT systems, minimizing the acoustic losses due to the reflection of acoustic waves must be 

considered. The characteristic impedance, which depends on the density and speed of sound in 

materials, is one of the most significant acoustical parameters in acoustic power transmission. 

Because the characteristic impedance of piezoelectric transducers is much larger than that of 

acoustic media, i.e. air, liquid, human tissue, or solid wall, the transducers need to be acoustically 

matched. The acoustic impedance mismatch between the PZT elements and the acoustic medium 

results in (i) a narrow frequency bandwidth [16-18] and (ii) significant losses through back 

reflection of the incident pressure waves at the boundary between the PZT and the medium [19]. 

For example, the pressure reflection coefficient for a soft tissue is 0.9 which means that only 10% 
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of the incident wave is captured by the piezoelectric receiver. To alleviate the acoustic impedance 

mismatch, intermediate materials, called acoustic impedance matching layers are used [20]. Such 

layers are bonded to the front side of the transducer face. 

Several theoretical and experimental investigations considered the effects of implementing a single 

or multiple quarter-wavelength layers in the design of piezoelectric transducers [16-19, 21-34]. 

Materials ranging from metals, ceramics, or composites, such as silver, titanium, and glass to 

polymers or plastics, such as parylene and acrylic have been used as matching layers. In a few 

studies [35-38], a mass-spring matching approach was proposed to determine layer thicknesses in 

which multi-layer polymer-metal structures such as a double structure of PVDF-copper and 

polyimide were bonded to a piezoelectric material. The results pointed to a comparable 

performance to that of the traditional quarter-wave layer matching. Opieliński et al. [39] 

computationally analyzed the influence of changing material thicknesses (different from one-

quarter wavelength) for the construction of a three-layer matching system in an ultrasonic airborne 

transducer. Comparing the results with that of three quarter-wave matching layers, they noted an 

enhancement in a transfer function relating the acoustic velocity to the input current. Most of the 

matching techniques require a layer or multi-layer of glue (or epoxy) for bonding purposes; hence, 

the thickness of glue must be taken into consideration [40]. However, the majority of past 

investigations considered zero-thickness glue in their design which undermines the performance 

of the matching systems. As such, the quarter-wave layer techniques, e.g., using a single matching 

layer whose characteristic impedance is the geometric mean of that of the medium and the 

transducer material, which also limits the choice of material, could not be practically implemented. 

Callens et al. [41] proposed using a two-layer matching technique in water by considering the glue 

as one of the matching layers. Once the specific glue is selected, the choice of material for the 

other layer is very broad. In this approach, the thickness of selected materials needed to match a 

piezoelectric transducer at a desired resonant frequency can be accurately determined using a 

transfer matrix [42-44], which does not necessarily correspond to that of the quarter-wavelength 

material layers.  

Recent investigations on UPT systems signified the effects of employing matching layers to further 

enhance the contactless transfer of power through the acoustic medium between the piezoelectric 

transmitter and receiver [3, 45]. Accordingly, few analytical and experimental proof-of-concept 

studies have been conducted employing quarter-wave layer matching structures [46-49] and the 

aforementioned two-layer matching technique [6, 7, 11, 50] to improve the power transmission for 
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ultrasonic implanted transducers in biomedical applications. However, the limited existing 

literature lacks a comprehensive analysis that can guide efforts to determine proper matching 

configurations for the fabrication process, i.e., the selection of the most efficient material layers 

and more importantly the estimation of material thicknesses needed to match a transducer at any 

desired frequency operating in an acoustic medium of interest. In this effort, we investigate a broad 

range of materials, considering two classifications, namely metals, some ceramics and composites, 

and polymers (plastics) using the two-layer matching structure first presented by Callens et al. [41] 

in which we take into account the glue thickness. A four-layer matching system including two 

layers of glue and two layers of different materials is also evaluated to compare the performances 

of the two- and four-layer matching structures. Additionally, we consider the frequency-dependent 

ultrasonic material losses [31, 51, 52] for the receiver’s electrical power output calculations to 

establish a trade-off between the attenuation effects and implementing matching layers depending 

on the acoustic medium. 

In the UPT modeling, we assumed a piston-like motion for the piezoelectric receiver disk, where 

only the thickness mode of the disk resonates. This assumption approximately holds for disks with 

an aspect ratio (diameter-to-thickness ratio) greater than 20 or less than 0.1 [53, 54]. In this chapter, 

the expressions finite aspect ratio and finite size refer to the aspect ratio between 0.1 to 20. We 

confirm that the disk, given as the case study in this chapter, has an aspect ratio of 2.4, which is 

not on the reported acceptable range. Hence, using the reduced-order one-dimensional analysis of 

the finite-size receiver may lead to some deviations in the amplitudes of the electrical power output, 

when comparing with experiments [55]. However, the studied frequency range (300-700 kHz) was 

chosen in the domain where the thickness mode of the disk is dominant; it is based on the 

information given by the manufacturer (APC International, Ltd), which was then validated by the 

measurement performed using an impedance analyzer (see figure C.1 in appendix C.1). 

Additionally, the non-planar motion of the disk might also affect the scattered acoustic field 

through the radiation impedance and reflected acoustic field, which in turn changes the blocked 

(incident plus reflected) pressure. The study of non-planar motion effects, which are arising due to 

the finite aspect ratio of disks, can be implemented by a finite element-based approach, which is 

not the scope of this work. The focus of this work is qualitatively investigating the effects of 

acoustic impedance matching layers on the power transmission. Therefore, the given results, such 

as input acoustic pressures and electrical power outputs, are normalized.  
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Experiments are conducted to characterize the vibration response of the piezoelectric transmitter 

as well as the input excitation pressure to the receiver. In section 4.2, we present the theoretical 

model of acoustic impedance matching conditions and develop the model for the UPT-matching 

layer system, which couples the properties of the transmitter and receiver with the single and 

multiple matching layers. Results from experimental measurements and analytical models are 

discussed in section 4.3. A summary and conclusions are presented in section 4.4. 

4.2 Analytical modeling: UPT-matching layer system 

A schematic of an acoustically matched piezoelectric transducer to an acoustic medium with 

corresponding characteristic impedances TZ  and 
0Z  is presented in figure 4.1a. To quantify the 

power output enhancement by using matching layers, we consider three cases in a UPT system. 

The system includes a pair of PZT ultrasonic transducer disks in the transmitter (Tx) and receiver 

(Rx) configurations operating in water. In case 1, shown in figure 4.1b, no matching layer (ML) is 

added to the transducers. In case 2, shown in figure 4.1c, matching layers are used for only the Rx 

transducer. In case 3, shown in figure 4.1d, both Tx and Rx transducers include matching layers. 

 

Figure 4.1. Schematic representation of various matching layer concepts. (a) An acoustically matched 

piezoelectric transducer using two matching layers: ML-1 and glue as ML-2. UPT-matching layer system 

consisting of Tx and Rx transducers with water as an acoustic medium in three case studies: (b) without 

matching layers, (c) matching Rx transducer only, and (d) matching both Tx and Rx transducers. 
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4.2.1 Acoustic matching technique  

The transfer matrix for the thn  material layer with characteristic acoustic impedance 
nZ  and 

thickness 
nt , as shown in figure 4.1a, considering a normally incident longitudinal plane wave 

through a multilayer system is written as [41, 42] 

 

cos( ) sin( )

,sin( )
cos( )

n n n n n

n n n
n n

n

k t jZ k t

T j k t
k t

Z
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 (4.1) 

where nk  is the wave number in the thn  material. Because the thickness of the PZT transducer 

element is significantly larger than that of the matching layers, we assume a semi-infinite 

transmission line for the transducer material. The equivalent transfer matrix for the -layern  system 

is derived by defining 
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Hence, the resultant equivalent acoustic impedance is written as  
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Having determined the equivalent impedance, the power (intensity) reflection coefficient 
I MLR −

 is 

derived by replacing the multilayer system to the right of the first layer, which according to figure 

4.1a represents the acoustic medium, with an equivalent single boundary (two-layer) system to 

write (see equation (6.3.18) in [56]) 
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The power (intensity) transmission coefficient I MLT −  is then defined as 1I ML I MLT R− −= − . 

Considering the two-layer matching system shown in figure 4.1a, the power transmission 

coefficient is derived as  
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Perfect matching is achieved when the equivalent impedance is equal to the impedance of the 

acoustic medium in which there is a complete transmission. Therefore, the power reflection 

coefficient becomes zero ( 1,  0).I ML I MLT R− −= =  Setting equation (4.3) equal to 
0Z  and separating 

the real and imaginary parts, one obtains two expressions as follows:   
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in which equations (4.6) and (4.7) can be written as 
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Likewise, the series of corresponding equations in a four-layer matching system containing two 

layers of glue with identical thickness 
2 2 4 ( )t t t=  and characteristic impedance 

2 ,Z  and two layers 

of different materials with thicknesses 1t  and 3t , and impedances 1Z  and 
3 ,Z  are obtained as 
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Using equations (4.8)-(4.11), we determine the thicknesses of glue and other material layers to 

acoustically match the transducers to the medium at a specific operating resonant frequency. The 

acoustic properties of the materials such as characteristic impedance and sound speed are known 

[27, 57, 58]. We compare the power transmission results with the ideal or theoretical quarter-

wavelength layer system which uses a single layer whose characteristic impedance is the geometric 

mean of that of the medium and the transducer material single-la 0yer( )TZ Z Z= . Inevitably, the 

matching technique needs the glue layer(s) for bonding purposes and the choice of material whose 

impedance exactly equals 0 TZ Z  is limited. Hence, ideal matching could not be implemented in 

practice. 

4.2.2 Closed-form voltage response of a piezoelectric receiver at steady state  

The receiver disk treated as a fixed (clamped)-free [59] PZT cylinder operating in the 33-mode of 

piezoelectricity with fundamental resonant frequency in the range of  420-580 kHz (see figure C.1 

in appendix C.1). For the fluid-loaded and electrically-loaded fixed-free piezoelectric receiver disk 

excited by an acoustic wave (see figure 4.1b), the coupled partial differential equations for 

longitudinal vibration of the receiver and the AC electrical circuit equation are written as [2, 3] 
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where ( , )w t  is the displacement response of the disk at the axial position   and time t, ( )v t  is 

the voltage output across the electrical load, E is Young’s modulus at the constant electric field, 

2A a=  is the cross-sectional area, where a is the radius of the disk; m  is the mass per unit length, 

c  is the stiffness-proportional damping coefficient, c  is the mass-proportional damping 

coefficient,   is the electromechanical coupling term in physical coordinates, and ( )L  −  is the 

Dirac delta function. The parameters pC  and lR , respectively, represent the internal capacitance 

of the piezoelectric receiver and the external load resistance. The excitation force due to the 

incident acoustic pressure ,( ) ( )t Rf t p t A=  or ,( ) ( )t R MLf t p t A−=  is evaluated at the free-end surface 

( )L =  of the receiver. The forces are expressed in terms of transmitted acoustic waves captured 

by the PZT receiver (see figures 4.1b-d). Moreover, the dissipative term rR  in equation (4.12) is 

the resistive component of the fluid radiation impedance, which is given by equation (56) in [60] 

in terms of the normalized radiation resistance for an unbaffled circular transducer disk. The 

excitation of the receiver is such that the linear piezoelectricity is assumed and the elastic coupling 

and dissipative nonlinearities are not prominent. 

The linear displacement at the free end of the piezoelectric receiver disk ( ( )z t  in figure 4.1b, where 

( ) ( , ))z t w L t=  due to harmonic excitation at or around the fundamental longitudinal axial 

vibration mode is obtained by modal analysis of the distributed-parameter electromechanical 

system for the fundamental mode of vibration. The longitudinal tip displacement of the 

piezoelectric receiver disk at time t is then written as 

 ( ) ( , ) ( ) ( ),
L

z t w t L t


  
=

= =  (4.14) 

where ( )L  and ( )t  are, respectively, the mass-normalized eigenfunction (mode shape) 

evaluated at L =  and the generalized modal coordinate (temporal amplitude) for the longitudinal 

vibration mode of the fixed-free uniform disk. The mass normalized elastic-mode eigenfunction 

calculated from the corresponding undamped and electromechanically uncoupled (short-circuit) 

free vibration, is obtained as 
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where the eigenvalue,  , of the fundamental mode is the first non-zero root of the transcendental 

characteristic equation ( / ) sin cos 0,rm mL   − =  where /r rm X =  is the radiation mass, i.e., 

added mass, due to reactive component of the fluid radiation impedance which is given in equation 

(57) of [60] in terms of the normalized radiation reactance for the unbaffled disk and   is the 

excitation frequency. The radiation resistance ( )rR  represents the actual power radiated by the 

vibrating surface to the fluid medium, whereas the radiation reactance ( )rX  accounts for the stored 

energy of vibration near the surface which decreases the resonant frequency. Figure C.2 in 

appendix C.2 shows the normalized acoustic radiation resistance and reactance for unbaffled and 

baffled circular pistons (see equation (10.52) in [61]) as would be required in different applications. 

The electromechanically coupled equations of forced vibrations and current balance for the 

fundamental vibration mode in the lumped-parameter form when reduced from the distributed-

parameter solution are expressed as 
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 [ ( ) ( ) / ( )] ( ) 0,p lC v t v t R z t L + + =  (4.17) 

where the over-dot represents differentiation with respect to time and   is the damping ratio 

defined by the mechanical quality factor Q  ( 1/ 2 )Q =  [62]. We shall note here that scattering 

effects and nonlinearity are assumed to be negligible for the receiver dimensions and considering 

low excitation amplitudes. 

The steady-state electromechanical harmonic response is of the form ( ) j tz t z e =  and 

( ) j tv t v e =  based on the linear system assumption, where j  is the unit imaginary number. Here, 

z  and v  denote amplitudes of the axial displacement and voltage output, respectively. Applying 

a damped boundary condition at L =  in the modal coordinate, 

2[ ( ( ) / ) ( ) ( ( ) / ) ( ) ( ) ( )] 0,r LEA d d t c d d t m t             =+ − =  and considering the harmonic 

vibration responses, the fundamental-mode output voltage amplitude frequency response function 

(FRF) is derived as 
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where 
n  is the fundamental resonant frequency. Consequently, the electrical power output FRF 

of the piezoelectric receiver disk ( ) is calculated using the equation 
2 / .lv R =   

4.2.3 Implementing the acoustic matching technique in UPT and including ultrasonic 

material losses  

To compare the receiver’s power output, we investigate the three case studies shown in figures 

4.1b-d. The amplitude of the transmitted pressure wave ,t wp  generated by the unmatched 

transmitter shown in figures 4.1b and c is calculated using the power transmission coefficient [56] 

as follows: 
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On the other hand, the amplitude of the transmitted pressure wave ,t w MLp −  generated by the 

acoustically matched transmitter shown in figure 4.1d is calculated using the derived power 

transmission coefficient I MLT −  when implementing matching layers; 

,

2

0/ )( / ) .(I ML t w ML iTT Z p pZ− −=  To find the incident acoustic pressure field, ip , we measured the 

pressure distribution fairly close to the transmitter, as presented in section 4.3.3. The 

experimentally measured pressure field is then numerically back-propagated to the transmitter face 

to reconstruct the acoustic source [63, 64] using the Near-field Acoustic Holography (NAH) 

method [65-67] via the Angular Spectrum Approach (ASA), which is explained in detail by the 

authors in [13] and chapter 2. Similarly, on the receiver side, the transmitted pressure waves ,t Rp  

(figure 4.1b) or ,t R MLp −  (figures 4.1c and d) are computed, respectively, using the expressions 

2

in,0 / )(( / )RTI tpZT Z p=  and 
2

in,0 / )( /( )I ML t RT MLT Z p pZ− −= . Likewise, the input pressure inp  is 

calculated numerically via the ASA by forward-propagating the transmitted pressure field ,t wp  or  
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,t w MLp − . Finally, the power output for the PZT receiver is calculated using equations (4.18) and 

2 / .lv R =   

Additionally, the amplitude of the ultrasonic wave is attenuated as it passes through the medium 

and material layers. To account for losses of acoustic energy, a lossy Helmholtz equation 

2 2 0p p + =k  with the complex wave number /k j = − = ck  is developed [56], where   is 

a frequency-dependent attenuation coefficient, c  is the complex stiffened wave speed (complex 

speed of sound), and the harmonic plane wave pressure p  is expressed as 

 
( ).jz t kzp p e e  −−=  (4.20) 

The electrical power output for the UPT system is then reduced by a power attenuation factor   

defined as [48, 68]   
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where iz  represents the thickness of matching layers, as well as the distance between the 

transmitter and receiver. It should be noted that the amplitudes of the voltage and electrical power 

output are, respectively, proportional to the first and second power of the amplitude of the 

transmitted pressure waves captured by the receiver. As a result, the acoustic power enhancement 

by implementing matching layers in the UPT system considering the acoustic attenuation is 

determined.  

