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Abstract 
 

Due to their biocompatibility and ability to yield a localised surface plasmon resonance, 

surface-based nanoparticles have gained popularity in various biosensing applications. In such 

configurations, fluid containing biological material such as proteins is injected into a static cell 

containing the sensing surface. Without sonication, the injected fluid remains static, and the 

rate of the biological material binding to the nanoparticle is diffusion limited. As a 

consequence, mixing is slow, particularly for large molecules. Acoustic streaming has been 

proposed as a solution to overcome the limitation of mixing in surface based biosensing 

devices.  
 

This thesis reviews the effects of integrating ultrasonic technology into surface-based 

biosensors. The acoustic-structure interaction between acoustic pressure fields and 

nanoparticles is of particular interest, as any deviation in size or shape of the nanoparticle can 

have repercussions for its ability to yield a localised surface plasmon resonance at a specific 

optical wavelength. To probe this interaction, simulations were used in tandem with 

experimental evaluation techniques, exposing the nanoparticles to high frequency, 2 MHz, 

radiation to assess the deformations caused to nanoparticles under large acoustic pressure 

fields. Furthermore, experimentally exposing the nanoparticles to lower frequency acoustic 

radiation, 20 kHz, allowed analysis of their ability to act as nucleation sites for acoustic 

cavitation events, which has many interesting applications.  Appraisal of the efficiency with 

which the acoustic streaming interaction and acoustic radiation force could be harnessed to 

encourage protein migration to a sensing surface was also examined using computational 

simulation and presented here.  
 

Finally, the design and prototyping of ultrasonic devices that are easily integrable into 

biosensors is included. Ultrasonic transducers were created with  resonance frequencies around 

2 MHz so to encourage acoustic streaming events in the biosensing cells. The acoustic 

streaming is the stimulus driving biological cells toward nanostructured sensing surfaces. 

Piezoelectric materials, fabrication, characterisation methods and possible applications are 

discussed. The behaviour and performance of the devices was investigated and predicted using 

virtual prototyping with computer simulations and these are verified experimentally. Issues 

associated during the development are highlighted and discussed. To assist long term practical 

adoption, guidance for further experimentation and characterisation is also addressed.  
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 Introduction 
 
Many diseases are complex, heterogeneous and depend on environmental factors. The 

ability to detect and measure multiple biomarkers simultaneously, quantitatively and 

in real time requires the development of new low-cost in vitro diagnostic technology. 

In order to solve these challenges, many biosensors and detection techniques have 

emerged. The global biosensor market is predicted to be worth US$30.3 billion by 

2027(“https://www.strategyr.com/market-report-biosensors-forecasts-global-

industry-analysts-inc.asp,”), making it an important area for future research.  

 

 Motivation and Objectives 
1.2.1 Motivation 

 
Biosensors are analytical devices which convert a biological response into an electrical 

signal, Fig 1.1. Existing biosensing technology has valuable capabilities, but is limited 

in terms of time efficiency. A label-free, low cost, table-top, biosensor based on the 

phenomenon of localised surface plasmon resonance (LSPR) exhibited by metallic 

nanostructures has been developed at the Centre for Nanostructure Media in Queen’s 

University Belfast. The current prototype is a cuvette-based biosensor and is highly 

sensitive to refractive index changes, caused by proteins binding to a nanostructure 

surface. However, the migration of proteins to this array from the bulk fluid is slow. 

This limitation has been the motivation for the work presented in this thesis.  

 

 
Fig 1.1. The basic principle of a biosensor 
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There are a number of methods available to stimulate the mobility of particles to a 

surface; most notably electrical (Watson, Jebrail, & Wheeler, 2010), magnetic (Lee, 

Purdon, & Westervelt, 2004), and acoustics methods (Hertz, 1995; Luque de Castro & 

Priego-Capote, 2007). Particle manipulation can normally be classified into two types: 

one uses forces on the particles, depending on their size, electric property, magnetism 

or optical polarizability. The other is arranging the particles and cells into desired 

patterns for counting or detecting, as in micro flow cytometers (Hagsäter, Jensen, 

Bruus, & Kutter, 2007; Hagsäter et al., 2008; Nama, Huang, Huang, & Costanzo, 

2014).  

 

In terms of electric methods, forces used for particle manipulation can be classified 

into electrophoresis and dielectrophoresis. The former arises from the interaction of a 

cell’s charge and an electric field, whereas the latter arises from a cell’s polarizability 

and is the product of the particle’s dipole moment and the spatial gradient of the 

electric field. The electric fields necessary for this manipulation technique are 

unsuitable for use in the biosensor in this work as they may interact with the 

electromagnetic fields required to induce the localised surface plasmon resonance on 

the nanoparticles used in this sensing technique.  

 

Magnetic methods of manipulation can be used to sort and separate magnetically 

labelled particles. Sample cells are incubated with magnetic beads for “magnetic 

labelling” and then a magnetic field gradient is used to isolate the magnetic beads, 

which in turn picks out the cells. This method is not compatible with the prototype 

biosensor used in this work, as we aim to maintain a label-free biosensing regime 

(Thiel, Scheffold, & Radbruch, 1998).  

 

The acoustic method of particle manipulation requires acoustic standing waves or 

travelling waves to be present in a medium. Acoustic methods of stimulating particles 

are ideal for manipulating the proteins in the biosensor used here, as it is non-invasive, 

requires no pre-treatment of the particles and can be used to manipulate any type of 

particle, regardless of their optical or charge properties (Wang & Zhe, 2011). Among 

existing techniques, the acoustic method is considered to have better cell pattern 
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formation techniques and simultaneously meets specifications for miniaturization, 

versatility and throughput consumption (Shi et al., 2009). 

 

This project aims to explore the feasibility of employing ultrasound as a particle 

manipulation technique to optimise protein binding to the sensing surface of the 

prototype biosensor. This requires generating acoustic streaming or radiation forces 

over large length scales, ~1 cm, in order to “mix” the proteins and in particular aid the 

migration of biomolecules such as proteins, towards a nanowire array sensing surface.  

 

1.2.2 Objectives 
 
The goal of this thesis is to examine the feasibility of integrating ultrasound technology 

into an existing localised surface plasmon based biosensing device, to reduce the 

dependency of the diagnostic procedure on large laboratory instruments and provide 

simplicity of use, enabling samples to be processed and diagnosed on a low-cost 

biochip rapidly. 

  

Effects of ultrasound pressure fields on the structural mechanics of the nanostructures 

were assessed. As nanostructures provide the sensing surface of plasmonic devices, it 

was imperative that they withstand high pressure fields so that no structural damage is 

incurred on the nanostructures. This allowed for the progression of ideas, to query the 

efficiency with which proteins and other biomolecules could be manipulated to 

nanostructure arrays using ultrasonic devices.  

 Thesis Structure 
 

• Chapter 1 – Introduction 

This chapter introduces the importance of biosensing in today’s society. The 

motivation of this work is discussed, including improving the performance of an 

existing prototype biosensor and some solutions to optimise the device are proposed 

leading to the objectives of this work.   
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• Chapter 2 – Theoretical Foundations:  

This chapter introduces nanostructures, with particular care taken to explain the theory 

of surface plasmon resonance and its use in biosensing, and the geometry dependence 

of the localised surface plasmon resonance.  

 

• Chapter 3 – Ultrasonics Theory  

This chapter introduces the basic theory of ultrasonics and how ultrasonics can be used 

in particle manipulation techniques, particularly in biosensing applications. 

 

• Chapter 4 – Methods 

This chapter describes the fabrication techniques used in the production of gold 

nanostructured arrays, including post-fabrication procedures. The techniques used in 

the characterisation of the ultrasound devices are also presented here.  

 

• Chapter 5 – Device Design  

Chapter 5 presents geometry and material considerations of the ultrasonic devices 

designed in this project. FEM software PZFlex was employed to aid device design and 

characterise the devices computationally.  

 

• Chapter 6 – Device Characterisation  

Chapter 6 presents the experimental characterisation of devices created in this work, 

and compares this characterisation with the virtual characterisation completed with 

PZFlexTM. The ability of the device to induce acoustic streaming effects is also studied.    

 

• Chapter 7 – Modelling Ultrasonics in Biosensing Regimes 

This chapter investigates the effects of high pressure ultrasonics on the structural 

mechanics of nanostructure arrays using Comsol MultiphysicsTM, version 5.3. 

Migration of proteins in a cuvette when exposed to ultrasonic fields is also presented.  

 

• Chapter 8 – Effects of Ultrasonication on Nanostructures 

This chapter details the experimental study of the effects of large acoustic pressures at 

both high and low frequencies on the structural mechanics of nanostructure arrays.  
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• Chapter 9 – Summary and Future Work 

This chapter draws overall conclusions from the work an provides and outlook into the 

future of ultrasonic integration in LSPR biosensors.  