It also should be emphasized that in the UPT analysis, we consider a lossy transducer using the 

damping ratio of the PZT transducer through the mechanical quality factor, 1/ 2Q = , in equation 

(4.16). However, we neglect a dielectric loss factor which can be easily included considering the 

complex capacitance for the piezoelectric material [69, 70] ( (1 ),p tnC j= −
p

C where 
tn  

represents the dielectric loss factor, which usually referred to the loss tangent). Note that the loss 

tangent of the PZT disk used in this study is around 2%, which only changes the capacitance by 

0.02%. Moreover, we take into account the attenuation coefficient   for the medium and matching 

layers for the decaying plane (pressure) wave in equation (4.20) and later in computing the 

electrical power output. Note that we neglect the attenuation in specific acoustic impedance 

calculations. Finally, the effect of fluid damping is included through the dissipative term rR  in 

equation (4.12). 
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4.3 Experiments and theoretical results 

4.3.1 Frequency response of the transmitter in water: measured surface velocity 

The experiments were conducted on a cylindrical 33-mode PZT disk (APC850-Navy II from APC 

International, Ltd. [71]) having a diameter of 9.5 mm and a thickness of 3.9 mm. The density of 

the disk is 7600 kg/m3 [72] and the speed of sound in the PZT material is 4780 m/s, which results 

in 36.3 MRayl.TZ =  The disk’s surface velocity was measured using a laser Doppler vibrometer 

(LDV, including Polytec OFV-505 sensor head and Polytec OFV-5000 controller) and acquired 

using a 1-GS/s digital oscilloscope (Tektronix TBS 2000 series, model TBS2104) with 512 

averages. During underwater actuation experiments, the disk was excited by an average input 

voltage of 44 V peak-to-peak using a waveform generator (Keysight 33500B series) that was 

connected to an amplifier (E&I RF power amplifier, model A075). The disk was bonded to a thin 

brass plate using a thin layer of high-shear-strength epoxy (3M DP460 Scotch-Weld Epoxy 

Adhesive) and then the plate was mounted in a watertight box made of an acrylic sheet with the 

help of a neoprene rubber sheet as shown in figure 4.2a and similarly to the procedure explained 

in [73].   

 

Figure 4.2. (a) Underwater actuation experimental setup and (b) corresponding measured surface velocity 

of the PZT transducer using laser Doppler vibrometer, versus excitation frequency, which shows a 

transducer’s underwater resonant frequency of 510 kHz. 

We used the box in order to electrically insulate the PZT transducer in water and to construct the 

air-backed transducer which reflects almost all power from the backside of the transducer toward 

the transmission line and enhances the power transfer. The box including the PZT disk was fully 

submerged in a 615 mm×318 mm×325 mm  tank of deionized water. The surface velocity FRF of 

the disk is presented in figure 4.2b indicating an underwater fundamental resonant frequency of 
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510 kHz, which is considered as the desired frequency for acoustically matching the transmitter 

and receiver transducers using matching layers. Noticeably, the observed both radial and thickness 

vibration modes occur due to the finite aspect ratio of the disk, which makes the assumption of the 

piston-like motion, where the disk vibrates only in the thickness direction, not quite accurate but 

acceptable in the frequency range of interest. 

4.3.2 Materials selection in the two-layer acoustic matching technique: Thicknesses 

determination 

For the two-layer structure implemented for matching the PZT disks 
0( / =24.2)TZ Z , we 

investigated two main groups of materials: (1) several types of metals as well as some ceramics 

and composites for the first matching layer (ML-1) and an Araldite glue [57] with a specific 

acoustic impedance of 3.04 MRayl and longitudinal sound speed of 2620 m/s (glue A) as the 

second layer (ML-2); and (2) polymers or plastics as ML-1 and an Araldite glue [57] with a specific 

acoustic impedance of 12.81 MRayl and longitudinal sound speed of 1520 m/s (glue B) as ML-2.  

 

Figure 4.3. The power transmission coefficient of the matched PZT transducer implementing the two-layer 

matching structure with different materials (metals, ceramics, and composites) as ML-l and glue A as ML-

2, compared with the ideal matching system: frequency range from (a) 300-720 kHz, and (b) 300 kHz-4.5 

MHz, and (c) investigations of more material choices. The legend in (b) is set the same as that of (a). The 

cross markers in (a) represent the driving frequencies for which we have experimentally measured the 

pressure fields generated by the transmitter transducer, later shown in figure 4.9. 
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Figure 4.3a shows the acoustic power transmission coefficient in the first matching type using 

materials such as aluminum, titanium, glass, and porcelain for ML-1 and glue A for ML-2 

compared with the transmission from the theoretical or ideal single (quarter-wave layer) matching. 

Apparently, the full width at half maximum (FWHM) of the two-layer system is comparable to 

that of ideal matching, e.g., using brick as ML-1, the system exhibits almost the same transmission 

performance as the quarter-wave layer matching. Moreover, the selection of different materials to 

acquire a relatively good transmission for the frequency range shown in figure 4.3a leads to 

comparable performances. However, as the frequency range is increased, more peaks appear in 

which selection of different materials for ML-1 leads to dissimilar performances as shown in figure 

4.3b. To illustrate, choosing brick, represented by the red curve in figure 4.3b, as ML-1, one obtains 

several peaks of transmitted acoustic energy for the transducer, whereas choosing glass, 

represented by the blue curve in figure 4.3b, as ML-1, results in two peaks of higher transmission 

other than the fundamental frequency where good transmission is obtained only at a frequency 

around 4.4 MHz. It should be emphasized that we consider the performance of matching by 

analyzing only the acoustic power transmission coefficient; however, later for analyzing the 

electrical power output performance, the acoustic attenuation must also be taken into consideration 

as detailed in section 4.3.3. Figure 4.3c demonstrates the power transmission coefficient of the 

matched transducer analyzing other material choices for ML-1 such as commonly used metals like 

silver, copper, and stainless steel as well as some other ceramics such as lead metaniobate. It is 

determined that these materials show the same performance in acoustic matching as that of 

titanium up to about 3 MHz. However, the materials’ effectiveness starts to diverge near 3.5 MHz. 

 

Figure 4.4. The power transmission coefficient of the matched PZT transducer implementing the two-layer 

matching structure with different polymers (or plastics) as ML-l and glue B as ML-2, compared with the 

ideal matching system: frequency range from (a) 300-720 kHz, and (b) 300 kHz-4.5 MHz. The legend in 

(b) is set the same as that of (a). The cross markers in (a) represent the driving frequencies for which we 

have experimentally measured the pressure fields generated by the transmitter transducer, later shown in 

figure 4.9. 
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The second matching type is performed by employing polymers as ML-1 and glue B as ML-2. The 

power transmission coefficient for the matched transducer is presented in figure 4.4a. Clearly, the 

two-layer matching technique in this type leads to a wider frequency bandwidth compared to the 

ideal matching and to the first matching type depicted in figure 4.3. Evaluating the acoustic 

transmission over the wider frequency range, the observed trends of transmission as shown in 

figure 4.4b are different than those of figure 4.3b in which the quality and intensity of most of the 

peaks, generated from the choice of polymers, are more noticeable. Furthermore, it should be noted 

that at the fundamental frequency of 510 kHz, all material choices lead to the maximum power 

transmission coefficient of unity as shown in figures 4.3 and 4.4, which shows the reliability of the 

transfer matrix method in determining the accurate thicknesses for the two layers to match the PZT 

transducer at the desired resonant frequency operating in water. It is also worthwhile to remark 

that some of the selected materials in this study are recognized to be biocompatible such as glass 

[11], titanium [49, 74], pyrolytic carbon [6, 74], and parylene [45]. 

The results of the acoustic matching techniques presented above were verified in two ways. Firstly, 

we verified the claim that implementing these techniques enhances the acoustic power 

transmission at any desired resonant frequency and also improves the transduction bandwidth 

leading to a wider frequency bandwidth. Figure 4.5a shows three scenarios for constructing a PZT 

transducer, namely (i) implementing the two-layer matching technique with layers of glass and 

glue A for the transducer, (ii) implementing a single classical quarter-wave layer matching 

technique, and (iii) using the transducer without matching layers. The power transmission 

coefficient for the latter scenario is calculated assuming four material layers of water, acrylic for 

fixing the backside of the transducer disk to an acrylic holder with a thickness of 3 mm (see figure 

8 in [13]), PZT with a thickness of 3.9 mm, and again water (front side of the disk). Figure 4.5a 

clearly indicates the enhancements of the power transmission at the desired frequency of 510 kHz 

for the acoustically matched transducers compared to that of the unmatched transducer. The 

transducer without matching layers has the highest power transmission coefficient value of 0.87 at 

598 kHz instead of the unity value at the desired frequency. Moreover, a noticeable bandwidth 

improvement is observed in the matched transducers. The relative bandwidth at -3dB (half-power 

bandwidth) at the center frequency of 598 kHz for the transducer without matching layers is 7.9%, 

compared to that of 47.6% and 55.7% at the center frequency of 510 kHz for the transducers having 

the two-layer and quarter-wave matching, respectively. 
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Secondly, we compared the two-layer and quarter-wave matching techniques, which we have 

assumed the semi-infinite thickness for the PZT transducer, to the KLM model [11, 75] in which 

the effects of the backing layer, electrical load, and thickness of the PZT material are also taken 

into account for the power reflection coefficient calculation. Moreover, we consider losses in the 

KLM model in which the losses are associated with the dielectric loss factor [69, 70, 76] through 

the loss tangent of 2%, as well as the ultrasonic attenuation which results in the complex stiffened 

wave speed in the PZT material [69, 70, 76, 77]. Figure 4.5b shows three scenarios for constructing 

a PZT transducer, namely (i) implementing the two-layer matching technique with layers of glass 

and glue A, as well as layers of PVDF and glue B for the transducer, (ii) using the same materials 

for ML-1 and ML-2 with the aforementioned KLM-lossy matching technique, and (iii) using a 

single classical quarter-wave layer matching. The power transmission coefficient for the matched 

transducer implementing the KLM-lossy model is calculated as explained in section 4.2.1 with a 

modification in computing the PZT acoustic impedance, pztZ , by applying equations (3)-(14) in 

[11], as well as equations (1) and (4) in [69]. We also set the acoustic impedance of the backing 

layer, backingZ (see equation (11) in [11]) as that of acrylic material for fixing the backside of the 

transducer disk. Furthermore, in the KLM model, the electrical load resistance is set to 1.55 kΩ, 

which is the optimal electrical load at 510 kHz (see figure 4.9d) and no inductor is used. 

 

Figure 4.5. Comparing the power transmission coefficient of the acoustically matched PZT transducers 

using the two-layer and quarter-wave matching techniques (a) to that of the unmatched transducer, and (b) 

to that of the matched transducers using the KLM-lossy matching technique (dotted lines) adopted from 

[10, 68]. Glue A and B are used for bonding the layer of glass and PVDF, respectively. 

The relative bandwidth at -3dB at the center frequency of 510 kHz for the transducer having the 

layers of PVDF and glue B using the two-layer matching technique is 124.2%; while for the 

transducer having the same material layers implementing the KLM-lossy model is 124.1%. For 

the transducer having the layers of glass and glue A, the relative bandwidth at -3dB at the center 
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frequency of 510 kHz using the KLM-lossy matching technique is 51.3% compared to that of 

47.6% in the two-layer matching model as mentioned before. Hence, although the two-layer 

matching technique implemented in our study neglects the effects of the backing layer, electrical 

load, and thickness of the transducer on the acoustic reflection, it is in a very good agreement with 

that of the KLM-lossy matching technique that considers all the above effects. 

Considering all material choices, we present in figure 4.6 a design platform that can be used to 

guide the development and design of proper two-layer matching configurations using selected 

glues A or B. Hence, once the specific glue is taken as ML-2, the material for ML-1 can be selected 

based on its characteristic acoustic impedance. The corresponding thicknesses for both layers, 

which are the key parameters in matching performance, can then be easily determined. Moreover, 

benefiting from the non-dimensional wave number kt  in figure 4.6, we propose that similar design 

platforms could be obtained for acoustically matching transducers at any desired resonant 

frequency operating in an acoustic medium of interest, using any type of glue or epoxy. As a result, 

we can facilitate the construction of high-fidelity matched transducers to enhance acoustic power 

transmission. A comprehensive and detailed list of materials analyzed in this study for the two-

layer matching system with their acoustic properties obtained from the literature [27, 57, 58] is 

tabulated in appendix C.3 as tables C.1 and C.2 to aid the readers in the design of acoustically 

matched transducers. The thicknesses of both ML-1 and ML-2 (glue A or B) calculated for 

matching the transducer at 510 kHz are also provided in the tables. 

 

Figure 4.6. Design platform to find the proper two-layer matching configuration to select a material for ML-

1 and determine thicknesses for both layers using (a) glue A and (b) glue B. 
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4.3.3 Electrical power output enhancement in UPT implementing acoustically matched 

transducers 

As noted in section 4.2, we investigate three UPT system cases comprising the piezoelectric 

transmitter (Tx) and receiver (Rx) disks as shown in figures 4.1b-d and are, respectively, referred 

to as (1) without matching layers case, (2) only Rx case, and (3) Tx and Rx case. The distance d  

between the transmitter and receiver is set to 60 mm and it is assumed that the Tx and Rx 

transducers are perfectly aligned and that the receiver has a fixed-free boundary condition. The 

electrical power output for the receiver excited by the incident acoustic wave from the transmitter 

is estimated using equations (4.18) and 
2 / ,lv R =  considering the aforementioned three case 

studies to assess system enhancement using matching layers. 

The experiments were performed to find the average input excitation force on the receiver disk due 

to the incident acoustic pressure from the transmitter. To calculate the input force, the transmitter 

output pressure distribution is reconstructed from the experimentally measured pressure field close 

to the source via the ASA (see section 4.2.3), which is then used to determine the average pressure 

on the plane where the receiver is located, at 60 mm from the source, using the propagation 

function described in [13, 78]. We measured the sound pressure in a plane at the distance 30 mm 

using a calibrated 0.2 mm needle hydrophone (Precision Acoustics Ltd with the sensitivity 50.6 

mV/MPa at 500 kHz) mounted on a manufactured 3D positioning system as depicted in figure 4.7. 

The hydrophone preamplifier was connected to a DC coupler with power supply (Precision 

Acoustics Ltd) referenced to the digital oscilloscope in which the hydrophone signal was acquired 

and a developed MATLAB script is used that scans the acoustic field in the 2D measurement plane. 