 

1.3.1 Outcomes  
 
This work seeks to develop and integrate ultrasonic devices into existing LSPR -

biosensor technology to aid the migration of biomolecules to nanostructure arrays.  

Simulation of biological elements transported by acoustic streaming was simulated to 

prove the hypothesis that acoustic streaming events would be effective over cuvette 

length scales (~1 cm). The affirmation of this led to the design and characterisation of 

two ultrasonic devices using computational modelling software ComsolTM 

Multiphysics and PZFlexTM; the specification required the devices could be easily 

integrated into the existing LSPR biosensing technology, aid biomolecule migration 

to gold nanowire arrays, and be non-destructive to the nanostructure sensing surface. 

Experimental validation of the designed piezoelectric devices showed that they 

achieve reproducible acoustic streaming.  

 

Simulations and experimental validation proved that acoustic pressures required for 

streaming events to occur (>1 MHz) would not have a detrimental effect on the sensing 

surface. SEM images taken before and after sonication show that no deformation or 

damage of nanowires occurred when subject to incident acoustic pressure.  

 

Finally, validation was carried out of nanowire robustness at low frequency acoustic 

pressures, where cavitation events will occur. No detrimental effects on the geometry 

of the nanowires was evident post cavitation events, and nanowires were able to 

withstand shock waves events arising from collapsing bubbles.  

 



 

Chapter 2. 
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 Introduction 
 
This chapter introduces metallic nanoparticles and their role in surface-based 

plasmonic biosensors. An overview is given of surface plasmon resonance and its 

design implication for biosensing applications, specifically for gold nanostructures 

(nanorods and nanodomes). The theory is then extended to describe metallic 

nanostructures which support localised surface plasmon resonance. Finally, the 

migration of proteins to nanostructures in static biosensing technologies is presented.  

 

 Metallic Nanoparticles 
 
Gold and silver nanoparticles possess interesting optical properties. Light interacts 

with the electrons in the conduction band of the nanoparticles giving rise to collective 

oscillations known as surface plasmons. Surface plasmons have resonance conditions 

corresponding to excitation at certain wavelengths, at which absorption peaks occur. 

The resonant wavelength of the metallic nanoparticles depends on their composition, 

shape, size and geometry. The optical properties of metal nanostructures have found 

applications for many centuries including stain glass windows and ornamental cups, 

Fig 2.1  (Ian Freestone, Nigel Meeks, Margaret Sax, 2007).  

 

 
Fig 2.1. The Lycurgus Cup in reflected (a) and transmitted (b) light 
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2.2.1 Biosensing 
 
Biosensors are increasingly being developed for the detection of dangerous pathogens 

and cancer markers, where early detection can improve recovery times and reduce their 

prevalence. They have also proven effective in environmental testing, providing rapid 

and sensitive methods for on-site detection of toxins, pollutants and toxic gases. This 

is an emerging application in security, where they are being used to detect the presence 

of illicit drugs, explosives, and biological and chemical threats. 

 

This research seeks to enhance a prototype LSPR biosensor by increasing the rate of 

adsorption of proteins and other bio-molecule to the sensing surface. To meet research 

and market requirements, this system must be: 

 

• Sensitive to biological interactions 

• Label free 

• Able to monitor interactions in real time 

• Affordable 

• Robust 

• Easy to maintain 

 

This work builds on work carried out by the Nanofabrication group at Queen’s 

University Belfast (Evans, Hendren, Atkinson, & Pollard, 2007; Murphy et al., 2011). 

It is carried out in collaboration with the Centre for Nanostructured Media.  

 

 Plasmonic theory 
 

2.3.1 Localised Surface Plasmons 
 
Metallic nanoparticles (MNPs) have particular optical properties which are 

significantly different from those observed in the bulk metal. When MNPs are exposed 

to incident light, the electromagnetic field of the light induces a collective coherent 

oscillation of the electrons in the surface, conduction band, in response to the 

frequency of light, in a phenomenon known as localised surface plasmon resonance 
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(LSPR) (Anker et al., 2008; Willets & Van Duyne, 2006). The electromagnetic field 

of the light interacts with the free electrons in the nanoparticles leading to a charge 

separation between free electrons and the positive ionic metal core. In turn, the 

Coulomb repulsion among the free electrons acting as a restoring force pushes the free 

electrons to move in the opposite direction, resulting in the collective oscillation of 

electrons, or the excitation of LSPR. The occurrence of LSPR also results in a strong 

absorption of light; MNPs of different sizes, shapes and materials show different 

absorption properties and may display different colours, such as seen in Fig 2.2. 

 

 
Fig 2.2. Photograph of gold nanorod solutions with different aspect ratios resulting in different 

colours of the solutions. (Cao, Sun, & Grattan, 2014) 

 

2.3.2 Spheres and Ellipsoids 
 
The simplest nanostructure geometry to examine localised surface plasmons is a 

metallic sphere, which will support resonant modes whose frequencies are dependent 

upon sphere size. When exposed to an electromagnetic wave, the conduction electrons 

attempt to respond to the electric field and are displaced, resulting in a dipolar surface 

charge distribution. Fig. 2.3 illustrates the excitation of LSPR for a spherical 

nanoparticle and the absorbance spectrum only shows one absorbance band.  
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Fig 2.3. (a) Localised surface plasmon resonance excitation of a metallic nanosphere. (b) A typical 

LSPR absorption band for a metallic nanosphere (Willets & Van Duyne, 2006) 

 
Fig. 2.4 shows the excitation of LSPR for gold nanorods, (AuNRs), where two 

absorption bands are evident in the absorption spectrum, these being the longitudinal 

plasmon band (LPB) and transverse plasmon band (TPB), corresponding to electron 

oscillations along the long and short axes of the gold nanorod. The TPB of AuNRs has 

been found to be weakly sensitive to the changes in the size of the AuNRs and the 

surrounding refractive index (Huang, Neretina, & El-Sayed, 2009; Hutter & Fendler, 

2004; Link & El-sayed, 2000; Link & El-Sayed, 2003). However, the LPB shows 

redshift with an increase of aspect ratio of AuNRs, and this is especially sensitive to 

any change in the surrounding refractive index. The properties of the LSPR are thus 

highly dependent upon the size, shape and the dielectric property of the MNPs, as well 

as the nature of the local surrounding medium, as these factors affect the electron 

charge density on the particle surface (Huang et al., 2009). For biosensing schemes, 

including the one used in this work, it is this sensitivity to changes in the local 

refractive index (via a change of the peak wavelength or the peak absorbance in the 

absorption spectrum) that is employed as the detection principle.  

 

For spherical MNPs, the Mie solution to Maxwell’s equations can be used to describe 

this light absorption cause by LSPR (Mayer & Hafner, 2011; Petryayeva & Krull, 

2011). According to Mie theory, for well separated spherical nanostructures, with 

radius, r, where r is much smaller than the wavelength of light, (𝑟/𝜆 < 0.1), the 

extinction cross-section Cext, which describes the amount of light transmitted through 

a sample, can be expressed as:  

- - -

- - -
+++

+++

Electric Field 

Metal Sphere

Electron Cloud

(a) (b)
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𝐶𝑒𝑥𝑡 =  24𝜋2𝑟3𝑁𝜀𝑚
3/2

𝜆
𝜀𝑖

(𝜀𝑟+2𝜀𝑚)2+𝜀𝑖2   (2.1) 

 

Where 𝜀𝑚 is the dielectric constant of the surrounding medium, 𝜀𝑟 and 𝜀𝑖 are the real 

and imaginary part of the dielectric function of the MNPs, respectively, and N is the 

number of spheres per unit volume. Eqn. 1 indicates that the plasmon absorption band 

appears when 𝜀𝑟 = −2𝜀𝑚. The optical constants of gold and silver (and other noble 

metals) force the plasmon absorption bands of spherical nanoparticles to be located 

located in the visible region. These materials are therefore particularly suitable for 

biosensing applications as standard lasers, LEDs and detectors can be used.  

 

 
Fig 2.4. (a) Localised surface plasmon resonance excitation for metallic nanorods and (b) LSPR 

absorption bands: longitudinal and transverse plasmon bands corresponding to the electron 
oscillations along the long (longitudinal) and short (transverse) axes of the nanorod, respectively. 