The disk was excited by the low average input voltage of 21 V peak-to-peak to ensure that the PZT 

disk maintains the same performance over the one-hour hydrophone scan. The deionized water 

tank was partially lined with acoustic absorber sheets (Aptflex F28, Precision Acoustics Ltd) to 

avoid reflections from the tank walls. The pressure measurements were conducted over a range of 

driving frequencies between 300 and 720 kHz with 30 kHz increments. The measurement at each 

position on a plane at 30 mm distance from the transmitter was averaged over three times. The 

aperture of the measurement plane was about 50% wider than the diameter of the disk. We set the 

spatial resolution of 0.2 mm, which is smaller than a one-half wavelength in the medium, to avoid 

aliasing [64]. 
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Figure 4.7. Experimental setup for measurement of pressure fields generated by the PZT transmitter disk 

enclosed in the watertight box: (a) waveform generator, (b) digital oscilloscope, (c) DC coupler with power 

supply, (d) positioning system, (e) needle hydrophone, and (f) acoustic absorber sheet. 

The procedure for calculating the average input acoustic pressure on the receiver is illustrated in 

figure 4.8, where pressure distributions at 510 kHz using one of the analyzed matching materials 

are presented. Figure 4.8a shows the back-propagated pressure on the boundary between the 

transmitter and water, and figures 4.8b and c present the input pressures on the receiver face 

considering two scenarios of using no impedance matching materials and implementing layers of 

glass ( glass 1.15 Np/m =  measured at 2 MHz [79]) and glue A ( glue 173 Np/m =  measured at 4 

MHz [80]) for the transmitter, respectively.  

 

Figure 4.8. Acoustic pressure distributions at 510 kHz including (a) the back-propagated field at the 

boundary between the transmitter and water from experimentally measured pressure field, normalized by 

the maximum value in (a); the forward-propagated field in the plane where the receiver is located at 

60 mmd =  in which the disk is excited by the incident acoustic wave from the acoustically (b) unmatched, 

and (c) matched transmitter using layers of glass and glue A. The pressures in (b) and (c) are normalized 

by the maximum value in (c). 
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The dashed circles in figure 4.8 represent the locations of the transmitter (orange circle) and 

receiver (green circles) disks. It is noted that the average input pressure on the receiver surface 

using the matched acoustic source is significantly increased, which shows 2.5 times higher value 

in comparison to that of using the unmatched transmitter (note that 0.15IT =  from equation (4.19) 

and ,t R Ip T ). This can also be concluded from a comparison of the values in figures 4.9a and 

b.  

Figure 4.9b and c present the average input pressure values due to acoustic excitation from the 

transmitter, by implementing the investigated matching materials, including, respectively, the first 

and second material types as illustrated in figures 4.3a and 4.4a. In order to make a fair comparison 

between the unmatched and matched cases, the pressure values in figure 4.9a, which are obtained 

for a UPT system with the unmatched acoustic source, are normalized by the maximum pressure 

existing for the first matching type shown in figure 4.9b. The results clearly show the effectiveness 

of using the impedance matching technique. The maximum excitation pressure at 510 kHz is 

generated using glass, as the first matching type in figure 4.9b, and vitreous carbon, as the second 

matching type in figure 4.9c. The generated pressure for using glass is slightly higher, compared 

to that of vitreous carbon. The pressure attenuation factor 
ze −
 for each matching structure is taken 

into account in figure 4.9b and c based on the attenuation coefficient of material layers and the 

calculated thicknesses for ML-1 and glue. The attenuation in water ( water 0.023 Np/m =  measured 

at 1 MHz [81]) is accounted for on the basis of the distance between the transmitter and receiver 

transducers. The observed values of the attenuation coefficient for the selected materials in this 

study are provided in appendix C.3 as extracted from the literature. It should be noted that the 

values are roughly calculated for the frequency range of 300-720 kHz assuming a proportional 

increase of losses to the first power of frequency for the matching materials and to the second 

power of frequency for water. As depicted in figure 4.9b and c, brick and PVDF possess the highest 

acoustical loss leading to the lowest generation of the input acoustic pressure on the receiver using 

these materials for acoustically matching the transmitter. Evidently, the attenuation plays a 

significant role in selecting the matching scheme in UPT as noted from the trend of the input 

pressure in figures 4.9b and c, which is considerably different from that of the power transmission 

coefficient shown in figures 4.3a and 4.4a. This is due to the fact that in calculating the power 

transmission coefficient, no attenuation is taken into account leading to the value of unity for all 

the selected materials at 510 kHz.  
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Figure 4.9. Calculated average input pressures on the surface of the receiver excited by (a) the unmatched 

transmitter. The average input pressures on the receiver excited by the matched transmitter (b) using the 

first matching type (with glue A), and (c) using the second matching type (with glue B). (d) Electrical power 

output (normalized with respect to the excitation force squared) versus electrical load resistance for each 

analyzed driving frequency, showing the optimal load in the range of 1.26-2.85 kΩ. The pressures in (a) 

are normalized by the maximum value in (b) and the pressures in (b) and (c) are normalized by the maximum 

value in each type. The results for the single quarter-wave matching system using glue C are also shown in 

(b) and (c). The power output values in (d) are normalized by the maximum value in (d). 

Moreover, in figure 4.9c, one can see that the pressure increases monotonically, even at frequencies 

greater than 510 kHz. This occurs only due to the higher values of measured pressure at the 

frequency range of 540-720 kHz while their corresponding power transmission coefficient values 

in figure 4.4a are slightly less than unity. The input pressure using the quarter-wave matching 

structure shown in figure 4.9b and c is also calculated with a single layer of another type of Araldite 

epoxy (glue C) with the specific acoustic impedance of 7.45 MRayl [57], which is close to the 

geometric mean of water and the transducer PZT material impedances, considering the loss of 173 

Np/m (measured at 4 MHz). Of interest is the realization that the maximum pressure is not 

necessarily achieved using ideal matching conditions. The electrical load resistance in equation 

(4.18) is set to that of the optimal load that gives the maximum electrical power output at each 

analyzed driving frequency. The power output normalized with the excitation force 

,( ( ) ( )t Rf t p t A=  or ,( ) ( ) )t R MLf t p t A−=  squared is shown in figure 4.9d in which the optimal load 
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at each frequency can be determined. Other parameters, namely electromechanical coupling, 

capacitance, and mechanical quality factor of the receiver are, respectively, set to 0.21 C/m, =

180 pF,pC =  and 70,Q =  which were identified by measuring the electrical impedance of the 

receiver disk in air and fitting it to the UPT analytical model in the frequency range of 420-580 

kHz. Figure C.1 in appendix C.1 shows the measured electrical impedance of the unloaded disk in 

the air using the HP4192A impedance analyzer in the frequency range of 100-700 kHz in which 

one can see both the radial and thickness vibrational modes of the finite-size receiver disk; in the 

range of 300-700 kHz, the thickness vibration mode of the disk is dominating. 

Figure 4.10 shows the power output of the UPT system analyzed in the three scenarios as depicted 

in figures 4.1b-d. Noticeably, the maximum power output of the system, at the resonant frequency 

of 510 kHz, improves when the transducers were acoustically matched with the medium. The 

results in figures 4.10a and b show a power gain enhancement of 8 dB comparing the maximum 

power values achieved using glass and vitreous carbon for only Rx case with that of without 

matching layers case, as well as comparing the maximum power value for Tx and Rx case with 

that of only Rx case. However, the improvements are reduced using other materials with higher 

attenuation to a maximum level of 36% using brick as shown in figure 4.10a and a maximum level 

of 20% using PVDF as shown in figure 4.10b. The attenuation variations with frequency for the 

selected material layers and water in a broad ultrasound frequency range of 20 kHz-10 MHz are 

presented in figure C.3 in appendix C.4. At higher frequencies, the ultrasonic material losses limit 

the level of power improvement, particularly in lossy media, i.e., the media with high attenuation 

coefficient, such as human tissue, which has excessively higher attenuation value than water [82].  

In our investigation, PVDF has the highest levels of acoustic loss of 154.3 Np/m [83] (measured 

at 1 MHz) resulting in a power attenuation factor of 0.76 =  at 510 kHz and 0.57 =  at 10 MHz 

(see figure C.3) for the Tx and Rx case results presented in figure 4.10b, which appears that yet the 

matching technique overcomes the losses in the water at high frequencies. However, considering 

human tissue, using matching layers most likely downgrades the power enhancement at high 

frequencies. We shall also note that as the frequency increases, the proportionally thinner matching 

layers are required to match the transducers, hence, only the power attenuation factor in the 

acoustic medium increases. Comparing the power output enhancement using two types of 

matching layers in figures 4.10a and b, an increase of 3% is obtained using glass in comparison to 

vitreous carbon. However, some enhancements are seen at off-resonance frequencies, noticeably 
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at higher frequencies, where polymers or plastics appear to be better material choices. Furthermore, 

the higher power improvement is attained comparing the two-layer structures with glass, porcelain, 

quartz (X-cut), silicon, aluminum, titanium, tungsten, vitreous carbon, and polyimide, to that of 

the ideal matching with the single layer of epoxy. In general, it is concluded that implementing 

acoustic impedance matching layers in UPT systems is of utmost importance for acquiring efficient 

electrical power output from the receivers/sensors; however, the material losses must be also taken 

into consideration to ensure that the trade-off between the matching technique and attenuation 

effects is reasonable. 

 

Figure 4.10. (a) Electrical power output for the piezoelectric receiver at 60 mmd =  excited by the acoustic 

source, analyzed in three scenarios in the UPT system, namely without matching layers case depicted with 

a cross marker, only Rx case depicted with plus sign markers, and Tx and Rx case depicted with circle 

markers using (a) first matching type (with glue A), and (b) second matching type (with glue B). The power 

output values are normalized by the maximum value in each type. The results for the single quarter-wave 

matching system are also shown in (a) and (b), which dashed-dot and dotted lines, respectively, represent 

Tx and Rx case and only Rx case using glue C. 
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4.3.4 Implementing a four-layer acoustically matching technique in UPT 

We also investigated four-layer matching systems containing two layers of glue A and two layers 

of different materials such as using a combination of glass and acrylic as shown in figure 4.11a, 

and also a combination of polymer and metal layers as shown in figure 4.11c, where a layer of 

polyethylene is selected in conjunction with a metal layer, namely titanium, silver, brass, copper, 

and steel. In figures 4.11a and c, the thickness of glue layers is, respectively, set to 0.2 and 0.25 

mm. Comparing the results of the acoustic power transmission coefficient with those of the two-

layer system containing the same glue with a layer of glass and metals, it is concluded that adding 

matching materials leads to a relatively wider frequency bandwidth in which the FWHM of the 

four-layer configuration is very close to the ideal matching or slightly enhanced. However, the 

maximum transmission is achieved for both two and four-layer structures, and only some 

improvements at off-resonance frequencies are observed.  

 

Figure 4.11. The power transmission coefficient of the matched transducer in the four-layer matching 

structure using two layers of glue A  2 4 0.2 mm)( tt = =  with two layers of glass and acrylic, compared with 

the corresponding two-layer and ideal matching system: (a) frequency range from 300-720 kHz, and (b) 

wider frequency range from 300 kHz-10 MHz. The power transmission coefficient of the matched 

transducer in the four-layer system using two layers of glue A 2 4 0.25 mm)( tt = =  with the combination of 

polymer and metal layers, compared with the corresponding two-layer and ideal matching system: (c) 

frequency range from 300-720 kHz, and (d) wider frequency range from 300 kHz-10 MHz. The legend in 

(b) and (d) is, respectively, the same as that of (a) and (c). 
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Analyzing the acoustic transmission of the matched transducer over the wider frequency range 

shown in figures 4.11b and d, it is concluded that the peak values of transmission occur at different 

frequencies in the two-layer system and that smoother curves of transmission are generated in 

comparison to those of the four-layer systems. A list of analyzed materials for the four-layer 

matching system with their determined thicknesses at 510 kHz is presented in table C.3 of appendix 

C.3. 

 

Figure 4.12. Example of the four-layer system compared with the corresponding two-layer and single 

quarter-wave matching system using glue C: (a) the average input pressure on the receiver excited by the 

matched transmitter, and (b) the subsequent electrical power output for the receiver at 60 mmd =  excited 

by the acoustic source, analyzed in three scenarios, namely without matching layers case depicted with a 

cross marker, only Rx case depicted with plus sign markers, and Tx and Rx case depicted with circle markers. 

The thickness of the glue layers is set to 0.25 mm. The pressure values are obtained using the same 

experimentally measured pressure fields explained in section 4.3.3. The dashed-dot and dotted lines in (b), 

respectively, represent Tx and Rx case and only Rx case using glue C. 

Figure 4.12a shows the average input pressure on the receiver surface considering an example of 

the analyzed four-layer material choices, implementing two layers of polyethylene and steel with 

the two layers of glue A in comparison to that of the two-layer system of using steel and glue A. 

Consistently, the input acoustic pressure increases for the off-resonance driving frequencies, 

particularly for the system excited above the fundamental resonance of the transducer, which in 

turn leads to a considerable power augmentation, as illustrated in figure 4.12b. However, due to 

the stronger attenuation effects using four layers, slightly higher input pressure and hence higher 

power enhancements are achieved at 510 kHz in the two-layer structure. Briefly, the foremost 

objective in the UPT-matching technique is the construction of wide-bandwidth transducers that 

can greatly transmit the acoustic energy at or near the desired resonant frequency, which is 

satisfactorily achieved by implementing the two-layer acoustically matching system. In 

conclusion, adding the number of layers, which subsequently requires more than one layer of glue, 

is not a practical and efficient solution since the fabrication of transducers with four or more 
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material layers and maintaining the required thicknesses can be extremely difficult, time-

consuming and costly. 