 

Nanorods and nanowires have commonly been treated theoretically as ellipsoids when 

explaining their optical properties. Gans predicted that for small ellipsoidal 

nanoparticles with dipole approximation, the surface plasmon mode would split into 

two distinct modes due to the surface curvature and geometry of the ellipsoidal 

nanoparticles (Gans, 1912). Therefore, according to Gans’ formula, the extinction 

cross-section Cext for metallic nanorods can be calculated as follows (Hu et al., 2006; 

Petryayeva & Krull, 2011):  

+++

- - -

- - -

+++

Electric Field 

Metal Rod

Electron Cloud

Transverse Electron Oscillations 

+++

- - -

- - -

+++

Electric Field 

Electron Cloud
Metal Rod

Longitudinal Electron Oscillations 

(a) (b)
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𝐶𝑒𝑥𝑡 =  2𝜋v𝑁𝜀𝑚
3/2

3𝜆
∑

( 1
𝑃𝑗

2)𝜀𝑖 

[𝜀𝑟+(
1−𝑃𝑗

𝑃𝑗
)𝜀𝑚]

2
+𝜀𝑖2

𝑗   (2.2) 

 

Where 𝜀𝑚 is the dielectric constant of the surrounding medium, 𝜀𝑟 and 𝜀𝑖 are the real 

and imaginary parts of the dielectric function of the MNPs, respectively; N is the 

number of nanostructures per unit volume; v is the volume of the particle and 𝑃𝑗 is the 

depolarization factor. The depolarization factor for the elongated particles may be 

described as:  

 

𝑃𝑙𝑒𝑛𝑔𝑡ℎ = 1−𝑒2

𝑒2 [ 1
2𝑒

𝑙𝑛 (1+𝑒
1−𝑒

) − 1]   (2.3) 

 

𝑃𝑤𝑖𝑑𝑡ℎ =  1−𝑃𝑙𝑒𝑛𝑔𝑡ℎ

2
    (2.4) 

 

where e is the ellipticity, given by:  

 

𝑒2 = 1 − (𝑙𝑒𝑛𝑔𝑡ℎ
𝑤𝑖𝑑𝑡ℎ

)
−2

    (2.5) 

 

where the relationship between the length and width of the rod is the aspect ratio. 

Localised surface plasmon resonance occurs when 𝜀𝑟 = −((1 − 𝑃𝑗)/𝑃𝑗 )𝜀𝑚 where 

𝑃𝑗 =  𝑃𝑙𝑒𝑛𝑔𝑡ℎ for the longitudinal plasmon resonance and 𝑃𝑗 =  𝑃𝑤𝑖𝑑𝑡ℎ for the 

transverse plasmon resonance. Eqn.2.5 also indicates that any small change in the 

aspect ratio of the nanorod will result in a significant change in the plasmon band, an 

important feature in sensor applications.  

 

Changes in the local medium surrounding the nanoparticles will result in a shift in the 

LSPR wavelength. This wavelength shift, ∆𝜆, is seen in response to the refractive 

index change which is described by the following relationship (Haes & Duyne, 2002; 

Jung, Campbell, Chinowsky, Mar, & Yee, 1998; Willets & Van Duyne, 2006):  

 

∆𝜆 = 𝑚∆𝑛 [1 − 𝑒𝑥𝑝 (−2𝑑
𝐼𝑑

)]    (2.6) 
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where ∆𝑛 is the change in refractive index (in refractive index units, RIU), 𝑚 is the 

bulk refractive index response of the nanoparticles (also known as the sensitivity 

factor, measured in nm per refractive index unit (nm/RIU)), d is the effective thickness 

of the absorbed layer (in nm) and 𝐼𝑑 is the characteristic electromagnetic field decay 

length, (nm). The expression given in Eqn 2.6 forms a basis for LSPR wavelength-

shift sensors, in which the wavelength shift due to the LSPR is used to monitor the 

refractive index change at the surface of the nanoparticles. In sensor applications, this 

may be due, for example to the adsorption of biomolecules to the nanorods. For 

AuNRs, as LPB is more sensitive to refractive index change, the parameter (delta 

lambda) represents the peak wavelength shift of the LPB.  

 

As a result of the geometry dependence of the LSPR response, it is important that any 

technology used to optimise a biosensor, must not affect the structure or geometry of 

the metallic nanostructure. In this work, integrating ultrasonic technology to optimise 

protein migration to nanostructures is hypothesised, and as such, it is imperative that 

the effect of large pressures, such as those generated in high frequency ultrasonic 

fields, have no detrimental consequence to the structural integrity of the 

nanostructures.  

 

 LSPR Biosensor 
 
A theme in this thesis is the optimisation of a prototype biosensor, by integrating 

ultrasonic technology to stimulate the migration of proteins towards a nanostructure 

sensing surface. A schematic diagram of the prototype biosensor is shown in Fig 2.5 

The previous section detailed the plasmonic resonance phenomenon that enables 

metallic nanostructures to be used to effectively and efficiently detect proteins and 

biological material. This section discusses the current mechanisms which allow for 

protein detection on nanostructure arrays and their limitations.  
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Fig 2.5.  Schematic diagram of prototype biosensor used in this work 

 
In the present prototype biosensor configuration, the migration of proteins to the 

nanostructure array occurs by diffusion only. This process has proven to be slow and 

in need of optimisation. 

 

 Protein Kinetics 
 
The aim of this thesis is the optimisation of an LSPR biosensor, via the integration of 

ultrasonic technology to aid the migration of protein to nanostructure arrays. As such, 

it is necessary to detail the migration of proteins from a bulk fluid to the nanostructure 

array in order to understand the current device limitations.  

 

The kinetics of a binding reaction describes how quickly and tightly biological 

molecules bind to each other. The coefficients of interest are the association constant 

𝑘𝑎  and the dissociation constant 𝑘𝑑 (Dowling & Charlton, 2006). These are specific to 

each protein and determined in SPR experiments by injecting various concentrations 

of the analyte over a surface coated in immobilised ligand. The resulting 

“sensorgrams” can be examined using curve fitting software and the coefficients 

determined, as shown in Fig 2.6. 

 

lasersource Sensorgram 
output 

CCD Sensor

Outline of cuvette

Input of cuvette
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Fig 2.6. Typical Sensorgram output showing binding cycle obtained using an Au nanowire biosensor. 

(Duan, X. Li, Y. Rajan, N.K. Routenberg, D.A. Modis, Y. Reed, 2012) 

 

2.5.1 Kinetic Theory 
 
A diagram showing the binding between an analyte A and a ligand B to form a simple 

complex, AB, is shown in Fig 2.7. The simplest model to describe the binding event 

is the 1:1 Langmuir model (O’Shannessy, Daniel, Brigham-Burke, Soneson, Hensley, 

& Brooks, 1993). This describes a pseudo-first-order binding event where: 

 

• One analyte molecule binds to one ligand molecule 

• All binding events are identical and independent 

• The concentration of the analyte is constant 

 

This type of interaction is described by the equation: 

 

𝐴 + 𝐵 
𝑘𝑎
⇌
𝑘𝑑

 𝐴𝐵     (2.7) 

 

Where A, B and AB are the numbers of each molecule; 𝑘𝑎  is the association constant 

(𝑀−1𝑠−1) and 𝑘𝑑 is the dissociation constant (𝑠−1). The rate of formation of the 

complex AB in this equation is given by 

 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 =  𝑘𝑎[𝐴][𝐵]   (2.8) 

Association, k1

Dissociation, k
-1

100 200 300 400

Regeneration

Resonance 
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And the rate of dissociation of the complex is:  

 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑑𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 =  𝑘𝑑[𝐴𝐵]   (2.9) 

 

Expressions for biosensor response with time during a binding event can be 

determined using these equations. In this work, we focus on the rate of association to 

the nanostructure arrays. This rate will be altered when ultrasonic technology is 

integrated into the biosensing device. 

 

 
Fig 2.7. Binding of analyte A to the ligand B to form the complex AB 

 

2.5.2 Association Phase 
 
When an analyte solution is injected over a ligand on a surface, the association phase 

is measured, as depicted in Fig 2.6. The analyte and ligand bind together to create a 

complex, where the rate of binding is the rate of association less the rate of 

dissociation, according to the equation 

 
𝑑[𝐴𝐵]

𝑑𝑡
=  𝑘𝑎[𝐴][𝐵] − 𝑘𝑑[𝐴𝐵]    (2.10) 

 

As the number of ligand molecules immobilised on the sensor surface is constant, at 

time t the number of remaining unbound ligand molecules will be the initial number 

minus the number of complexes formed:  
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𝑑[𝐴𝐵]
𝑑𝑡

= 𝑘𝑎[𝐴]([𝐵0] − [𝐴𝐵]) − 𝑘𝑑[𝐴𝐵]  (2.11) 

 

The sensor response is proportional to the number of complex molecules formed, the 

number of analyte molecules is the concentration injected and the maximum number 

of complexes that can be formed is limited by the number of ligand molecules. 