4.4 Conclusions 

Contactless ultrasonic power transfer (UPT) is a new technology with broad applications, e.g., to 

support distributed automotive sensing in the automobile industry and wireless networks in 

biomedical sensors. Current UPT systems suffer from significant acoustic losses through the 

transmission line from a piezoelectric transmitter to an acoustic medium (e.g., water or human 

tissue) and then to a piezoelectric receiver. This is due to the acoustic impedance mismatch 

between the PZT (lead zirconate titanate) transducers and the medium, which causes a narrow 

transducer bandwidth and a considerable reflection of the acoustic pressure waves at the boundary 

layers. We investigated the implementation of acoustic impedance matching layers deposited on 

the front leading surface of the source and receiver transducers to enhance the acoustic power 

transmission into the medium and then reinforce the input as an excitation into the receiver. A 

transfer matrix method was used to determine the thicknesses of selected materials in the two-layer 

matching structure where one of the layers is the glue and the calculated thicknesses are different 

from the quarter of materials’ wavelength. Subsequently, an electro-elastic model was employed 

to couple the properties of the PZT transmitter and receiver with multiple matching layers and a 

single classical quarter-wave layer. A design platform was developed that can simplify the 

construction of acoustically matched transducers, that is, the materials selection and determination 

of their thicknesses. Simulations were performed to evaluate the electrical power output 

enhancement in UPT using the two-layer system to match the transducers to water at the resonant 

frequency. Different material types were selected as the first layer including mainly metals and 

polymers. The input acoustic pressure on the receiver was determined via the angular spectrum 

approach using the experimentally measured transmitter output pressure distribution. The 

ultrasonic material losses were also accounted for in the simulations to accurately quantify the 

advantages of matching layers in UPT, which is specifically important in lossy acoustic media 

such as human tissue. The results indicate dramatic electrical power output improvements when 

implementing matching layers in the UPT system. We also concluded that using more than two 

layers in the matching structure is not advantageous because it does not lead to a more power 

enhancement at the resonant frequency or to the generation of noticeably wider frequency 

bandwidth.  
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Appendix C 

C.1 Measured electrical impedance  

 

Figure C.1. Measured electrical impedance of the unloaded APC850 PZT disk in the air using the HP4192A 

impedance analyzer 

C.2 Acoustic radiation impedance 

 

Figure C.2. Normalized acoustic radiation resistance 0

*

0 )/ (r AR cR =  and reactance 0

*

0 )/ (rX c AX =  

for 1 20ka   of an unbaffled and a baffled piston. 0c  and 0k  are, respectively, the speed of sound and 

wave number in the acoustic medium (water), and 0  is the density of the medium. Calculations for the 

unbaffled case is performed with 40M =  and b a=  (see equations (56) and (57) in [60]). 
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C.3 Materials used in the acoustically matching technique 

Table C.1. Acoustic properties and calculated thicknesses (at 510 kHz) of the first type of materials used in 

the two-layer matching system. The attenuation coefficient of glue is taken as 173 Np/m [80] (measured at 

4 MHz). The properties are extracted from [57], unless otherwise mentioned. 

Material for ML-1 

Characteristic 

impedance 

[MRayl] 

Sound 

speed 

[m/s] 

1t  

[mm] 

2t  (glue A)  

[mm] 

Attenuation 

coefficient 

[Np/m] 

Brick 7.4 4300 2.004 0.025 
11.5 @ 100 

kHz [84] 

Concrete 8 3100 1.1 0.138 
40.3 @ 510 

kHz [85] 

Marble 10.5 3800 0.858 0.25 
21 @ 510 

kHz[86] 

Glass 11.1 4910 1.03 0.261 
1.15 @ 2 MHz 

[79] 

Porcelain 13.5 5900 0.972 0.290355 
1.15 @ 2 MHz 

[79] 

Slate 13.5 4500 0.742 0.290355  

Quartz 15.3 5750 0.82 0.303 
10.8 @ 450 

MHz [87] 

Aluminum 17.33 6420 0.797 0.312 
1.15 @ 2 MHz 

[79] 

Indium 18.7 2560 0.293 0.316  

Silicon 19.7 8430 0.911 0.318 
23 @ 286 

MHz [88] 

Lead Metaniobate 20.5 3300 0.342 0.32  

Bismuth 21.5 2200 0.216 0.322  

Beryllium 24.1 12890 1.125 0.32604  

Tin 24.2 3300 0.287 0.3262  
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Lead 24.6 2200 0.188 0.327  

Boron carbide 26.4 11000 0.873 0.3285  

Granite 26.8 6500 0.508 0.3289  

Thorium 27.12 2400 0.185 0.329  

Titanium 27.3 6100 0.468 0.3293 
1.15 @ 2 MHz 

[79] 

Zinc 29.6 4200 0.296 0.33105  

Zirconium 30.1 4650 0.322 0.3314  

Potassium Sodium Niobate 

(PSN) 
31 6940 0.467 0.332  

Lithium Niobate 33 7080 0.446 0.333  

PZT 5H 33 4440 0.28 0.333  

Cast Iron 33.2 4600 0.288 0.33305  

Silicon Nitride 36 11000 0.634 0.334  

Murata PZT 37.5 4720 0.261 0.3347  

Silver 38 3600 0.197 0.33486  

Brass 40.6 4700 0.24 0.3356  

Niobium 42.2 4920 0.241 0.33595  

Titanium Carbide 42.6 8270 0.402 0.33604  

Zircaloy 44.2 4720 0.221 0.33637  

Copper 44.6 5010 0.232 0.3364  

Stainless Steel 45.7 5790 0.262 0.3366  

Iron 46.4 5900 0.263 0.3368  

Inconel 47.2 5700 0.25 0.3369  
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Nickel 49.5 5600 0.234 0.3372  

Uranium 63 3400 0.111 0.338527  

Molybdenum 63.1 6300 0.206 0.338534  

Gold 63.8 3240 0.105 0.33858  

Tantalum 68.06 4100 0.124 0.339  

Platinum 69.8 3260 0.096 0.3389  

Silicon Carbide 91.8 6660 0.149 0.3396  

Tungsten 101 5200 0.106 0.3398 
1.15 @ 2 MHz 

[79] 
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Table C.2. Acoustic properties and calculated thicknesses (at 510 kHz) of the second type of materials used 

in the two-layer matching system. The attenuation coefficient of glue is taken as 173 Np/m [80] (measured 

at 4 MHz). The properties are extracted from [57], unless otherwise mentioned. 

Material for ML-1 

Characteristic  

impedance 

[MRayl] 

Sound 

speed 

[m/s] 

1t  

[mm] 

2t  (glue B) 

[mm] 

Attenuation 

coefficient 

[Np/m] 

Clear 

Polycarbonate 
2.69 2270 0.994 0.706  

Parylene-C 2.7 [27] 2200 [27] 0.957 0.704 
3570 @ 100 

MHz [27] 

Polycarbonate 

(Lexan) 
2.75 2300 0.975 0.694 

267.1 @ 5 

MHz 

Polysulfone (PSO) 2.78 2240 0.937 0.689 
48.9 @ 2 

MHz 

Parylene-N 2.85 [27] 2100 [27] 0.856 0.678 
1496 @ 100 

MHz [27] 

Nylon 2.9 2600 1.044 0.671 
33.4 @ 5 

MHz 

Oak Wood 2.9 4000 1.606 0.671  

Teflon 2.97 1390 0.548 0.662  

Mylar 3 2540 0.994 0.659 
2000 @ 50 

MHz [89] 

Clear Acrylic 3.26 2750 1.03 0.63 
73.7 @ 5 

MHz 

PVC 3.27 2380 0.89 0.629  

PVDF 3.43 [58] 1930 [58] 0.709 0.613 
154.3 @ 1 

MHz [83] 

Polyimide 3.6 [27] 2430 [27] 0.88 0.597 
646.4 @ 100 

MHz [27] 
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Table C.3. Calculated thicknesses (at 510 kHz) of materials used in the four-layer matching system. 

Characteristic impedance, sound speed, and attenuation coefficient of polyethylene are, respectively, 2.33 

MRayl [57], 2430 m/s [57], and 38 Np/m [58] (measured at 2 MHz). 

Material for ML-3 
1t  (Clear Acrylic) 

[mm] 

2t  (glue A) 

[mm] 

3t  

[mm] 

4t  (glue A) 

[mm] 

Glass 0.28 0.2 1.031 0.2 

Material for ML-3 
1t  (Polyethylene) 

[mm] 

2t  (glue A) 

[mm] 

3t  

[mm] 

4t  (glue A) 

[mm] 

Titanium 0.482 0.25 0.506 0.25 

Silver 0.522 0.25 0.217 0.25 

Brass 0.527 0.25 0.266 0.25 

Copper 0.534 0.25 0.2586 0.25 

Stainless Steel 0.535 0.25 0.292 0.25 

                                                 
b The attenuation coefficient of vitreous carbon is assumed to be the same as that of hard carbon. 
c The attenuation coefficient of pyrolytic carbon is assumed to be the same as that of graphite. 

 

Bakelite 3.63 1590 0.575 0.595  

Pressed Graphite 4.1 2400 0.852 0.552 
39.4 @ 1 

MHz [90] 

Melopas 4.93 2900 1.035 0.476 
82.9 @ 2.5 

MHz 

Vitreous Carbon 6.26 4260 1.644 0.327 
311 @ 50 

MHzb [91] 

Pyrolytic Carbon 7.31 3310 1.526 0.085 
39.4 @ 1 

MHzc [90] 
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C.4 Ultrasonic material attenuation variations with frequency 

 

Figure C.3. Ultrasonic attenuation versus frequency for the materials analyzed in the electrical power 

calculations compared with that of used glue and water: (a) first material type, and (b) second material type. 

The variations of the attenuation with frequency for some of the analyzed materials are not presented due 

to the close similarity of the attenuation values with the one shown in the figure (see Appendix C.3 for other 

materials’ attenuation coefficient value). 
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Chapter 5 

Focused ultrasound-induced stable cavitation and 

acoustic holograms for ultrasonic manipulation 

of particles 

This chapter contains excerpts from an article published in Acoustics journal (MDPI) [1], and a 

conference paper published in SPIE Smart Structures/Nondestructive Evaluation proceeding [2]. 

In this chapter, we investigate the effects of acoustic nonlinearity on oscillations of focused 

ultrasound (FU)-excited microbubbles, as well as possible implementations of acoustic 

transmission holograms in microfluidic devices for particle manipulation.  

Abstract 

Many biomedical applications such as ultrasonic targeted drug delivery, gene therapy, and 

molecular imaging entail the problems of manipulating microbubbles by means of high-intensity 

focused ultrasound (HIFU) pressure field; namely stable cavitation. In the high-intensity acoustic 

field, bubbles demonstrate translational instability, well-known erratic dancing motion, which is 

caused by shape oscillations of the bubbles that are excited by their volume oscillations. The 

literature of bubble dynamics in the HIFU field is mainly centered on experiments, lacking a 

systematic study to determine the threshold for shape oscillations and translational motion. In this 

work, we extend the existing multiphysics mathematical modeling platform on bubble dynamics 

for taking account of (1) the liquid compressibility which allows us to apply high-intensity acoustic 

field, (2) the mutual interactions of volume pulsation, shape modes, and translational motion, as 

well as (3) the effects of nonlinearity, diffraction and absorption of HIFU to incorporate the 

acoustic nonlinearity due to wave kinematics or medium; all in one model. The effects of acoustic 
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nonlinearity on the radial pulsations, axisymmetric modes of shape oscillations, and translational 

motion of a bubble, subjected to resonance and off-resonance excitation and various acoustic 

pressure, are examined. The results reveal the importance of considering all the involved 

harmonics and wave distortion in the bubble dynamics, to accurately predict the oscillations, 

translational trajectories, and the threshold for inertial (unstable) cavitation. This result is of 

interest in understanding the bubble dynamical behaviors observed experimentally in the HIFU 

field. Furthermore, the use of acoustic phase holograms is investigated for microfluidic devices for 

possible cell and particle manipulation, which has potential applications in medical diagnostic and 

therapeutic ultrasound systems. 

5.1 Introduction 

Acoustic cavitation is categorized into two main mechanisms: stable (non-inertial) cavitation and 

inertial (unstable) cavitation. Stable cavitation, the focus of this research, refers to the oscillations 

of bubbles in size and shape about their equilibrium radius with the insonation frequency, and are 

accompanied by higher harmonics, in addition to the linear driving frequency component (see 

figure 5.1a). The inertial cavitation refers to the sudden and rapid growth of bubbles (several times 

their initial radius) and is accompanied by a violent collapse [3-6]. The importance of investigating 

stable cavitation is evident from the studies reporting that it reduces the risk of brain damage during 

the use of microbubbles in a focused ultrasound (FU)-induced blood-brain barrier (BBB) opening 

[7-9]. Furthermore, the thermal effects as well as the mechanical effects of stable cavitation, are 

considerably lower than that of inertial cavitation [10]. In this chapter, we consider the stable 

cavitation caused by the oscillations of a gas bubble under an assumption that the bubble pre-

existed in the FU field and is not generated by thermal effects.  

Studies have been conducted reporting the use of ultrasound in acoustic energy transfer systems 

[11, 12], ultrasound imaging [13, 14], and drug delivery [3, 15-17]. McDannold et al. [18] 

evaluated the feasibility of a targeted drug delivery method for brain tumors (such as glioma) 

treatment. The method utilizes a FU system to disrupt the BBB temporarily with the help of an 

intravenous microbubble agent. Acoustic waves can be focused deeply into the targeted tissue for 

noninvasive therapeutic applications. Microbubbles which are injected into the bloodstream and 

exposed to FU start to oscillate (stable cavitation) due to successive compression and rarefaction 

cycles of the acoustic wave causing the bubbles to shrink and grow (figure 5.1a), respectively, 

spreading the endothelial cells apart and thus opening the BBB (figure 5.1b).  Mesiwala et al. [19] 

investigated a high-intensity focused ultrasound (HIFU)-induced BBB disruption and showed that 
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FU is capable of opening the BBB transiently without causing significant damages to the brain 

architecture.  

 

Figure 5.1. (a) Formation, growth, and collapse of an ultrasound-induced cavitated bubble in response to 

regions of positive pressure (compression; dark gray) and negative pressure (rarefaction; light gray) shown 

in the background; our study focuses only on the stable cavitation regions, and (b) FU-induced stable 

cavitation mechanism for opening the blood-brain barrier. 

HIFU transducers can deliver therapeutic energy locally to targeted tissues and generate a lesion 

for selective tissue necrosis in the treatment of fibroid and tumors such as a prostate tumor, liver 

tumor, pancreatic tumor, and breast tumor [20]. Nonlinearities imposed by the acoustic wave 

propagation and cavitation can accelerate the lesioning process and therefore enhance the HIFU 

therapy, such as in hemostasis [21]; the distortion and migration of the lesion toward the transducer 

are caused by bubbles [22]. On the other hand, when the predetermined size and position of the 

lesion is needed, the lesion distortion can hinder the therapeutic process [23]. Boiling is a way of 

bubble formation (vapor bubbles) due to the elevated temperature (thermally generated bubbles), 
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whereas cavitation (gas bubbles) can be considered as mechanically generated bubbles [24]. Bailey 

et al. [25] examined the role of gas and/or vapor bubbles in a HIFU lesion using overpressure 

conditions in their experiments and found that the bubbles contribute to the lesion distortion. 

Kennedy [26] provided a comprehensive review detailing the use of clinical HIFU in the treatment 

of solid tumors with the help of bubbles in cell necrosis. Vaezy et al. [27] implemented a HIFU 

transducer to monitor the ultrasound treatment. They speculated the existence of bubbles in an 

observed hyperechoic region at the focal point of the transducer. 

The study of gas bubble dynamics during FU insonation has been the subject of interest in many 

applications such as medical fields in diagnostic and therapeutic procedures [3, 23, 26]. In 

diagnostic applications, ultrasound-activated microbubbles are used as contrast agents in 

ultrasound scatter imaging methods. Acoustic image guidance benefits from microbubbles since 

the nonlinear response of the bubbles in a FU field produces a strong backscattered pressure. As 

an example, microbubbles can be injected into the bloodstream in which the healthy areas are 

determined by bright, colorful signals (hyperechoic region), and the blood clot (necrosed tissue) is 

diagnosed by negative contrast [23, 28, 29]. In the therapeutic ultrasound, acoustic cavitation is 

one of the main physical mechanisms to enhance the treatment of several diseases and for tumor 

ablation. Ultrasound microbubble-based therapeutic approaches include enhanced gene delivery 

and localized active drug delivery into the eye or through the skin, lipoplasty (a surgical operation 

that removes excessive or undesirable fat from many different sites on the human body), 

phacoemulsification (a modern cataract surgery), lithotripsy [30] (kidney stone removal), and brain 

tumor surgery [31]. Other examples include hemostasis (a process to stop bleeding), histotripsy 

[32, 33] (a non-thermal tissue ablation method for the treatment of malignant diseases such as liver 

cancer) as well as muscle and bone therapies. 

The early observations of single-bubble sonoluminescence by Barber and Putterman [34] and 

Gaitan et al. [35] motivated researches to study the fundamentals of the coupled dynamics of 

ultrasonic cavitated gas bubbles spanning a wide range of nonlinear and multiphysics processes. 

A gas bubble excited by acoustic pressure moves either toward or away from the pressure antinode. 

When the amplitude of acoustic pressure approaches a threshold value (in the high-intensity field), 

the ultrasound excited bubble begins to translate erratically. This phenomenon is called dancing 

motion which is of great importance in many applications such as cell sorting [36-38]. A brief 

review of the literature of the spherical bubble dynamics in a standing wave provides examples of 

proof-of-concept demonstrations. After initial investigations by Gaines [39] and Kornfeld and 
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Suvorov [40], Eller and Crum [41] reported that the parametrically excited mode shape oscillations 

of a gas bubble caused by its radial pulsation in a standing sound wave leads to its translational 

instability [42] and hence dancing motion. To the best of authors’ knowledge, Doinikov in 2002 

[43], presented the comprehensive mathematical model for analyzing the translational motion of a 

spherical bubble in a high-intensity acoustic field. He modified the equation of radial motion to 

allow for the effects of acoustic medium compressibility. However, in this model [43], the 

interaction between the shape modes and translational motion was not investigated for a high-

intensity field. In a later work in 2004, Doinikov [44] presented a mathematical model for the 

translational motion of a bubble undergoing shape oscillations while the effects of liquid 

compressibility are ignored. In addition, in none of the abovementioned works which employ high 

intensity ultrasound, the effects of finite-amplitude sound and nonlinear acoustics are incorporated. 

In HIFU, as a monochromatic finite-amplitude ultrasound wave is slanted during its propagation 

in time and space, higher harmonics of its fundamental frequency appear. Additional phenomena 

including shock formation, acoustic streaming (a large scale flow in a viscous fluid [45, 46]), and 

acoustic saturation (the point at which the medium can no longer absorb any more energy from the 

wave) may take place. The wave distortion has local and cumulative effects due to localized 

pressure and temperature changes, that must be considered in the bubble dynamics simulations. 

In this work, we extend Doinikov’s works [43, 44] to take account of (1) the liquid compressibility 

which allow us to apply high-intensity acoustic field, (2) the mutual interactions of volume 

pulsation, shape modes (up to four modes) and translation motion, and (3) the effects of 

nonlinearity, diffraction and absorption of HIFU to incorporate the acoustic nonlinearity due to 

wave kinematics or medium; all in one model. The results aim to show that the radial response and 

onset of erratic dancing motion of the bubble are not dependent only on the pressure amplitude but 

also on the harmonic components of the excitation. This feature differentiates the research in this 

chapter from all previous studies where nonlinearity in the excitation acoustic domain was not 

considered. 

In all other previous modeling efforts to predict bubble dynamics [28, 47-49], the wave kinematics 

and simulating the nonlinear focused acoustic waves were not taken into consideration. However, 

developing an approach based on the equations of continuum mechanics is of utmost importance 

to accurately incorporate the effects of acoustic nonlinearity, diffraction, and absorption; those 

strongly affect the acoustic wave propagation such as waveform distortion and change of pressure 

amplitude. The presence of higher harmonics due to the transfer of energy from a fundamental 
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component to higher harmonic components and distortion of waveform characterizes a nonlinear 

wave [17]. The localization of the fundamental pressure field as well as the harmonics at the focal 

point is essential in evaluating the acoustic and thermal effects of nonlinear propagation of FU on 

the dynamics of stable cavitation; the amount of energy deposition is directly proportional to 

frequency-dependent absorption and higher harmonics associated with the FU. Thus, stronger 

nonlinear effects lead to the stronger and higher number of harmonics creating enhanced localized 

energy deposition and therefore enhanced pressure amplitude and temperature rise in the medium 

surrounding the bubble. In diagnostic and therapeutic ultrasound applications, the precise 

prediction of acoustic wave propagation and pressure amplitude is of great importance. Moreover, 

to reduce the risk of tissue damage, for example, if a clinical practice is intended to avoid the 

violent collapse of bubbles, the resultant acoustic waves from FU transducers should be precisely 

modeled and analyzed. In this work, the results show the importance of incorporating all the 

involved harmonics and wave distortion in the bubble dynamics for accurately predicting the 

oscillations and translational trajectories, the onset of translational instabilities, and the threshold 

for inertial (unstable) cavitation. The results will be of interest in understanding the bubble 

dynamical behaviors observed experimentally in the HIFU field.  

The two common models used for simulating focused acoustic waves are Khokhlov-Zabolotskaya-

Kuznetsov (KZK) and Westervelt equations [50-52]. In both models, the approach is based on the 

equations of continuum mechanics. In this work, the KZK equation is chosen to model the acoustic 

field of FU to reduce the computational cost. We adopt the hybrid time-frequency approach using 

operator-splitting technique [53], which accounts for the three effects of nonlinearity, diffraction, 

and absorption separately at every integration step (a linear analytical model for the pressure field 

due to focused transducers without including any nonlinear effects is also given by Bhargava et al. 

[17]). In our analysis, blood is chosen as an acoustic medium and different input parameters (such 

as input acoustic power and frequency) are selected to investigate the effects of nonlinearities 

imposed by the FU field. 

Following the work done by Doinikov [44], bubble dynamics based on the Keller-Miksis model is 

adapted in which a second-order nonlinear mathematical model is employed to include high-

intensity acoustic excitation of the bubble [54]. Temporal waveform data obtained from the KZK 

equation is used to fit a Fourier series expansion and given as an input into the single-bubble 

dynamics equations. The nonlinear coupling between the radial pulsation, shape modes (up to 

fourth modes of oscillations), and translational motion of the oscillating bubble are analyzed and 
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compared in linear and nonlinear pressure fields. In this chapter, we investigate a multiphysics 

model that incorporates the FU field as an input parameter into the bubble dynamics equations. 

The proposed model accounts for nonlinearities caused by the acoustic field as well as the bubble’s 

oscillations. We have also studied the scattered pressure in the far-field liquid domain originating 

from the bubble oscillations (acoustic streaming effect) in the FU field and various ranges of 

frequency [2].  

This chapter is organized as follows. In section 5.2, we describe a multiphysics KZK-Keller-Miksis 

theoretical model that interconnects the nonlinear acoustic field from a FU transducer to the 

dynamics of a single microbubble at the focal point. In addition, the numerical solution is 

presented. In section 5.3, we present the numerical results which entail the linear and nonlinear 

input acoustic pressure waveforms along with the corresponding bubble volume oscillations, shape 

modes, and translational motion for the varying frequency of excitation (section 5.3.1) and the 

input power to the focused transducer, which generates various input pressure at a fixed frequency 

(section 5.3.2). Moreover, in section 5.4, the possible use of acoustic transmission holograms for 

cell sorting and patterning in microfluidic channels is investigated and the conclusions are 

summarized in section 5.5. 

5.2. Theoretical models for FU-excited microbubbles 

5.2.1 Nonlinear acoustic pressure from FU transducer 

The KZK equation is used to predict the nonlinear acoustic pressure field generated by a FU 

transducer in thermoviscous fluid domains, solved by a numerical approach. This model 

incorporates diffraction, absorption, and nonlinearity in the parabolic wave equation. In cylindrical 

coordinates, the KZK equation for an axisymmetric sound beam propagating in the axial direction 

(positive z) is given as [55-57] 

 

2 3 2 2
2

3 3 3 2
,

2 2 2

ex ex ex
ex

p p pc
p

z t c t c t

 


⊥

  
=  + +

     
 (5.1) 

where 
exp  is external acoustic pressure, z is the distance in the axial direction, /t t z c = −  is the 

retarded time, c is the small-signal sound speed in a fluid medium, and   is the ambient density 

of the fluid. The first term on the right-hand side of equation (5.1) represents diffraction, the second 

term signifies absorption with   as the diffusivity of sound and nonlinearity is given by the third 

term, where 1 / 2B A = +  is the coefficient of nonlinearity and /B A  is defined as the parameter 
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of nonlinearity. The transverse Laplacian operator is given as 
2 2 2/ (1/ ) /r r r⊥ =   +   , where r 

is the transverse radial coordinate. 

The focused source condition is given as 
2

0 0, ( , / 2 ) |ex z r ap p f r t r cd = = +  [58], where 0p  is the 

characteristic source pressure calculated as 
2 2 1/2

0 [2 / ( )]p cP a b = − , d is the focal length, a and 

b are the characteristic inner and outer radius of the sound source, respectively (shown in figure 

5.2), and P is the input acoustic power. The function 
2( , / 2 )f r t r cd+  indicates the dependence of 

source condition on time as a function of the radial coordinate. 

A dimensionless form of the KZK equation is written as [59] 
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where 0/ex exp p p=  is a dimensionless pressure and /z z d=  is a dimensionless form of 

propagation distance. The retarded time is nondimensionalized with angular source frequency   

as ( / )t z c = − . Dimensionless parameter G , N , and A  account for focusing gain, 

nonlinearity, and absorption, respectively. The parameter 0 /G z d=  is the linear focusing gain, 

where 
2

0 / 2z a c=  is the Rayleigh distance. The term nonlinearity is / ,sN d z=  where 

3

0/sz c p =  is the plane-wave shock formation distance. Furthermore, the parameter A  is 

defined as ,A d=  where 
2 3/ 2c =  is the thermoviscous attenuation coefficient. The 

dimensionless form of transverse Laplacian operator is given as 
2 2 2/ (1/ ) /r r r r =   +   , where 

/r r a= . The dimensionless source condition becomes 
2

0( , ) |ex zp f r Gr == + , which is valid 

under the following three assumptions: 
2sin 2  , 

28 / sinG   , and 
31 16 / sink a     

[59, 60], where /k c=  is the wave number. Here   is the half aperture angle (figure 5.2) and 

sin / .a d =  While the first assumption is a relatively weak restriction which requires the half 

aperture angle to be less than 25 , the other two are analogous and restrict the maximum focusing 

gain for a given aperture angle. Therefore, the given assumptions limit the domain of validity of 

the KZK equation for a focused transducer. Since, the transducers geometries used for our study 

satisfy the aforementioned conditions, the KZK equation is used to predict the FU acoustic pressure 

field applied on the surface of the bubble. 
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In equation (5.2), the diffraction is included by the equation 

 ( )21
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   (5.3) 

Equation (5.3) is solved numerically using a finite-difference numerical approach to take into 

account the diffraction effects in the KZK equation. Absorption refers to the thermoviscous 

attenuation of the waves as they propagate through a medium leading to loss of energy of the wave. 

The KZK equation includes the absorption by the equation  

 

2

2
,ex exp p

A
z 

 
=

 
 (5.4) 

where A  depends on the attenuation coefficient. The attenuation follows a power-law dependence 

on frequency given as [61, 62] 

 0( ) ,   =  (5.5) 

where 
0  and   are empirical constants, with the value of   typically given as 0 2  . 

Nonlinearity results from variations of the pressure with variations of the density in a medium. The 

nonlinearity parameter /B A  can also be expressed in terms of variations in the speed of sound. In 

nonlinear acoustics, as the wave propagates, waveform peaks may travel faster than troughs, thus 

distorting and steepening the profile of the wave. 

 

Figure 5.2. Schematic representation of acoustic waves from a focused source to a bubble at the focal point. 
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The equation of state ( , )exp p s=  is expressed by Taylor series expansion as follows [51] 
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where p is the pressure, s is the specific entropy, 
0p  and 

0  represent the pressure and density in 

the unperturbed state, respectively. The values of A and B, which are the coefficients of first and 

second-order terms of equation (5.6), are obtained as 
0 0

2

0 , 0( / ) | s sA p c   = ==     and 

0 0

2 2 2

0 ,( / ) | s sB p    = ==   , where 0s  indicates that equation (5.6) is carried out in an isentropic 

process. Consequently, the nonlinearity parameter /B A  is written as 

0 0

2 2 2

0 ,/ / ( / ) | s sB A c p    = ==    and alternative expression of /B A  yields 

0 0
0 ,

/ 2 ( / )
s s

B A c c p
 


= =

=   . In equation (5.2), the parameter N  integrates   into the KZK 

equation. Thus, the nonlinearity term in the KZK equation, while neglecting the diffraction and 

absorption effects, is expressed as 
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Equation (5.7) has its origin in a simpler model known as the lossless Burger’s equation [63]. The 

KZK equation is an augmentation to the Burger’s equation, in which it comprises the diffraction, 

absorption, and nonlinearity effects in a focused acoustic field. The numerical method applied in 

this work, to solve the KZK equation, is based on the split-step method [64] employed in 

MATLAB® (2016a, Mathworks, Natick, MA, USA). In this method, the linear parts (equations 

(5.3) and (5.4)) and nonlinear term (equation (5.7)) are integrated separately. At each integration, 

the linear parts are calculated in the frequency-domain and then the solution is converted to the 

time-domain using the fast Fourier transform algorithm to solve the nonlinear part of the KZK 

equation. After integration, the result is again transformed into the frequency-domain. This method 

is repeated for each of the harmonics used in the solution. 

To convert the KZK equation to frequency-domain representation, a time-harmonic representation 

of the pressure field is expressed as [65, 66] 

 
*0

1

( , , ) ( , ) ( , ) ,
2

in t in t

ex n n

n

p
p r z t u r z e u r z e 


−

=

 = +   (5.8) 



142 
 

where nu  is the dimensionless complex pressure corresponding to nth harmonic and 
*

nu  is the 

conjugate of dimensionless complex pressure. After substituting equation (5.8) into equation  

(5.2), the dimensionless KZK equation becomes 

 ( )*2
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4 4
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r n n n m n m m n
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u i inN
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− −

=
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where n  is a complex number representing both absorption and sound velocity dispersion. 

Equation (5.9) accounts for the frequency-domain representation of the dimensionless KZK 

equation. The real part of n  is proportional to the absorption parameter, which follows the 

frequency-dependent power law (equation (5.5)). The imaginary part of n  accounts for 

dispersion (phase velocity) effects. The dispersion effects are necessary to maintain the causality 

of the system and are determined using Kramers-Kronig relations as [67] 
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where 0c  is the sound velocity at reference frequency 
0  and ( )c   represents the phase velocity. 

Equation (5.10) takes into account the local generalized ultrasonic attenuation-dispersion relations. 

As a result, the linear part of equation (5.9), written as  
2/ ( / 4 ) 0n r n n nu z i nG u u  +  +  =  is 

solved in frequency-domain while the remaining nonlinear term is solved in time-domain as 

mentioned earlier. The boundary conditions, which satisfy parabolic approximations of a 

spherically converging harmonic wave having a uniform pressure distribution, are given as 

2( ,0, ) ( , )exp r f r Gr = +  and 0/ | ( , , ) 0.ex r exp r p r z =  = → =  

Soneson and Myers [65] proposed criteria to determine cases for which nonlinear effects can be 

neglected without significant errors to improve computing efficiency in time-domain. The criteria 

use attenuation, nonlinearity parameter, and linear focusing gain to determine a cutoff value and 

decide if the linear model is sufficient for the analysis. Thus, in this work, before the model 

computes for nonlinearity, a threshold cutoff amplitude of the solution is determined. If the 

amplitude is greater than the cutoff value, then the model accounts for nonlinearity and integrates 

equation (5.7) using the upwind method. The number of harmonics (n) included in the model is 

given by 2kn = , where k is an integer. To accurately model nonlinear effects, 6k   is used. To 

solve in frequency-domain, second-order, diagonally-implicit Runge-Kutta (DIRK) and Crank-

Nicolson (CN) method, which is based on trapezoidal rule [68] are used. The second-order DIRK 
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method is used in the near-field in the boundary layer while the CN method is used in the far-field 

region [64]. 

5.2.2 Single-bubble dynamics in a FU field 

The surface of a spherical gas bubble, assuming axisymmetric deformations (with respect to the x-

axis, figure 5.2) is defined as 

 
2

( ) ( ) (cos ) 0n n

n

S r R t a t P 


=

= − − =  (5.11) 

where r and   are the local spherical coordinates, originating at the center of the bubble, ( )R t  is 

the time-dependent radius of the bubble corresponding to the fundamental mode, ( )na t  is the time-

dependent amplitude of shape modes, and nP  is the Legendre polynomial of order n. The 

dynamical equations describing the radial pulsation, translational motion, and shape oscillations 

of the bubble up to the fourth shape mode are derived and given as [44]. 
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where scP  accounts for scattered pressure in the surface of the bubble, which is expressed as  
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where the coefficient 0A  represents the external acoustic pressure and the coefficients 

( 1,...,4)nA n =  indicate the acoustic excitations of the shape modes owing to the radial pulsation 

of the bubble. Moreover, 0P  is the ambient (hydrostatic) pressure,   is the surface tension of the 
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infinite incompressible host liquid medium,   is the dynamic viscosity of the liquid,   is the 

specific heat ratio of the gas within the bubble, and ,x v=  which is the translational velocity of the 

bubble. 