Equation 2.11 can therefore be rewritten  

 
𝑑𝑅
𝑑𝑡

= 𝑘𝑎𝐶(𝑅𝑚𝑎𝑥 − 𝑅) − 𝑘𝑑𝑅    (2.12) 

 

which can be rearranged to:  

 
𝑑𝑅
𝑑𝑡

= 𝑘𝑎𝐶𝑅𝑚𝑎𝑥 − (𝑘𝑎𝐶 + 𝑘𝑑)𝑅   (2.13) 

 

The rates of association and dissociation will be in equilibrium after a certain amount 

of time has elapsed. After this time, the rate of change of response will be zero and the 

response will be 𝑅𝑒𝑞 , so Equation 2.13 becomes 

 

𝑘𝑎𝐶𝑅𝑚𝑎𝑥 = (𝑘𝑎𝐶 + 𝑘𝑑)𝑅𝑒𝑞    (2.14) 

 

which gives an equilibrium response of  

 

𝑅𝑒𝑞 = 𝑘𝑎𝐶𝑅𝑚𝑎𝑥
𝑘𝑎𝐶+𝑘𝑑

=  𝐶𝑅𝑚𝑎𝑥

𝐶+
𝑘𝑑
𝑘𝑎

=  𝐶𝑅𝑚𝑎𝑥
𝐶+𝑘𝐷

   (2.15) 

Where 𝑘𝐷 =  𝑘𝑑
𝑘𝑎

, which is the affinity of the binding event. It is also useful to note from 

Eqn 2.15 that the affinity is the concentration of analyte require to bind half the ligand 

molecules at equilibrium. Using 𝑅𝑒𝑞  in Eqn 2.13 yields: 

 
𝑑𝑅
𝑑𝑡

=  (𝑘𝑎𝐶 + 𝑘𝑑)𝑅𝑒𝑞 − (𝑘𝑎𝐶 + 𝑘𝑑)𝑅  (2.16) 

 

which can be rearranged to form the first order ordinary differential equation  
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𝑑𝑅
𝑑𝑡

+ (𝑘𝑎𝐶 + 𝑘𝑑)𝑅 = (𝑘𝑎𝐶 + 𝑘𝑑)𝑅𝑒𝑞  (2.17) 

 

The solution to this differential equation is given as 

 

𝑅 =  𝑅𝑒𝑞(𝑘𝑎𝐶+𝑘𝑑)
(𝑘𝑎𝐶+𝑘𝑑)

+ 𝛼𝑒−(𝑘𝑎𝐶+𝑘𝑑)𝑡   (2.18) 

 

As R = 0 at t = 0 and 𝛼 =  −𝑅𝑒𝑞 , the expression becomes 

 

𝑅 =  𝑅𝑒𝑞(1 − 𝑒−(𝑘𝑎𝐶+𝑘𝑑)𝑡)    (2.19) 

 

Finally, the observed rate of binding can be substituted  

 

𝑘𝑜𝑏𝑠 =  𝑘𝑎𝐶 + 𝑘𝑑     (2.20) 

 

which yields a final expression of  

 

𝑅 =  𝑅𝑒𝑞(1 − 𝑒−𝑘𝑜𝑏𝑠𝑡)    (2.21) 

 

This expression can be used for curve fitting to the association phase of the 

Sensorgram (biosensor output). This is the equation for one-phase exponential 

association. Association and dissociation coefficients can then be determined in two 

ways from curve fitting to the association phase using curve fitting software, e.g. 

GraphPad Prism 5, using Eqn.2.21.    

 

2.5.3 Mass Transport Limited Kinetics 
 
In a mass transport system, all substances move in the same direction at the same 

speed. For 1:1 Langmuir binding to take place, where one ligand molecule interacts 

with one analyte molecule, it is a requirement that the analyte concentration remains 

constant (Jung et al., 1998). This is almost never the case in practice and the binding 

tends to follow second-order kinetics. The analyte must first diffuse from the bulk to 
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the sensor surface and only then can binding events occur. This phenomenon is 

referred to as, “mass transport” or “mass transfer” and is described by the reaction:   

 

    (2.22) 

 

Where 𝑘𝑚 is the mass transport co-efficient, 𝑘𝑓 is the forward rate and 𝑘𝑟  is the reverse 

rate (Karlsson, Roos, Fagerstam, & Persson, 1994). Unlike the first-order behaviour, 

there does not exist a simple analytical expression for the sensor response with time. 

The behaviour is instead described by three differential equations: 

 

1. Surface concentration of analyte. The concentration is increased by diffusion 

from the bulk solution and dissociation of the analyte from the sensor surface 

and depleted by binding to the sensor surface. 

 
𝑑[𝐴𝑠𝑢𝑟𝑓]

𝑑𝑡
=  𝑘𝑚. ([𝐴𝑏𝑢𝑙𝑘] − [𝐴𝑠𝑢𝑟𝑓]) −  𝑘𝑎[𝐵][𝐴𝑠𝑢𝑟𝑓] + 𝑘𝑑. [𝐴𝐵]  (2.23) 

 

2. Concentration of unbound sites on the chip. This number is decreased by 

binding to the analytes and increased when the analytes dissociate from the 

sensor surface. 

 
𝑑[𝐵]

𝑑𝑡
= −𝑘𝑎[𝐵]. [𝐴𝑠𝑢𝑟𝑓] + 𝑘𝑑. [𝐴𝐵]   (2.24) 

 

3. Number of complexes on the chip. This is increased by binding to the analytes 

and decreased when the analytes dissociate from the sensor surface.  

 
𝑑[𝐴𝐵]

𝑑𝑡
=  𝑘𝑎. [𝐵][𝐴𝑠𝑢𝑟𝑓] − 𝑘𝑑[𝐴𝐵]   (2.25) 
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In real systems the value of 𝑘𝑚 which describes the transport of analyte from the bulk 

solution to the surface is a function of cell height, width length, fluid velocity and 

diffusion constant of the analyte. For flow based systems the Biacore handbook (GE 

Healthcare & Sciences) gives this relationship as:  

 

𝑘𝑚 = 0.98 (𝐷𝑖
ℎ

)
2
3 ( ℱ

0.3.𝑤.𝑙
)    (2.26) 

 

where Di (m2/s) is the diffusion co-efficient of the analyte, ℱ (m3/s) is the flow rate and 

h, w and l (m) are the cell height, width and length respectively (Karlsson et al., 1994). 

This equation largely explains why flow cells are so prevalent, such as in the Biacore 

3000, where there is a constant concentration of analyte flowing to a sensor. In a 

cuvette-based system, the concentration of analyte depletes over time, so values of ka 

are not readily available for cuvette systems. However, the mass transport and binding 

has been formulated for the IaSys biosensor system (Edwards, 2000). 

 

There are several methods used to reduce mass-transport in biosensors: 

 

• Increase the fluid velocity towards the sensor surface 

• Immobilise minimal amount of ligand on the surface, reducing the required 

analyte for binding, although there is also a reduced response 

• Reduce the viscosity of the solution, e.g. with a surfactant.  

 

This work aims to increase the mass-transport in biosensors by using ultrasonic 

technology to induce streaming effects in the cuvette, increasing the velocity towards 

the sensor surface and increasing the rate of protein adsorption to the nanostructure 

surfaces. 

 

 Summary  
This chapter details the fundamental origin and characteristics of localised surface 

plasmons on metallic nanostructures (spheres and rods). The optical behaviour of 

metallic surfaces and nanostructures is shown to be caused by the wavelength 

dependence of noble metals. Changes in permittivity in proximity to metal surfaces 
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cause a shift in the optical response which is exploited in a prototype biosensor. This 

prototype biosensor set-up is introduced, the limitations of which are highlighted –

namely the diffusion and slow rate of biological absorption from a bulk fluid to the 

nanostructure array. The kinetics of protein attachment to nanostructures is discussed 

and possible solutions to increase the rate of biological adsorption are proposed. By  

integrating ultrasonic technology into the prototype biosensor, the rate of protein 

migration to the sensing surface is expected to increase, as ultrasonic streaming events 

will increase the fluid velocity towards the sensing surface, behaving as a stimulus for 

migration. Ultrasonic phenomena are discussed in the next chapter, with integration 

into the current biosensing system in mind.  

 



 
 

Chapter 3. 
Ultrasonics 

Theory 
____________________________________________________________________ 
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 Introduction  
 
Ultrasonics is a branch of acoustics concerning the generation and use of acoustic 

waves higher than the frequency threshold of human hearing. This threshold varies 

from person to person, but is generally considered to begin at 20 kHz (Ashihara, 2007).  

The upper limit of frequency of ultrasound is 1 GHz, above which is considered the 

hypersonic region.  

 

As this work concerns the effect of ultrasonication on nanowire arrays, comprising a 

localised surface plasmon response biosensor, it is necessary to explore the effects 

ultrasound can impart on different media. The fundamental theory of ultrasonic 

standing wave fields and the ultrasonic radiation force are introduced in Section 3.3 as 

the ultrasonic radiation force allows for particle manipulation (Nilsson & Evander, 

2009). Section 3.4 presents ultrasonic streaming effects used in biosensing mixing 

previously (Yaralioglu, Wygant, Marentis, & Khuri-Yakub, 2004; Zhan et al., 

2016),which have the potential to increase the rate of adsorption of proteins to the 

sensing area in the biosensor. Nanowires used as a sensing medium have the potential 

to act as nuclei for ultrasonic cavitation which is examined in Section 3.5. The 

construction of an ultrasonic transducer using piezoelectric materials is discussed in 

Section 3.6, and, finally, practical ultrasound fields and other effects introduced by 

ultrasound are outlined in Section 3.7.   

 

 Ultrasound  
3.2.1 Ultrasound waves 

 
The propagation of ultrasound waves occurs because the vibrations of particles interact 

with other particles within a medium, causing a spatially periodic change in pressure 

through this medium. Here, a “particle” means a small volume of the medium that 

retains all properties of the medium, as shown in Fig. 3.1a. Therefore, sound cannot 

propagate in a vacuum, but can propagate in gaseous, liquid and solid materials.  
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The speed of sound, c, is equal to the product of its frequency, f, and the wavelength, 

𝜆,  as shown in Eqn 3.1. Since the speed remains constant in a particular medium at a 

fixed temperature, changing the frequency will simultaneously change the wavelength.  

 

𝑐 = 𝑓𝜆       (3.1) 

 

Fig. 3.1. Schematic diagrams of (a) an undeformed medium, (b) a longitudinal wave, (c) a shear wave 
propagating in the x direction. Bold lines indicated planes of zero displacement (Manneberg, 2009) 

 
There are two common types of ultrasound wave: longitudinal (or compressional) 

waves and shear (or transverse) waves. Longitudinal waves are those in which particles 

oscillate in the same direction as the wave propagation, as shown in Fig 4.1b. When 

particles oscillate perpendicular to the direction of wave propagation, this is known as 

a shear wave and is shown in Fig 3.1c.  

 

Acoustic waves in fluid media (liquids and gases) are generally considered to be 

longitudinal waves (or surface acoustic waves in some special cases), as shear waves 

are barely supported. Conversely, in solids, the types of binding between particles can 

transmit a shearing strain to adjacent layers and lead to shear waves. Other complex 

wave types, e.g. Lamb waves and surface acoustic waves (Rayleigh waves), can be 

generated and propagate in liquids and solids under different conditions. Therefore, 

the mathematical description of sound in fluids is much simpler than in solids. The 

(a)

(b)

(c)



Chapter 3: Ultrasonics Theory 
 

 

 24 

details of the mathematical expressions of sound propagation can be found in many 

basic textbooks about acoustics and ultrasonics (Cheeke, 2012).  

 

As previously discussed, particles in a medium under the influence of longitudinal 

waves are subject to displacements around their resting positions. As such, each 

particle has a velocity, v, which is distinguished from the speed of sound, c, in the 

medium. This allows the pressure of a plane wave, p, in an ideal medium to be written 

as:  

𝑝 =  𝜌𝑐𝑣 = 𝑍𝑣    (3.2) 

 

where 𝜌 is the mass density of the medium at rest. The term Z is called the 

characteristic acoustic impedance and written as:  

 

𝑍 =  𝜌𝑐    (3.3) 

 

Acoustic energy transported in the wave is usually characterised by the acoustic 

intensity, <I>, which is the average flux of acoustic energy per unit area per unit time 

in the direction normal to the unit area. For a plane acoustic wave, the intensity is 

related to the sound pressure:  

〈𝐼〉 =  𝑝2

2𝑍
     (3.4) 

 

3.2.2 Reflection and Transmission  
 
At the interface between two media with different characteristic acoustic impedances 

or speeds of sound, reflection and transmission of an ultrasonic wave occur. Specular 

reflections occurs when a wave is incident upon an interface with a smooth surface, 

for which the surface roughness is much smaller than the acoustic wavelength, as 

depicted in Fig. 3.2A. In contrast, diffuse reflections occur at irregular or rough 

interfaces as shown in Fig. 3.2B. When the dimensions of the second medium are 

similar to or less than the wavelength, scattering of the acoustic wave occurs, Fig. 

3.2C.  

 



Chapter 3: Ultrasonics Theory 
 

 

 25 

As previously discussed, gases and liquids cannot carry shear waves, so the reflected 

and transmitted waves at the interface between gases and fluids are all longitudinal 

waves. In the case of oblique incidence, where one of the media is solid, the transmitted 

waves in the solid are partially converted into shear waves; in this case, two types of 

wave exist simultaneously.  

 

 
Fig. 3.2. Acoustic waves are reflected at large, smooth interfaces and scattered by irregular interfaces and small 

targets, (a) a large smooth interface, (b) a large irregular interface and (c) a small target 

 

For normal incidence, the reflected and transmitted waves are also normal to the 

interface. The reflection coefficient, R, is the ratio of the reflected to the incident 

acoustic intensity and the transmission coefficient, T, is the ratio of the transmitted to 

the incident acoustic intensity. The reflection and transmission coefficients are related 

to the acoustic impedances of both media through the following equations:  

 

𝑅 =  (𝑍1−𝑍2
𝑍1+𝑍2

)
2
      (3.5) 

 

𝑇 =  1 − 𝑅 =  4𝑍1𝑍2
(𝑍1+𝑍2)2     (3.6) 

 

where Z1 and Z2 are the acoustic impedances of the first and second media, 

respectively. Therefore, if the acoustic impedance between the two media is large, a 

large reflection coefficient and small transmission coefficient will result.  

 

 

(A) (B) (C)
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3.2.3 Attenuation  
 

During ultrasound propagation, attenuation of acoustic energy will inevitably occur as 

an acoustic wave travels through a medium. The reduction in intensity will increase as 

the distance travelled by the wave increases and this attenuation combines the effects 

of absorption and scattering (Cobbold, 2006). Inhomogeneities in a medium will cause 

scattering, as shown in Fig. 3.2C, by reflection of ultrasonic waves in all directions. 

Absorption occurs due to the viscosity and thermal conductivity of the medium, with 

part of the acoustic energy converted into other forms of energy, primarily heat.  

 

Ultrasonic attenuation can be represented by an exponential decrease in the pressure 

amplitude of an acoustic wave, travelling distance, x, (Cobbold, 2006). 

 

𝑝 =  𝑝0𝑒−𝜇𝐴𝑥     (3.7) 

 

where 𝜇𝐴 is the amplitude attenuation factor, with units 𝑐𝑚−1 or 𝑁𝑝𝑐𝑚−1. Eqn. 3.7 is 

conventionally written in terms of an attenuation coefficient, a, with units, 𝑑𝐵𝑐𝑚−1: 

 

𝑎 =  20
𝑥

𝑙𝑜𝑔10 (𝑝0
𝑝

) = 20𝑙𝑜𝑔10(𝑒). 𝜇𝐴 ≈ 8.686𝜇𝐴   (3.8) 

 

The attenuation coefficient is dependent on the frequency, temperature and pressure. 

Therefore, an empirical description of the frequency dependence of the attenuation 

coefficient can be given as:  

 

𝑎 =  𝑎0𝑓𝑛     (3.9) 

 

where a0 is a temperature-dependent factor with units 𝑑𝐵𝑐𝑚−1. 𝑀𝐻𝑧−𝑛 and n is an 

empirical constant for different materials, e.g. n = 2 for water, n = 1 for most other 

materials, and 1 < n < 2 for biological soft tissue (Cobbold, 2006).  
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 Ultrasonic Standing Waves  
 
The particles in longitudinal waves oscillate in the direction of propagation. Hence, 

two longitudinal ultrasonic waves with opposite propagation directions and equal 

amplitude can superimpose and give rise to a static pattern of nodes and antinodes, for 

which there is no propagation of energy (Cheeke, 2012). This results in an ultrasonic 

standing wave (USW). Standing waves can easily originate from two independent 

transducers or can be formed by the total reflection of a plane wave originates from 

one transducer, as shown in Fig. 3.3 (Cheeke, 2012).  