It should be noted that the left-hand side of equation (5.12) originates from the well-known 

dynamical model of bubble oscillation called Rayleigh-Plesset equation [69], which is written as 

follows 
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However, it is observed that a high-intensity acoustic field leads to nonlinear oscillations of a 

bubble with a higher amplitude. As a result, the radial velocity of the bubble can no longer be 

assumed small compared to the speed of sound in the liquid. Moreover, the effects of liquid 

compressibility in nonlinear and high-intensity oscillations of the bubble must be taken into 

consideration. To account for the aforementioned effects and acoustic radiation, the left-hand side 

of equation (5.18) is replaced by the Keller-Miksis model [70] (equation (5.12)).  

Furthermore, the functions (t) ( 0,1,...4)nH n =  and ( ) ( 2,3, 4)nI t n =  are defined as follows 
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It should be pointed out that the equations of motion are derived up to the second-order terms due 

to the fact that amplitudes of the surface modes are assumed to be small compared to its radius 

[71]. For simplicity, the time dependency of ,R na , x , and nA  is excluded in the equations. The 

coefficients nA  are calculated based on equations (5.27)-(5.30) [44]. 
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where |ac SP  accounts for external acoustic pressure applied on the surface of the bubble. The 

external acoustic pressure originating from the plane sanding wave at any arbitrary point in the 

surrounding liquid is calculated from  

 cos( . ),ac exP p kx k r= − +  (5.28) 

where 

 ( ) ( )
0

1
cos( . ) 2 1 exp( ) ( 1) exp( ) (cos )

2

n n

n n

n

kx k r n i j kr ikx ikx P 


=

   + = + + − −   (5.29) 

and aP  is the amplitude of driving acoustic pressure,   is the angular driving frequency, and 

2 /k  =  is the wave number, where   is the wavelength. The wavelength is expressed as 

/c f = , where f  is the excitation frequency. Here, ( )x t  is the distance between the center of 

the bubble to the nearest acoustic pressure antinode ( 0),x =  r  defines the position vector 

originated at the center of the bubble and 0x  denotes the initial position of the bubble centroid 

(figure 5.2). 

Substituting equation (5.28) into equation (5.27) at ( ),r R t =  one obtains the coefficients ( )nA t  as 

follows 

 ( ) ( )
1

( ) 2 1 exp( ) ( 1) exp( ) ,
2

n n

n n exA t n i j kR ikx ikx p = − + + − −   (5.30) 

where nj  is the spherical Bessel function of order n. 

To incorporate exp  from FU transducer into equations (5.28) and (5.30), temporal waveform data 

from the KZK equation is used to fit a Fourier series expansion. In our study, we assume that the 

bubble is located at the focal point. The corresponding Fourier series for exp , which is a sum of 

sine and cosine functions and forms a periodic signal, can be described by 

 0

1

cos( ) sin( ),
n

ex i i

i

p X X i t Y i t 
=

= + +  (5.31) 
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where 0X , 
iX , and 

iY  are the Fourier constant coefficients. Using Curve Fitting toolbox in 

MATLAB®, we obtain the Fourier coefficients in equation (5.31) for the linear and nonlinear 

pressure fields.  

5.3 Numerical results for FU-excited microbubbles 

In this section, a comprehensive numerical investigation is carried out to analyze the effects of 

nonlinear ultrasonic pressure due to the change of frequency and input transducer power, at the 

focal point, on the bubble dynamics. We investigate the dependence of the bubble dynamics, 

including the bubble growth and its translational motion on the imposed acoustic pressure. 

Although there have been considerable theoretical and experimental studies concerning the radial 

oscillation and translational motion of a bubble in an acoustic field of high intensity [28, 43, 44, 

48, 49, 72], a model that incorporates the effects of nonlinearity, diffraction and absorption of FU 

field has not yet been investigated. Moreover, fluid compressibility and shape modes (up to four 

modes) are considered in this work.  

In the usage of FU-excited microbubbles, focused acoustic waves are strongly affected by the 

mutual influences of diffraction, absorption, and nonlinearity of the medium. Therefore, 

investigating these effects in the focal area and the resultant FU pressure field is clearly of 

importance. In nonlinear acoustics, energy is transferred from a fundamental component to higher 

harmonic components. Generation of higher harmonics due to the increased energy transfer results 

in waveform steepening and distortion. The results in this section will show that the radial response 

of the bubble and the translational trajectories are dependent on both the pressure amplitude as 

well as the harmonic components of the excitation.  

Figure 5.3a shows time histories of the waveform of the relative external acoustic pressure (using 

the KZK equation) at a focal point in the water domain with the properties defined in table 5.1, in 

response to harmonic excitation at 3.5 MHzf =  and 2 WP =  of the transducer. Comparing the 

results obtained from the nonlinear KZK model with the linear case in water (when 0 = ), one 

can see a distortion of the wave profile in the nonlinear case which results in waveform steepening 

and that the peak amplitude of the waveforms becomes narrower and increases drastically due to 

the cumulative effect of stronger harmonics. Figures 5.3b and c show the relative pressure at the 

focal point in water ( 3.6 = ) for various harmonic excitation frequencies (while the input power 

is fixed at 2 WP = ) and input power levels (while the excitation frequency is fixed at 
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3.5 MHzf = ), respectively. It is seen that the increase in excitation frequency leads to the rise in 

the number of harmonics and the significant distortion of the waveform. This occurs due to the 

increased speed of sound in the medium with an increase in frequency. 

 

Figure 5.3. Relative pressure waveforms for (a) linear and nonlinear excitation ( 3.5 MHzf = , 2 W)P = , 

(b) for various excitation frequency ( 2 W, 3.6)P = = , and (c) for various input power 

( 3.5 MHz, 3.6)f = = . 

 In figure 5.3c, as the input power is increased, the amplitudes of all the harmonics increase, which 

in turn adds more energy available to each harmonic and increases the amplitude of the acoustic 

pressure. It is inferred that with both increasing frequency and power (the inset in figure 5.3c), the 

peak positive pressure occurs at earlier times and that frequency plays a more significant role in 

inducing nonlinearity in the acoustic pressure field. The parameters of the acoustic medium (blood) 

used in the KZK model for single-bubble dynamics, as well as those of water, accounting for 

attenuation and nonlinearity effects, and the corresponding values of density and sound speed are 

listed in table 5.1 [73, 74]. The geometric properties of the focused transducer used in the 

simulations including the inner and outer radius (a and b) and focal length, d, are given as 25, 10, 

and 80 mm, respectively. The transducer is based on the case study explained by Soneson [75]. 
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Table 5.1. Parameters of the blood and water media used in the KZK model 

Parameter 
Medium 

Water Blood 

Attenuation parameter, 
0  [dB/(m.MHz)] 0.2 20 

Attenuation parameter,   2 1.3 

Coefficient of nonlinearity,   3.6 4.1 

Density,   [kg/m3] 1000 1055 

Sound speed, c [m/s] 1480 1570 

 

5.3.1 Effects of excitation frequency on bubble dynamics 

The numerical simulations are done assuming the bubble is excited by an external acoustic pressure 

at three frequencies. The excitation frequencies are selected to include fundamental resonance 

frequency, below and above fundamental resonance. The natural resonance frequencies of a bubble 

for the fundamental radial mode and axisymmetric modes of oscillations are given by [76, 77] 
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where n is the number of modes. Accordingly, the value of fundamental frequency in blood domain 

is estimated as 
0 0.5 MHzf =  for a gas bubble with the initial radius 0 7 μmR =  and the given 

properties, mentioned later. 

To analyze the effects of change of frequency of FU excitation on single-bubble dynamics, the 

external acoustic pressure waveform generated by the focused transducer is obtained in the blood 

domain as an input parameter to the bubble dynamics. Later, based on equation (5.31), the 

equivalent harmonic excitation from the Fourier series expansion is derived and included in the 

bubble dynamics. The input acoustic pressures, considering linear and nonlinear excitations at 

0.3,  0.5 and 3 MHzf =  ( 2 WP = ) are illustrated in figure 5.4a. Furthermore, the corresponding 

frequency spectrum of nonlinear acoustic excitations, in which 4.1 = , is shown in figure 5.4b. 

It is observed that the nonlinearity at 3 MHzf =  is more pronounced leading to a greater distorted 
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pressure waveform, which in turn gives rise to the number and strength of harmonics, 

predominantly in the second and third harmonics. Thus, this study is focused on involving all the 

harmonics in the dynamics of FU-excited microbubbles. Comparing the acoustic pressure waves 

in blood domain with that of obtained in water domain in [2], one can see the effects of attenuation 

on the pressure amplitude only at higher frequencies where the smaller value of the attenuation 

parameter of water, leads to higher pressure amplitude at 3 MHzf = ; however, at 

0.3 and 0.5 MHz,f =  the amplitudes of acoustic pressure are comparable.  

The coupled equations of motion, which govern radial pulsation, translational motion, and shape 

oscillations of a single air bubble in a free-field blood domain, are solved numerically by the 

program package in MATHEMATICA. The theory is given for the general case of a gas bubble in 

a host liquid where specific heat ratio of air in equation (5.17) and blood properties are given for 

the following results. The position of the bubble is set to 0 0.001x =  and the surface tension and 

dynamic viscosity of blood are defined as 0.053 =  N/m [78] and 0.0035 =  kg/(m.s) [79]. Also, 

ambient pressure is given as 
0 101.3P =  kPa and 1.4 = . 

 

Figure 5.4. Acoustic pressure generated by the focused transducer as the input parameter to bubble 

dynamics at 2 WP =  (a) for various excitation frequency; temporal waveform and (b) the corresponding 

Fourier spectra for 4.1 = .  

The bubble dynamics under nonlinear acoustic excitation is analyzed using equations (5.12) to 

(5.16). The equations are nonlinearly coupled owing to functions (t),nH  where 0,1,2,3,4n =  and 

( ),nI t  where 2,3,4.n =  The second-order interactions of two neighboring surface modes, namely 

2a  and 3a  as well as 3a  and 4a  in the term 1(t),H  contribute to the translational motion of the 

bubble (equation (5.13)). The nonlinear interactions of two neighboring surface modes are also 



151 
 

observed in the term 3( ),H t  concluding that odd modes play important roles in deformations of all 

other modes. Similarly, the evidence of nonlinear interactions between translational motion and all 

other modes becomes apparent in the terms ( )nI t  and equations (5.12) and (5.14) due to the 

velocity squared term, 
2.x  Furthermore, there are strong two-way couplings between even modes 

(due to the terms 2a  and 4a  in 
2(t)H  and 

4(t)H ) which are also coupled with the radial mode as 

well. However, it is seen that the translational motion is mostly affected by the odd modes. Figures 

5.5-5.7 show the time evolution of the amplitudes of radius and second to fourth modes of 

oscillations, as well as translational motion of the bubble excited by different frequencies (at 

resonance and off-resonance frequency) for the input power of 2 WP = . The corresponding linear 

and nonlinear acoustic pressures are given in figure 5.4a and as an example, prolonged dynamical 

motions of the bubble excited at 3 MHzf =  is shown in appendix D, figure D.1. It is worthwhile 

to note that the bubble deformation dominates by the radial pulsation, which supports the 

assumption of the small amplitude of surface modes compared to the radius of the bubble. 

 

Figure 5.5. Dynamical motions of the bubble in the FU field (
0 7 μmR = ) and blood domain excited by the 

focused transducer ( 0.3 MHzf = , 2 WP = ): (a) radial pulsation, (b) second mode, (c) third mode, and 

(d) fourth mode amplitude. (e) Translational velocity and (f) translational motion 
0 5.2 μm)(x = . 

When focused ultrasound is applied, the level of bubbles’ oscillations in size and shape (stable 

cavitation) and accurately predicting translational motion are of utmost importance in biomedical 
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applications such as blood-brain barrier (BBB) opening to enhance drug delivery to the brain. 

Hence, taking account of the nonlinearity parameter in ultrasound is important to predict bubbles’ 

oscillatory behaviors more accurately. The results obtained by classical theory show that in a weak 

acoustic standing field, the bubbles congregate at pressure nodes or antinodes depending on the 

driving frequency [80]. However, later studies confirm that, in the acoustic field of high-intensity, 

bubbles show erratic dancing motion caused by shape oscillations that are excited by the bubble 

volume pulsations [41]. Indication of the translational instability is seen in the translational 

velocity and motion of the bubble (figures 5.5-5.7e and f). The swift growth of the unstable third 

mode, in figures 5.5-5.7c, leads to instability of the second mode in figures 5.5-5.7b due to their 

nonlinear interaction. Moreover, the nonlinear interaction of the third and fourth modes contributes 

further in erratic translational motions of the bubble.  

 

Figure 5.6. Dynamical motions of the bubble in the FU field (
0 7 μmR = ) and blood domain excited by the 

focused transducer ( 0.5 MHzf = , 2 WP = ): (a) radial pulsation, (b) second mode, (c) third mode, and 

(d) fourth mode amplitude. (e) Translational velocity and (f) translational motion 
0 3.1 μm)(x = .  

The initiation of the erratic dancing motion of the bubble in the acoustic field in figures 5.5-5.7e 

and f is compatible with the onset of instability of other modes. Moreover, based on figures 5.5-

5.7a, one can anticipate the inertial (unstable) cavitation threshold, in which the expansion ratio 

can be assumed around 2.3, i.e. max 0/ 2.3R R =  [81-83] and the bubble may collapse. Accordingly, 

the inertial cavitation may occur at 0.3f =  and 0.5 MHz,  after few cycles of radial pulsation of 
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the bubble, whereas the bubble exhibits stable cavitation at 3 MHzf = . In figures 5.5-5.7, it is 

shown that the evolutions of the third and fourth shape modes, along with the translational motion 

and velocity of the bubble are significantly larger or more unstable in the nonlinear excitation than 

that of the linear case and we observe more instability in the oscillations of the second mode. 

Moreover, the acoustic nonlinearity expedites the instability of the radial pulsation of the bubble 

in figures 5.5-5.7a. The significant effects of acoustic nonlinearity on the translational motion of 

the bubble are seen at the resonance frequency (see figures 5.6e and f) where the bubble abruptly 

turns back toward the pressure antinode and shows an erratic translational (dancing) motion. This 

behavior of a bubble is favorable where in-line forward and backward movement of bubbles (or 

particles/cells) is needed in microfluidic devices for sorting applications. Among the three ranges 

of frequency investigated in this study, the results show that the changes in the dynamical behavior 

of the bubble and the translational instability due to acoustic nonlinear effects are more significant 

for higher frequencies due to the stronger and higher number of harmonics creating enhanced 

localized energy deposition surrounding the bubble.  

 

Figure 5.7. Dynamical motions of the bubble in the FU field (
0 7 μmR = ) and blood domain excited by the 

focused transducer ( 3 MHzf = , 2 WP = ): (a) radial pulsation, (b) second mode, (c) third mode, and (d) 

fourth mode amplitude. (e) Translational velocity and (f) translational motion 
0 52 μm)( 0.x = . 

Previous studies show that microbubbles exhibit nonlinear responses; however, the results in this 

study (figures 5.5-5.7) show that the responses of the bubble are also significantly dependent on 
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the excitation harmonics and hence they are different for linear and nonlinear acoustic excitations. 