 

 
Fig. 3.3. Schematic diagram of a standing wave 

 

A plane acoustic wave travelling in the positive x direction in a fluid can be represented 

by:  

𝑝𝑖(𝑥, 𝑡) = 𝑝0 sin(𝜔𝑡 − 𝑘𝑥)    (3.10) 

 

where 𝑝0 is the pressure amplitude of the wave, 𝜔 is the angular frequency calculated 

by 𝜔 = 2𝜋𝑓, and k is the wave number calculated by 𝑘 = 2𝜋/𝜆. Hence, the in-phase 

reflection is:  

 

𝑝𝑟(𝑥, 𝑡) = 𝑝0 sin(𝜔𝑡 + 𝑘𝑥)    (3.11) 

 

Nodes

Antinodes

Re
fle

ct
or

U
ltr

as
ou

nd
 S

ou
rc

e

x



Chapter 3: Ultrasonics Theory 
 

 

 28 

 Therefore, the superposition of the two waves is: 

 

𝑝(𝑥, 𝑡) =  𝑝𝑖(𝑥, 𝑡) + 𝑝𝑟(𝑥, 𝑡) = 𝑝0 sin(𝜔𝑡 − 𝑘𝑥) + 𝑝0 sin(𝜔𝑡 + 𝑘𝑥) (3.12) 

 

𝑝(𝑥, 𝑡) = 2𝑝0 sin(𝜔𝑡)cos (𝑘𝑥)   (3.13) 

 

This means that the resultant wave has double the amplitude of the incident plane wave 

and has a stationary spatial dependence, cos(kx), which defines the pressure nodes and 

antinodes.  

 

3.3.1 Ultrasonic Radiation Forces  
 

A limitation of biosensors arises from the slow migration of the particles of interest to 

the sensing surface or medium. Ultrasonic radiation force can be implemented to 

manipulate particles to specific points in a biosensor (Martin et al., 2005) or to separate 

constituents in solutions (Petersson, Nilsson, Holm, & Jo, 2004)  where lipids were 

separated from blood. Manipulation of particles is also possible using ultrasonic 

radiation forces, e.g. (Barani, Paktinat, Janmaleki, & Mohammadi, 2016) and cell 

washing is also possible (Hawkes, Barber, Emerson, & Coakley, 2004). This section 

describes the ultrasonic radiation force, how it arises, its effects and how it can be 

exploited in biosensing applications. In particular, the radiation force offers the 

possibility to force proteins to the nanowire surface for adsorption.  

 

Acoustic radiation forces are a nonlinear effect: if a particle is immersed in a fluid 

medium containing an ultrasound field, the variation in acoustic pressure will cause an 

oscillating force on the particle whereby the average force is zero. However, there 

exists a second-order term in the ultrasonic equations. If this is accounted for, a non-

zero time averaged force on the particle is found (Glynne-Jones et al., 2012), which is 

called the radiation force.  

 

There are two types of ultrasonic radiation force which are caused by different fields: 

primary forces, FPRF, and secondary forces, FSRF, with  primary forces much larger 

than secondary forces (Laurell, Petersson, & Nilsson, 2007). Primary forces are 
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experienced by single particles in a medium. The primary ultrasound field that is 

introduced into the medium causes particles to migrate towards pressure nodes or 

antinodes of the field. The primary radiation force itself can be divided into two 

components: the axial component which causes particles or cells to migrate to either 

nodes or antinodes of a standing wave, and the transverse component which is 

responsible for packing the particles closer together and causing them to stay at the 

nodes or antinodes, as illustrated in Fig. 3.4. The secondary forces, FSRF, are 

responsible for particle-particle interactions when multiple different particles are in a 

suspension, and cause particles to attract or repel one another if they are in close 

proximity in an ultrasound field. Secondary forces are discussed in more details in 

Section 3.3.3. 

 

 
Fig. 3.4.  Schematic of the essential components of a "half-wavelength" resonator showing the transducer, 
reflector and single nodal plane towards which particles that are (1) initially randomly distributed in suspension, 
(2) move to pressure nodes due to the axial primary radiation force and then (3) Particles concentrate in that plane 
due to the transverse primary radiation force. (Kuznetsova and Coakley, 2004) 

 

3.3.2 Primary Radiation Forces 
 
FPRF on suspended particles in an ultrasonic field has been extensively studied 

(Doinikov, 1994, 1996, 1997; Gor’kov L.P., 1962; King, 1934; Yosioka & Kawasima, 

1955). Investigation of the radiation force was first undertaken by King (King, 1934); 

in this work the radiation force was referred to as “radiation pressure”. King’s 

investigation concerned FPRF on a small, rigid, incompressible spherical object in an 

ideal fluid, where the ultrasonic wavelength was much greater than the radius of the 
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object. From this study, it was concluded the time averaged force on a sphere of radius, 

𝑎, at position 𝑥, in a plane acoustic standing wave can be written as:  

 

〈𝐹〉 = 2𝜋𝑘𝑎3Φ𝐾sin (2𝑘𝑥)〈𝐸〉    (3.14) 

 

where Φ𝐾 is the acoustic contrast factor and defined as:  

 

Φ𝐾 =  
1+2

3(1−
𝜌𝑓
𝜌𝑠

)

2+
𝜌𝑓
𝜌𝑠

      (3.15) 

 

and the time-averaged total energy-density in the medium, 〈𝐸〉, is defined as:  

 

〈𝐸〉 =  1
2

𝜌𝑓𝑘2𝐴2     (3.16) 

 

substituting Eqn. 3.15 and Eqn 3.16 into Eqn. 3.14, 〈𝐹〉 becomes:  

 

〈𝐹〉 =  𝜋𝐴2(𝑘𝑎)3𝜌𝑓Φ𝐾sin (2𝑘𝑥)     (3.17) 

 

where the fluid and sphere density are denoted by 𝜌𝑓 and 𝜌𝑠 respectively, the amplitude 

of velocity potential is denoted by A, and wavenumber is k.  

 

King’s theory was expanded in 1955 by Yosioka and Kawasima (Yosioka & 

Kawasima, 1955) by adding compressibility into the contrast factor. This enabled Eqn. 

3.17 to be rewritten as:  

 

〈𝐹〉 = 4𝜋𝑘𝑎3Φ𝑌sin (2𝑘𝑥)𝐸𝑎𝑐    (3.18) 

 

 where 𝐸𝑎𝑐  is the acoustic energy density and is given by:  

 

𝐸𝑎𝑐 = 𝑝2

4𝜌𝑓𝑐𝑓2      (3.19) 

 

The new contrast factor, Φ𝑌, is:  
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Φ𝑌 =  Φ𝑘 − 1

3𝜌𝑠
𝜌𝑓

(𝑐𝑠
𝑐𝑓

)
2 = 1

3
(1 − 𝛽𝑠

𝛽𝑓
) +

𝜌𝑠
𝜌𝑓

−1

2𝜌𝑠
𝜌𝑠

+1
    (3.20) 

 

where 𝜌 is the mass density, c is the sound speed, 𝛽𝑓 and  𝛽𝑠 are the compressibility of 

the fluid and the sphere, respectively. The compressibility is dependent on both the 

mass density and sound velocity according to:  

 

𝛽 =  1
𝜌𝑐2      (3.21) 

 

Movement and direction of a sphere can be seen by plotting Φ𝑌 = 0 as a function of 

the compressibility and density ratios. As can be seen from Fig. 3.5 rigid spheres are 

moved in the direction of the force applied. 𝛽𝑠 = 0, corresponds to King’s theory, but 

as 𝛽𝑠 increases, the force acts causes the rigid sphere to move towards the pressure 

antinode over a much wider range of density ratios. For the majority of applications, 

including cells in an aqueous solution, FPRF will act towards the pressure node. 

However, FPRF acting towards the pressure antinode will occur for particles with high 

compressibility and low density when compared with fluid e.g. bubbles (Eller, 1968) 

and certain two-phase fluid mixtures (Abe, Kawaji, & Watanabe, 2002).  

 

 
Fig. 3.5. Plot of  𝛷(𝛽, 𝜌) = 0 as a function of density and compressibility ratios (Hill & Harris, 2007) 
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Following the work by Yosioka and Kawasima, Gor’kov formulated the acoustic 

radiation force based on the energy stored within a one-dimensional plane standing 

wave (Gor’kov L.P., 1962). The force on a particle was shown to be dependent upon 

the spatial gradients of the time-averaged kinetic and potential energies 𝐸𝑘𝑖𝑛(𝑥) and 

𝐸𝑝𝑜𝑡(𝑥), respectively, factored by functions of the fluid and particle densities and 

compressibilities:  

 

𝐹(𝑥) =  𝜕
𝜕𝑥

(4𝜋𝑎3

3
(3(𝜌𝑠−𝜌𝑓)

2𝜌𝑠+𝜌𝑓
𝐸𝑘𝑖𝑛(𝑥) − (1 − 𝛽𝑠

𝛽𝑓
) 𝐸𝑝𝑜𝑡(𝑥)))   (3.22) 

 

where 𝐸𝑘𝑖𝑛(𝑥) and 𝐸𝑝𝑜𝑡(𝑥) of a plane standing wave can be written as (Groschl, 1998): 

 

𝐸𝑘𝑖𝑛(𝑥) = 𝜀𝑠𝑖𝑛2(𝑘𝑥)     (3.23) 
 

𝐸𝑝𝑜𝑡(𝑥) = 𝜀𝑐𝑜𝑠2(𝑘𝑥)     (3.24) 

 

As these quantities are related to acoustic pressure, 𝑝, and the speed of sound, 𝑐, they 

can be simplified and written as (Glynne-Jones et al., 2012): 

 

𝐸𝑘𝑖𝑛(𝑥) = 1
2

𝜌𝑓𝑐2      (3.25) 

 

𝐸𝑝𝑜𝑡(𝑥) = 1
2𝜌𝑓𝑐𝑓2 𝑝2      (3.26) 

 

The expressions derived by King, Yosioka and Kawasima, and Gor’kov are all based 

on inviscid fluids. In contrast, Doinikov (Doinikov, 1996) also took into account fluid 

viscosity and heat conduction. The radiation forces on spheres in standing waves were 

found to not strongly depend on the fluid viscosity, but those in propagating waves in 

viscous fluids are usually larger by orders of magnitude than those in inviscid fluids.  

 

Doinikov showed that the viscosity of the fluid for a compressible sphere can be taken 

into account by adding a term in the expression for acoustic contrast:  
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Φ𝐷 =  Φ𝑌 + 3 (
𝜌𝑠
𝜌𝑓

−1

2𝜌𝑠
𝜌𝑠

+1
)

2
𝛿𝑓

𝑎
     (3.27) 

 

The penetration depth of the fluid is 𝛿𝑓 and is related to its dynamic viscosity of the 

fluid, 𝜂𝑓, and the angular frequency of the ultrasound field, 𝜔, by:  

 

𝛿𝑓 =  √
2𝜂𝑓

𝜌𝑓𝜔
      (3.28) 

 

This shows that the contribution of the viscosity to the acoustic radiation force 

increases as the size of the sphere decreases. Therefore, for radii of particles in the 

range 10 – 100 nm considered in this thesis, the effects of fluid viscosity on FPRF are 

important.  

 

3.3.3 Secondary Radiation Forces  
 

When a suspension contains multiple different particles or cells which are exposed to 

an ultrasound standing wave field, they will experience forces, FSRF, caused by waves 

scattered from different particles. These particle-particle interactions are known as 

secondary radiation forces. 

 

Based on the experimental work from Crum (Crum, 1971), in which radiation forces 

were studied using air bubbles in a 60 Hz stationary sound field, Weiser calculated the 

interaction force between two identical compressible spheres with radii 𝑎 centre-to-

centre distance, d, in a plane standing wave, with the approximation ka << 1 and  

kd << 1. (A. H. Weiser, E. Apfel, & A. Neppiras, 1984; Groschl, 1998) 

 

𝐹𝐵(𝑥) = 4𝜋𝑎6 [(𝜌0−𝜌𝑤)2(3𝑐𝑜𝑠2𝜃−1)
6𝜌𝑤𝑑4 𝑣2(𝑥) − 𝜔2𝜌𝑤(𝛽𝑐−𝛽𝑤)2

9𝑑2 𝑝2(𝑥)]  (3.29) 

 

where 𝛽𝑐 and 𝛽𝑤 are the compressibilities of the particles and the host fluid, and 𝜃 is 

the angle between the centre line of the particles and the direction of propagation of 
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the acoustic wave. 𝑣(𝑥) and 𝑝(𝑥) are the velocity and pressure of the unperturbed 

incident field at the position of the particles.  

 

The orientation of the particles with respect to the incident sound field causes the first 

term in Eqn. 3.29 to be either repulsive or attractive; if the centre line of the particles 

is oriented parallel to the direction of sound propagation (𝜃 = 0), the term on the right-

hand side represents a repulsive contribution. However, if the centre line of the 

particles is oriented perpendicular to the direction of incident sound propagation, the 

force contribution is attractive.  

 

The first term, in Eqn. 3.29, vanishes at the velocity nodes (pressure antinodes) of the 

standing wave, therefore it does not act on particles that have been driven to these 

velocity nodes by FPRF. The second term of Eqn. 3.29 is independent of particle 

orientation and always represents an attractive force. However, it vanishes at pressure 

nodes (velocity antinodes), and therefore does not affect particles such as cells and 

solid particles, after they have been driven to the velocity antinodes by FPRF. 

 

FSRF generally only becomes significant when the distance between particles, d, is very 

small. In a plane standing wave, FSRF will cause particles to agglomerate within the 

nodal or anti-nodal planes of the sound field.  

  

 Ultrasonic Streaming  
 
In biosensors, processes almost always involve the mixing of reactants and often the 

mechanism of mixing is diffusion. Many biosensing technologies have utilised 

ultrasonic streaming for mixing purposes (Laurell et al., 2007), and enhanced capture 

at surfaces (Kuznetsova, Martin, & Coakley, 2005). The ability to induce mixing via 

streaming by ultrasonics in biosensors is critical to the present work as its hypothesis 

is that ultrasonics can enhance protein adsorption to a nanowire sensing area.  

Streaming has also been shown to have uses in removal of non-specifically bound 

particles from surfaces (Sankaranarayanan, Cular, Bhethanabotla, & Joseph, 2008). 

This is of interest here as the presence of non-specifically bound proteins on the 
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sensing surface limits the number of active spots for specific proteins. This section 

therefore introduces ultrasonic streaming, the different types of streaming that can 

occur and how they can be used in biosensing applications.  

 

Acoustic streaming is a phenomenon characterised by static (time-independent) flow 

patterns caused by the presence of an ultrasound field in a fluid. Rayleigh developed 

the first theoretical model to thoroughly describe acoustic streaming flows.  

 

In an ideal fluid, the time-averaged particle displacement is zero everywhere. 

However, viscous attenuation in real fluids causes a net displacement of fluid particles 

in each cycle, with the time averaged displacement becoming non-zero. Therefore, the 

viscous attenuation of an acoustic wave is the cause of acoustic streaming in steady 

fluid flow.  Lighthill used this to derive a Navier-Stokes based equation describing 

acoustic streaming as a non-oscillatory Reynolds stress generated by the presence of a 

spatial gradient in the oscillatory Reynolds stress (Lighthill, 1978).  

 

Streaming flows vary greatly depending on the mechanism behind the attenuation of 

the acoustic wave. These differences can be caused by flow velocity, length scale of 

the flow, and flow geometry. Speed varies from the order of 𝜇𝑚 𝑠−1 in the case of 

slow streaming, to the order of c𝑚 𝑠−1 in the case of fast streaming. Length scales 

vary from micrometres in the case of microstreaming to centimetres in bulk streaming. 

Jets or vortices are geometries taken by different flows (Boluriaan & Morris, 2003). 

 

Due to the variation in acoustic attenuation, different streaming patterns arise: Eckart 

streaming (container scale ≫ 𝜆) (Squires, T.M, Quake, 2005), Rayleigh streaming 

(wavelength scale ≈  𝜆) (Wiklund, Green, & Ohlin, 2012) and Schlicting streaming 

(viscous boundary layer scale ≪ 𝜆) (Landau & Lifshitz, 2006).  

 

3.4.1 Rayleigh and Schlicting Streaming  
 

Typically streaming flow will occur when a fluid cavity has at least one dimension 

perpendicular to the direction of wave propagation with a length comparable to the 

wavelength. 
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The dissipation of acoustic energy into the boundary layer is large in comparison to 

the bulk dissipation due to the steep velocity gradient that is formed perpendicular to 

the solid boundary as the wave propagates parallel to it. The presence of a non-slip 

boundary between the solid surface and the fluid causes this steep gradient, which then 

results in a speed of ultrasound that is zero at the solid surface, but has its maximum 

free-field value at a distance of ~1 µm from the surface. The viscous dissipation in 

configurations where a standing wave is parallel to the surface causes a steady 

momentum flux oriented from pressure antinodes to pressure nodes in proximity to the 

solid boundary. The spatially fixed pressure nodes and antinodes cause a steady 

boundary layer vorticity termed inner boundary layer streaming or “Schlicting 

streaming” (Wiklund et al., 2012). The inner boundary layer streaming is very 

powerful and generates counter rotating streaming vortices in the bulk of the fluid; this 

is called outer boundary layer streaming or “Rayleigh streaming”, (Lei, Glynne-Jones, 

& Hill, 2016). Depicted in Fig 3.6B. shows a schematic diagram of both inner 

boundary (Schlicting) and outer boundary (Rayleigh) streaming.  