The changes in the dynamical behavior of the bubble and the translational instability due to 

acoustic nonlinear effects are even more significant at higher frequencies (above resonance 

frequency). As shown in figure 5.8, the Fourier spectra of the radial oscillation of the bubble (based 

on figure D.1a) verifies the nonlinear response of the bubble for both linear and nonlinear 

excitations. The spectral analysis reveals that in addition to the driving frequency component 0( )f  

and second harmonic ( 02 f ), the bubble generates higher harmonics 0 0(3 , 4 ....),f f  subharmonics 

(less than the driving frequency component such as 00.5 f ) and ultraharmonics (such as 01.5 )f  [72, 

84]. Although both of the excitations lead to the nonlinear response of the bubble, when the bubble 

is driven by the nonlinear excitation, the intensity of all the frequency components exceeds that of 

the linear excitation and the spectrum develops into a more complicated structure. Additionally, 

an approximate bandgap oscillation is found between 4 to 6 MHz frequencies for linear excitation 

whereas accounting for acoustic medium nonlinearity ( 0  ) causes a broadband improvement 

of the oscillatory response of the bubble. 

 

Figure 5.8. Fourier spectra of the radial oscillation of the bubble in the blood domain shown in figure D.1a. 

The curve is on a log scale. 

5.3.2 Effects of acoustic pressure (input power to the transducer) on bubble dynamics  

Figures 5.9a and b show the acoustic pressure at the focal point in time and frequency domains for 

various input power levels ( 2 8 WP = − ), respectively. As the input power is increased at a 

particular frequency ( 3 MHz),f =  the amplitudes of all the harmonics increase while considering 

the nonlinearity parameter ( 4.1); =  this leads to the wave distortion and adding more energy 

available to each harmonic, predominantly in the second and third harmonics (figure 5.9b). Figure 
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5.9c compares the pressure amplitude at the focal point for the two linear ( 0 = ) and nonlinear 

( 4.1) =  cases. In both cases, the pressure amplitude increases almost linearly by increasing the 

transducer input power, however at each power, the value of the pressure amplitude is greater in 

the nonlinear acoustic field along a steeper slope.  

Figure 5.10 shows the bubble dynamics at 6WP = , insonified at the focal point at the excitation 

frequency of 3 MHz . Referring to figure 5.9c, the pressure amplitude for 2WP =  in the nonlinear 

case is very close to the pressure amplitude at 6WP =  in the linear field, however comparing the 

bubble dynamics in figures 5.7 and 5.10 show the differences in the bubble growth, shape modes 

and translational instability of the bubble which is evident in the velocity waveform and 

translational motion. This confirms that the radial growth and the onset of erratic motion of the 

bubble in a focused ultrasound field are reliant on both pressure amplitude and the harmonic 

components of the excitation. 

 

Figure 5.9. Acoustic pressure generated by the focused transducer as the input parameter to bubble 

dynamics at 3MHzf =  (a) for various input power; temporal waveform and (b) the corresponding Fourier 

spectra for 4.1 = . (c) Pressure amplitude vs. transducer input power in linear and nonlinear cases.  
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Figure 5.10. Dynamical motions of the bubble in the FU field (
0 7 μmR = ) and blood domain excited by 

the focused transducer ( 3 MHzf = , 6 WP = ): (a) radial pulsation, (b) second mode, (c) third mode, and 

(d) fourth mode amplitude. (e) Translational velocity and (f) translational motion 
0 52 μm)( 0.x = . 

The radial growth of the bubble for varying input power (leading to varying excitation acoustic 

field) is given in figures 5.11a and b, for linear and nonlinear acoustic excitation, respectively. In 

figure 5.11a, it is seen that, for all values of power, the bubble radius reaches the maximum value 

at the same time. However, in the nonlinear acoustic domain (figure 5.11b), as the input power 

increases, the radial growth of the bubble to the maximum value is delayed. Moreover, based on 

figure 5.11b, the bubble may collapse and show inertial (unstable) cavitation when the input power 

increases to 7 W and more. Hence, studying nonlinear acoustics in bubble dynamics is essential 

for detecting the threshold for inertial cavitation in biomedically enhanced delivery of drugs into 

tissue [85]. In figure 5.11c, the maximum radius of the bubble corresponds to each input power, 

and acoustic pressure is given. The results show that ignoring the nonlinearities of focused 

ultrasound can yield 56% error in the prediction of the bubble dynamics models. For low amplitude 

of pressure, we see a slight difference between the linear and nonlinear models, which results in a 

small error in the prediction of the maximum radius of the bubble. However, when the applied 

pressure increases considerably, the results show significant divergences; the linear model predicts 

stable cavitation, whereas the nonlinear model reaches the threshold for unstable cavitation. 
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Figure 5.11. Radius versus time plot of a radius7 μm− −  bubble at 3 MHzf =  for various input power in 

(a) linear and (b) nonlinear acoustic field. (c) A comparison of the linear (dashed line) and nonlinear (solid 

line) model predictions for varying input power (black line) and acoustic pressure (red line). 

The effects of acoustic nonlinearity on the translational instability of the spherical gas bubble for 

various pressure fields are investigated in figure 5.12, considering both linear and nonlinear 

excitations. To the best of our knowledge, most of the theoretical studies on the translational 

motion of a bubble in high-intensity sound wave fields are performed [43, 44] while the effects of 

absorption, diffraction, and nonlinear distortion in the medium are not considered. The studies 

show that in a high-intensity field, the translational motion of the bubble occurs in more 

complicated trajectories such that the instability can develop very quickly. Figure 5.12b shows the 

evidence of the onset of unstable movement by the steep change in the translational velocity of the 

bubble. Considering acoustic nonlinearity, one can see that the translational instability of the 

bubble accelerates and develops more intensely compared to that of linear excitation. Moreover, 

at higher pressure amplitudes, the shape oscillations develop strongly and reach high amplitudes, 

which leads to acceleration and amplification of the translational instability and dancing motion 

that can be seen in figures 5.12a and b.  
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Figure 5.12. Dynamics of translation of a radius7 μm− −  bubble at 3 MHzf =  for various input power: 

(a) Translational motion and (b) translational velocity (the corresponding acoustic pressures are given in 

figure 5.9). 

5.4 Transmission acoustic phase holograms for microfluidic devices 

As mentioned before, the dancing motion of the bubble is of great importance in many applications 

such as particle and cell sorting [36-38] where it is believed that the cells or particles are behaving 

similar to bubbles. Microfluidic devices have promising potential to analyze cells for application 

in medicine. Researchers have developed systems that can differentiate or sort microbubbles and 

cells based on their size, deformability, and electrical or acoustic properties [86, 87]. Using a 

combination of implementing ultrasonic transducers and holographic reconstruction of different 

patterns using acoustic holograms, the particles or cells can be ultrasonically manipulated [88-92]. 

The ultimate goal of this section is to develop a new approach for microbubble-mediated 

ultrasound therapy and sorting particles and cells based on their acoustic properties—that is, how 

they are affected by sound waves and are manipulated by an acoustic transmission hologram to 

make arbitrarily patterning of microbubbles, particles, and cells in medical ultrasound systems. 

A microfluidic planar setup in figure 5.13b is designed for the investigation of particle 

manipulation using acoustic transmission holograms developed in chapter 2. The microchannel is 

made entirely of a Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) elastomer using 

standard soft lithography techniques [36, 93, 94]. Figure 5.13a displays a schematic of a setup 

using an acoustic hologram for a microfluidic channel. An acoustic field is applied through the 

bottom surface of the channel bonded on a glass slide and the surface is vibrated by a small 

ultrasonic transmitter disk glued at the bottom of the glass. The channel, therefore, receives the 

ultrasound field emitted by the surface through the elastomer, which transmits the vibration. An 

acoustic hologram is fixed to the transmitter and a thin layer of an ultrasound gel made of, e.g., 
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glycerin [95] is used between the hologram and bottom surface of the glass slide for the bonding 

purpose, which also provides good acoustic coupling. Using the flow-focusing geometry, the 

microchannel is filled with water through two side inlet channels. If the setup involves the 

manipulation of microbubbles, then a nitrogen gas is also supplied through the middle inlet channel 

[96]. For cell or particle manipulation, we can perform the same method by filling the channel with 

cells or particles dispersed in a proper acoustic medium such as water or hydrogel. 

 

Figure 5.13. Schematic representations of (a) a microfluidic device with an acoustic hologram and (b) a 

close-up view of the microfluidic device including the glass slide (50 mm × 40 mm × 1.2 mm), the PDMS  

(44 mm × 15 mm × 2.5 mm), and the microchannel (30 mm × 2 mm × 25 µm). 

The simulations are performed to design acoustic holograms that can be used for the microfluidic 

device shown in figure 5.13 to generate two desired patterns of a 2-mm-width VT shape and a 2-

mm-diameter ring shape for possible manipulation of particles inside the microchannel. Based on 

currently available modern 3D printers and their build resolution limits (e.g., see specifications of 

a 3D printer Objet260 Connex3, Stratasys in [97]), and taking into account that the pattern has to 

be generated inside the microchannel with the width of 2 mm, we have considered six ultrasonic 

transducers with different element diameters and frequencies (Immersion Transducers from 

Olympus Corporation [98]) with properties shown in table 5.2. These transducers transmit sound 

waves in water with a wavelength of 100-200 µm, suitable to be used for microscale particle 

manipulation, in conjunction with acoustic holograms that are fabricated with a resolution of the 

one-half wavelength, correspond to 50-100 µm. 
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Table 5.2. Properties of ultrasonic transducers used for acoustic holographic microbubble, particle, and cell 

patterning 

Transmitter 
Properties 

Part code (Olympus) Frequency [MHz] Diameter [mm] Thickness [mm] 

Tx1 A320S-SU 7.5 13 0.27 

Tx2 A311S-SU 10 13 0.2 

Tx3 A319S-SU 15 13 0.13 

Tx4 A321S-SU 7.5 19 0.27 

Tx5 A315S-SU 10 19 0.2 

Tx6 V322-SU 10 25 0.2 

 

5.4.1 Modified iterative angular spectrum approach (IASA) algorithm for the design of 

holograms in microfluidic devices 

The holograms are designed via the IASA optimization algorithm as explained in chapter 2 with 

few modifications as follows: 

1. The power transmission coefficient is calculated considering the six material layers in 

figure 5.13a and with the method explained in section 2.2 of chapter 2, with 1 6 and Z Z  

correspond to  and ,s PDMSZ Z  the acoustic impedance of the transmitter and PDMS. The 

transfer matrices (equation (2.1)) for the other four material layers are determined 

considering the material thicknesses and their acoustic impedances. For the microchannel 

component, we consider the acoustic impedance of water with 25-µm-thickness material 

corresponding to the thickness of the microchannel. It should be noted that the acoustic 

attenuation of water, glass, and the hologram and coupling gel materials are taken into 

account in the calculation of acoustic pressure amplitudes. The acoustic properties of the 

material layers can be found in table 5.3. 

2. The base thickness of the coupling gel layer has to be determined for each case study in 

table 5.2, before performing the IASA computational simulation for the design of 

holograms. The thickness of the layer of the coupling gel is determined via the thickness 

change of the hologram pixels ( , )t x y  (see equation (2.12)) as 0( , ) ( , )ge egt x y t x y t = − , 

where ( , )get x y  is the thickness of the coupling layer corresponds to the pixel of the 

hologram at coordinates ( , )x y  and 0get  is the coupling gel base thickness. To find the 0 ,get  
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we perform separate IASA computations for each case study with 20 iterations and sweep 

the coupling gel base thickness according to the dimensions of the material layers in figure 

5.13a. In the last iteration of each sweep, we calculate the average power transmission 

coefficient and acoustic pressure in the target plane for the pixels that were imposed to have 

a non-zero amplitude of the desired image pattern, i.e., VT and ring shape (see figures 5.14 

and 5.15). The coupling gel base thickness which gives the maximum average power 

transmission coefficient and high average pressure in the patterned areas is selected for 

each case study. Finally, the IASA optimization simulations are performed to generate the 

desired patterns of acoustic pressure in target planes at 2.8 mmz =  for case studies 1 and 

4 (i.e., using Tx1 and Tx4 transmitters), 2.4 mmz =  for case studies 2, 5, and 6, and 

2 mmz =  for case study 3 based on the dimensions of the material layers.  

Table 5.3. Parameters of the materials used in the IASA optimization algorithm for the microfluidic device 

Material layers 

Parameter 

Density 

[kg/m3] 
Sound speed [m/s] Acoustic coefficient [Np/m]d 

Transmitter  

(PZT-5A) 
7800 4000 — 

Hologram 

(VeroClear) 
1185 2424 63.3 @ 2 MHz 

Coupling gel 

(glycerine) 
1050 1920 3 @ 1 MHz [99] 

Glass 2260 4910 1.15 @ 2 MHz 

Water 1000 1500 0.023 @ 1 MHz 

PDMS  

(Sylgard 184) [100] 
1050 1027 — 

 

5.4.2 Computational results for acoustic holographic patterning inside the microchannel 

In this section, the computational results for the design of acoustic holograms are illustrated. The 

simulations are performed for the six case studies defined in table 5.2 using six different 

                                                 
d The acoustic attenuation are calculated assuming a proportional increase of losses to the first power of frequency for 

VeroClear and glass, and to the second power of frequency for glycerin and water. 
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transmitters. As an illustration, figure 5.14 presents the results for the holographic reconstruction 

of the VT image pattern using the Tx2 and Tx3 transmitters, and figure 5.15 presents the 

computational holographic results for the ring-shaped pattern using the Tx2 and Tx5 transmitters. 

All the computational holographic images in this section are satisfactorily converged to the target 

patterns after 50 iterations of the IASA optimization algorithm. The aforementioned process for 

selecting the coupling gel base thickness can be determined from the outcomes seen in figure D.2, 

in appendix D. The results show how the base thickness is chosen based on the achieved maximum 

average power transmission coefficient, which also gives the high amplitude of average acoustic 

pressure. The calculated thickness profile of a hologram phase plate (figures 5.14 and 5.15c and i) 

alongside the corresponding thickness map of a coupling layer (figures 5.14 and 5.15d and j) is 

later used in the fabrication process for the implementation of holograms in the microfluidic 

device.  

The acoustic pressure attenuation factor 
( , ) ( , ) ][

( , ) h ge gg gle lt x y t x y t
x y e

  + +−
 =  is shown in figures 5.14 

and 5.15e and k, where 0( , ) ( , )t x y t t x y−=  is the thickness of the hologram pixel with 0t  as the 

hologram base thickness (that can be selected freely based on the maximum thickness change for 

the hologram pixels and mechanical stability of the hologram plate), 0( , ) ( , )ge get x y t t x y+=  , and 

1.2 mmglt =  is the thickness of the glass slide; and the computed power transmission coefficient 

map is also depicted in figures 5.14 and 5.15f and l. We can detect that both acoustic attenuation 

factor and power transmission coefficient are relatively higher in the regions that we imposed the 

desired patterns (i.e., x = -1 to 1 mm and y = -1 to 1 mm). 

The two desired patterns of VT and ring shape are clearly realized inside the microchannel (see 

figures 5.14 and 5.15a, b, g, and h), which shows the functionality of acoustic transmission phase 

holograms for microstructures in theory, however, experiments are required to verify the outcomes 

of this section in practice. Figure 5.16 shows the parameter image correlations for similarity 

analysis between the holographic computational images, reconstructed for each case studies in 

table 5.2 (for VT and ring patterns), with that of the imposed target images (see equation (2.20)). 

The image correlation for all microscale patterning shows promising results with slightly different 

values and trends between VT and ring-shaped patterns. It is worth mentioning that the simple 

ring-shaped pattern is more applicable in practice for acoustic patterning in microfluidic channels 

and the results for the VT image in this section are only demonstrated to show the potential of 

acoustic holograms in reconstructing an arbitrary and more complex pattern for microstructures. 
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Figure 5.14. Holographic reconstruction of the VT image for the microfluidic device using Tx2 (13-mm-

diameter transmitter) operating at 10 MHz: (a) the acoustic pressure amplitude in the target plane at 

2.4 mmz =  and (b) the close-up view of the VT pattern generated in the width of the microchannel; (c) 

calculated hologram thickness from the hologram phase map and (d) the coupling gel thickness map 

0 )( 177 m μget = ; (e) acoustic pressure attenuation factor, and (f) power transmission coefficient map. 

Holographic reconstruction of the VT image for the microfluidic device using Tx3 (13-mm-diameter 

transmitter) operating at 15 MHz: (g) the acoustic pressure amplitude in the target plane at 2 mmz =  and 

(h) the close-up view of the VT pattern generated in the width of the microchannel; (i) calculated hologram 

thickness from the hologram phase map and (j) the coupling gel thickness map 0 )( 98 μmget = ; (k) acoustic 

pressure attenuation factor, and (l) power transmission coefficient map. 
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Figure 5.15. Holographic reconstruction of the ring-shaped image for the microfluidic device using Tx2 

(13-mm-diameter transmitter) operating at 10 MHz: (a) the acoustic pressure amplitude in the target plane 

at 2.4 mmz =  and (b) the close-up view of the ring pattern generated in the width of the microchannel; 

(c) calculated hologram thickness from the hologram phase map and (d) the coupling gel thickness map 

0 )( 179 m μget = ; (e) acoustic pressure attenuation factor, and (f) power transmission coefficient map. 

Holographic reconstruction of the ring-shaped image for the microfluidic device using Tx5 (19-mm-

diameter transmitter) operating at 10 MHz: (g) the acoustic pressure amplitude in the target plane at 

2.4 mmz =  and (h) the close-up view of the ring pattern generated in the width of the microchannel; (i) 

calculated hologram thickness from the hologram phase map and (j) the coupling gel thickness map 

0 )( 178 m μget = ; (k) acoustic pressure attenuation factor, and (l) power transmission coefficient map. 
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Figure 5.16. Correlation between the computational microstructured holographic images and their 

respective imposed target images to evaluate the holograms’ quality: (a) the VT-shaped images and (b) 

ring-shaped images. 

we expect that this cost-effective and simple holographic technique, i.e., using single acoustic 

transmission phase holograms alongside a simple ultrasonic transducer, arbitrary complex pressure 

patterns can be constructed with microscale feature sizes for a wide range of potential biomedical 

applications. Some of these diagnostic and therapeutic applications include microbubble-mediated 

drug delivery [101], trapping or separating viruses, bacteria, particles, and cells in label-free and 

non-invasive strategies [102-106], as well as impacts in developmental biology, tissue engineering, 

regenerative medicine, and mechanobiology [107-110], to name a few. 

5.5 Conclusions 

The studying of microbubble’s oscillations in size and shape during FU insonation (ultrasound 

stable or non-inertial cavitation) is of immense significance in biomedical applications, such as 

enhancing drug delivery rate in blood-brain barrier opening. Hence, accounting of the FU-induced 

acoustic nonlinearity in the mathematical models of bubble dynamics is essential to accurately 

predict the bubble oscillations and acoustic pressure due to streaming. Following the previously 

established mathematical model [44], this chapter aims to investigate the effects of nonlinear 

propagation of FU-induced pressure fields into the dynamics of ultrasound microbubbles. A 

theoretical framework (based on the KZK equation) is used to predict the acoustic pressure fields 

due to focused transducers considering the three effects of acoustic nonlinearity, diffraction, and 

absorption in the medium. Then the nonlinear acoustic model is coupled with the bubble dynamics 

(based on the Keller-Miksis model) to predict the oscillation, shape modes and translational motion 

of a single air bubble excited in a FU field at a focal point. The model is used to explore the effects 

of medium properties (nonlinearity and absorption) and input parameters (power and frequency) 



166 
 

on the pressure waveform distortion and amplitude. The observations related to medium properties 

show that the coefficient of nonlinearity and absorption play significant roles in distorting the 

waveform and generating more harmonics, thus increasing the energy deposition at the focal point.  

The KZK-Keller-Miksis model incorporates radial pulsations of a bubble along with its small 

shape oscillations and translational motion in a FU field. Nonlinear coupling between fundamental 

radial mode, second to fourth modes of oscillations, and translational motion of the bubble are 

analyzed to explain the translational instability of the bubble. It is concluded that second-order 

interactions of two neighboring surface modes impose instability to the system, which in turn leads 

to the dancing motion of the bubble. Furthermore, the analysis shows that in addition to the 

resonance response of the bubble, the off-resonance excitation leads to interesting results. 

Particularly, the acoustic pressure fluctuations and translational instability of the bubble may 

increase at above or below fundamental resonance excitation. The translational instability has 

broad applications in cell sorting which resembles the bubble dancing motion in a microfluidic 

device. Therefore, studying the dynamics of off-resonant bubbles is essential in acoustic bubble 

manipulation. Additionally, the results reveal the importance of studying nonlinear acoustics and 

consideration of all the involved harmonics in the dynamics of FU-excited microbubbles. A 

summary of the observations is as follows: 

1. The results show the dynamical motions of the bubble in the FU field generated by the focused 

transducer at three different range of frequencies (including the resonance and off-resonance 

cases). Effects of the change of excitation frequency are investigated and it is shown that in all the 

frequency ranges, the nonlinearity expedites and amplifies the radial growth and translational 

motion of the bubble where the indication of the translational instability is observed by a steep rise 

in the translational velocity of the bubble. It is seen that the initiation of the erratic dancing motion 

of the bubble in the acoustic field is well-matched with the time of instability of other modes. 

Moreover, acoustic nonlinearity amplifies almost all the shape oscillations and the instability of 

the modes. Among the three ranges of frequency investigated in this study, the results show that 

the changes in the dynamical behavior of the bubble and the translational instability due to 

nonlinear effects are more significant for higher frequencies, which must be taken into account 

while investigating an erratic translational (dancing) motion of the bubble. However, a momentous 

effect of nonlinearity on the translational motion of the bubble is seen at resonance frequency 

where the bubble initially moves away from the pressure antinode and makes the translation jumps 

around the antinode. It is seen that as the excitation frequency increases, the inertial (unstable) 
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cavitation occurs earlier in the nonlinear acoustic field; the nonlinear excitation causes more energy 

deposition at higher harmonics at the focal point (where the bubble is located); therefore, the radius 

growth of the bubble is more pronounced at higher frequencies. Accordingly, studying nonlinear 

acoustics in bubble dynamics is essential for inertial cavitation prediction in biomedically 

enhanced delivery of drugs into a tissue. 

2. As the input power is increased, the amplitudes of all the harmonics increase. Comparing the 

bubble dynamics for two equal pressure amplitude in linear and nonlinear cases, show significant 

differences in the shape modes and translational instability of the bubble. This confirms that the 

radial growth and onset of the erratic motion of the bubble in a focused ultrasound field are reliant 

on both pressure amplitude and the harmonic components of the excitation. It is seen that when 

the applied pressure increases, the results of the linear model gives up to 56% error for predicting 

the threshold for unstable cavitation (maximum radius of the bubble). In nonlinear acoustics, when 

the input power increases, the bubble may collapse and shows unstable cavitation as well as the 

amplified and accelerated translational instability.   

This chapter explains a practical case of using a focused transducer for manipulating a 

microbubble. The model allows the readers to precisely predict the bubble dynamics considering 

the nonlinear effects due to a focused sound beam which are strongly affected by the mutual 

influences of diffraction, absorption, and nonlinearity of the medium. The effects of acoustic 

nonlinearity on bubble dynamics have not been yet investigated and can be an immediate need for 

the biomedical engineering community. Moreover, we investigated the use of cost-effective 3D-

printed acoustic phase holograms for microfluidic devices, which provides new insights into 

microbubble, particle, and cell patterning and manipulation using the simple acoustic holography 

technology with promising potentials in diagnostic and therapeutic medical applications.  
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Appendix D 

D.1 Prolonged dynamical motions of the bubble above the resonance frequency 

 

Figure D.1. Prolonged dynamical motions of the bubble in the FU field ( 0 7 μmR = ) and blood domain 

excited by the focused transducer ( 3 MHzf = , 2 WP = ): (a) radial pulsation, (b) second mode, (c) third 

mode, and (d) fourth mode amplitude. (e) Translational velocity and (f) translational motion 

0 52 μm).( 0.x =  
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D.2 Coupling gel base thickness determination for the microfluidic device 

 

Figure D.2. Average power transmission coefficient in the patterned region varying coupling gel base 

thickness: holographic reconstruction of VT image (a) using Tx2 transmitter in which 0 get  is selected as 

177 µm, and (c) using Tx3 transmitter in which 0 get  is selected as 98 µm; (b) and (d) the corresponding 

amplitude of average acoustic pressure in the patterned region. Average power transmission coefficient in 

the patterned region varying coupling gel base thickness: holographic reconstruction of ring-shaped image 

(e) using Tx2 transmitter in which 0 get  is selected as 179 µm, and (g) using Tx5 transmitter in which 0 get  is 

selected as 178 µm; (f) and (h) the corresponding amplitude of average acoustic pressure in the patterned 

region. The coupling gel base thickness in each case study is chosen after 20 iterations of the IASA.  
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Chapter 6 

Conclusions and future research directions 

6.1 General conclusions 

This dissertation aimed to develop a range of new techniques to enhance the contactless ultrasonic 

transfer of power from an acoustic source or a transmitter, typically a piezo transducer disk, to 

receivers/sensors in an acoustic medium of interest such as water or human tissue. Particularly, we 

developed a technique to implement acoustic holograms in ultrasonic power transfer (UPT) 

systems. Using acoustic holograms alongside simple and single element transducers to arbitrarily 

shape complex ultrasound fields is a new approach introduced recently by Melde et al. [1].  This 

technique offers promising advantages, compared to the conventional phased array transducers, 

including the increased degree of freedom and phase fidelity, simplification of design and 

fabrication, and the ability to scale well to smaller or larger aperture size or information content 

and higher frequencies. We combined this simple and cost-effective approach with the ultrasonic 

acoustic energy transfer (UAET) systems using the diffraction-limited acoustic transmission phase 

holograms to selectively focus and pattern the contactless ultrasonic transfer of power to the 

spatially-distributed sensors [2]. 

The first technique, i.e., the hologram implementation in UPT, was investigated mainly in chapters 

2 and 3. In chapter 2, different single and multi-focal phase holograms were designed using an 

optimization algorithm, iterative angular spectrum approach (IASA), in which, in each forward 

iteration, a binary target amplitude images were imposed on the amplitude of the acoustic fields in 

a particular target plane, a specific distance from the hologram plane, and the complex phase 

remained as a free variable. After multiple numerical forward and backward wave propagations, 

i.e., few tens of iterations, the acoustic fields in the target plane were converged to the desired 
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image patterns. The final phase maps in the hologram plane were then simply rendered into the 

thickness profile of low-cost 3D-printed transmission phase plates for physical implementations 

of holograms in UPT systems. Experimentally, it was demonstrated that using multi-focal 

holograms in conjunction with UAET allows for enhanced and selective transfer of energy to 

receivers located at predetermined focal points. In chapter 3, the IASA optimization algorithm was 

modified for the design of multi-functional holograms, i.e., holograms that can reconstruct multiple 

holographic images at different target planes and by switching the driving frequency, called, 

respectively, multi-image-plane and multi-frequency patterning holograms [3]. Numerically and 

experimentally, multiple desired acoustic patterns were reconstructed, sensitive to different target 

planes and frequencies. These holograms enabled the full generation of 3D volumetric fields and 

dynamic real-time reconfiguration of the transducer and the holographic results verified the fact 

that applicable multi-functional holograms can be implemented in UPT systems. 3D-printed 

acoustic phase holograms are also valuable to a wide range of diagnostic and therapeutic 

ultrasound applications, including, but not limited to, selectively and noninvasively powering 

medical implants, blood-brain barrier opening or neuromodulation [4], and improving ultrasound 

medical imaging systems [5]. 

The second technique, investigated in chapter 4, was the use of two-layer matching layers in UPT 

systems to reduce the losses associated with the reflection of sound waves due to acoustic 

impedance mismatch between the acoustic medium and transducer materials, including the 

transmitter and receiver. In the two-layer matching structure, one of the layers was selected as the 

used glue to bond the other layer to the front side of the transducers [6]. The input acoustic pressure 

on the receiver was determined via the angular spectrum approach (ASA) using the experimentally 

measured transmitter output pressure distribution. It was shown that using matching layers 

improves the ultrasonic power transmission into the medium and then to the receiver, which 

significantly increases the voltage delivered to an electrical load and enhances the electrical power 

output [7]. Considering a wide range of materials including metals, ceramics, and polymers, we 

developed a design platform in which the acoustically matched transducers can be simply 

constructed. The construction includes the determination of required material layers’ thicknesses 

to acoustically match transducers to an acoustic medium of interest at a particular frequency. We 

also showed that using more than two matching layers is not only difficult, time-consuming, and 

costly, but also does not lead to more enhancement of ultrasonic transfer of power. 
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In chapter 5, an analytical model was developed for the nonlinear dynamics of microbubbles [8] 

(stable cavitation) exposed to a high-intensity focused ultrasound (HIFU) field, which includes the 

effects of acoustic nonlinearity, diffraction, and absorption of the medium [9]. This was motivated 

by several biomedical ultrasound applications that entail the problems of manipulation of 

microbubbles in the HIFU field. The examples include diagnostic applications such as ultrasound-

activated microbubbles used as contrast agents in ultrasound scatter imaging methods and 

therapeutic applications such as enhanced gene delivery and localized active drug delivery. Finally, 

the technique of acoustic holography using cost-effective 3D-printed acoustic phase holograms for 

microfluidic devices were investigated for patterning, sorting, and manipulation of microbubbles, 

particles, and cells, which expected to have the enhanced impact in medical ultrasound systems. 

6.2 Future research directions 

Several potential future research directions can develop from this dissertation, including, but not 

limited to, the following areas: 

• Simultaneous modulation of both phase and amplitude of complex acoustic fields by using 

two hologram plates [10] in UPT systems. This new technique leads to more uniformity of 

the target pressure amplitude and higher phase fidelity compared to that of using a single 

phase hologram. 

• Using an acoustic hologram in conjunction with a curved transducer (instead of a flat 

transducer) [4] in UPT systems to further enhance the electrical power output, or in 

ultrasound medical systems, e.g., generating selective heating using a HIFU transducer 

alongside a hologram for thermal ablation or lesioning in brain therapy. 

• Using an acoustic hologram in conjunction with a phased 2D array transducer with a small 

number of elements [11] constructing full 3D assembly in UPT systems to benefit from 

both the patterning of the acoustic holography and the adaptivity of the dynamical 

reconfigurable real-time system. Alternatively, to circumvent the static nature of a single 

hologram in UPT systems, one can implement multiple holograms stacked together to 

reconfigure the resulting field in real-time by changing the position of the holograms [12]. 

• Implementing the designed multi-image-plane and multi-frequency holograms for UPT 

systems in practice, by placing a sufficient number of receiver elements in a 2D array at 

particular target planes. The enhanced electrical power output from targeted receivers 
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sensitive to the distances from the hologram plane and to the driving frequencies can be 

verified. 

• Modification of the designed acoustic holograms allowing for the correction of medium-

induced wavefront aberrations that occur due to the distortion of sound waves passing 

through media with different sound speeds such as tissue aberrations [4, 13-15]. 

• Construction of ultrasonic transducers using the developed two-layer matching 

configuration in UPT systems, implementing some of the materials listed in chapter 4, to 

practically verify the significant enhancement of electrical power output using acoustic 

impedance matching layers.  

• Implementing the designed holograms for microfluidic channels in practice and 

verification of their functionality to manipulate, pattern, and sort cells and particles [1, 16-

18], as well as ultrasound-activated microbubbles for enhanced drug delivery [19]. 
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