 

 
Fig. 3.6. Acoustic Streaming diagrams, where black arrows indicate streaming direction: (a) Eckart container 

scale streaming; (b) Rayleigh counter-rotating vortices in λ /2 standing wave resonator and Schlicting streaming 
in the viscous boundary layer  (Kuznetsova & Coakley, 2007) 

 

There is a vortex-antivortex pair per half wavelength along the direction of acoustic 

propagation, as can be seen in Fig. 3.6b. The boundary layer driven streaming is 



Chapter 3: Ultrasonics Theory 
 

 

 37 

particularly evident when the wavelength is much greater than the length scale of the 

fluid, and the length scale of the fluid is much greater than the viscous penetration 

depth. The viscous penetration depth in an oscillating flow is given by:  

 

𝛿𝑣 =  √2𝑣/𝜔      (3.30) 

 

where 𝑣 is the kinematic viscosity and 𝜔 the angular frequency of the acoustic wave.  

 

3.4.2 Eckart Streaming 
 

The flow of acoustic energy dissipation into the bulk of a fluid is called Eckart 

streaming (Eckart, 1948). During the propagation of an ultrasonic wave through a 

fluid, some of the energy is absorbed by the fluid at a rate that is typically proportional 

to the square of the frequency. Attenuation of the wave occurs, causing the pressure 

amplitude to decrease as the distance from the source increases. A jet of fluid will form 

inside the acoustic beam in the direction of propagation, as a result of the loss of 

acoustic energy. For the case of a fluid jet forming within the confinement of a fluidic 

chamber, counter flows will occur as the fluid cannot escape the cavity, as illustrated 

in Fig 3.7.  

 

 
 

Fig. 3.7. Eckart Streaming diagram (Wiklund et al., 2012) 

 
  
Squires and Quake (Squires, T.M, Quake, 2005) stated that, for significant Eckart 

streaming to occur within a chamber, the chamber dimension that forms the distance 
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over which the acoustic wave propagates must be comparable to or greater than the 

acoustic attenuation length. Thus, Eckart streaming will only take place in fluidic 

devices when high frequency (small 𝜆) ultrasound, greater than 1 MHz, is used along 

a dimension of a millimetre or longer (Wiklund et al., 2012). Eckart streaming can 

take place in both standing and travelling waves, though it will occur at much lower 

velocities in standing waves, as the wave will have partially cancelled itself out due to 

steady Reynolds stresses being generated in opposing directions.  

 

The governing equations of acoustic streaming can be obtained from the fluid dynamic 

equations by keeping terms up to the second order (Rudenko, 1977). The final form is 

given by the equation of continuity and that of motion for an incompressible viscous 

fluid with an external force term that comes from the existence of an ultrasound field 

as follows:  

 

∇. 𝑽 = 0    (3.31) 

 
𝜕𝑽
𝜕𝑡

+ (𝑽. ∇)𝑽 − 𝜂𝑓

𝜌0
∇2𝑽 = − ∇𝑃

𝜌0
+ 𝑭𝒔     (3.32) 

 

where V is the velocity vector of the acoustic streaming corresponding to the mass 

flow and P is the pressure. 𝜌0 is the density of the medium and  𝜂𝑓 is fluid viscosity. 

Fs is the driving force per unit mass, given by: 

 

𝑭𝒔 = −〈(𝒗𝒂. ∇)𝒗𝒂〉 − 〈𝒗𝒂(∇. 𝒗𝒂)〉 − 𝜂𝑓

𝜌02 ∇2〈𝜌𝑎𝒗𝒂〉 − 1
𝜌02 (𝜁 + 𝜂𝑓

3
) ∇∇. 〈𝜌𝑎𝒗𝒂〉 

 (3.33) 

 

Where 𝑣𝑎 is the particle velocity due to sound and 𝜁 is the bulk viscosity of the 

medium. Under normal experimental conditions, the first and second terms are 

dominant and are estimated as follows. In this discussion, a plane progressive wave 

is assumed, where at velocity, c, the driving force for which is:  

 

𝐹𝑠 =  − 1
𝜌0

𝑑〈𝜌0𝑐2〉
𝑑𝑥

= − 1
𝜌0

𝑑〈𝐸〉
𝑑𝑥

      (3.34) 
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The gradient of the time-averaged energy density of the incident wave, 〈𝐸〉, gives the 

driving force of acoustic streaming (Mitome, 1998). In this discussion, a plane 

progressive wave is assumed. Eqn. 3.34 indicates enhancement of the pressure 

gradient in the direction of ultrasound propagation, but no streaming is generated 

because of the mass-conservation law. To generate substantial streaming, it is 

necessary to have non-uniformity in the direction normal to the sound propagation. To 

obtain a more accurate image of generation of acoustic streaming, Kamakura and 

Matsuda (Kamakura, Matsuda, Kumamoto, & Breazeale, 1995) undertook precise 

analysis of the driving force of acoustic streaming:  

 

𝐹𝑠 = − 1
𝜌02𝑐05 (𝜁 + 4𝜂𝑓

3
) 〈𝑝 𝜕2𝑝

𝜕𝑡2 〉     (3.35) 

 

Equation 3.35 shows that linear absorption due to the viscosity of the medium is 

essential in the generation of acoustic streaming. Generally, viscosity suppresses fluid 

motion, but it simultaneously acts as a source of the driving force in the generation of 

acoustic streaming. The equation also shows that the streaming is produced not only 

by continuous waves but also by pulses of waves in multiple cycles, because the 

driving force is given by the time averaged value (Starritt, Duck, & Humphrey, 1989). 

 

 Ultrasonic Cavitation 
 

Acoustic cavitation describes the phenomenon associated with intense sound waves in 

liquids generating bubbles, as shown in Fig. 3.8. The dynamics of cavitation bubbles 

can cause broadband acoustic emissions such as noise and shock waves, high-speed 

jet formation and generation of high temperatures inside the bubbles. The enormous 

energy density in the collapsing bubbles can be utilised in many applications, such as 

cleaning surfaces and the initiation and enhancement of chemical reactions 

(Lauterborn & Mettin, 2014).  

 

In the LSPR biosensing regime, it is necessary to avoid the production of bubbles, as 

these inhibit the ability of biological media to migrate to the sensing surface. However, 

cavitation poses an interesting possibility of removing biological material from 
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nanostructure surfaces, once sensing is complete (Shchukin, Skorb, Belova, & 

Möhwald, 2011). 

 

Bubbles can be produced efficiently by driving an ultrasonic transducer at a f < 1MHz. 

As the pressure threshold of cavitation depends on the driving frequency, generally 

driving a transducer with f >1 MHz will reduce the likelihood of cavitation occurring. 

Ultrasound cavitation can be categorised as stable (non-inertial) or transient (inertial). 

Stable cavitation has less energy and produces highly localised acoustic streaming. 

This, however, may still generate shear stresses and cause membrane rupture to cells.  

Transient cavitation is associated with violent bubble collapse (shock waves) which 

can cause localised high pressure and temperature and high velocity jets (Lauterborn 

& Mettin, 2014).  

 

For particle manipulation in the biosensor set up in this work, it is necessary to mitigate 

the risk of ultrasonic cavitation. However, cavitation has the potential to be useful in 

cleaning surfactants off the sensing surface after testing and indeed removing proteins 

that have bound non-specifically to the nanowires on the sensing surface.  

 

The mechanical index, MI, of an ultrasound wave is used to estimate the likelihood of 

cavitation in a system. MI is defined as the ratio of the peak negative pressure,  

 

𝑀𝐼 = 𝑃𝑁𝑃
√𝑓

      (3.36) 

 

PNP is peak negative pressure (MPa) and the units of f are MHz. 

 

If 𝑀𝐼 ≤ 0.7 the possibility of cavitation is low (Apfel & Holland, 1991). However, 

systems such as the biosensor set-up in this work present potential cavitation 

nucleation sites, such as nanowire tips and proteins, increasing the likelihood of 

cavitation.  
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Fig. 3.8. Cavitation events under a 120 mm sonotrode forming a conical shape. Sound frequency, 20.7 kHz  

(Lauterborn & Kurz, 2010) 

 

 Ultrasonic Transducers  
In this work, an ultrasonic transducer is designed and manufactured in order to verify 

the research hypothesis that ultrasonic stimulus can affect protein binding kinetics in 

proximity to a gold nanowire array. Ultrasonic transducers are introduced in this 

section along with piezoelectricity.  

 

3.6.1 Piezoelectricity 
 
Ultrasonic waves can be excited in many different ways including electrostriction, 

magnetostriction, laser generation and piezoelectricity. Of these methods, the 

piezoelectric effect is the most common (Cheeke, 2012). The word “piezoelectricity” 

originates in the Greek for “electricity by pressure”; the effect was discovered by the 

Curie brothers (Curie & Curie, 1880) who observed that positive and negative charges 

appear on several parts of a crystal surfaces when applying stresses to the crystal in 

different directions.  
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When a stress is applied to a piezoelectric crystal, a strain is produced and a voltage 

difference is generated between opposing faces; this is the direct piezoelectric effect. 

When a potential difference is applied across a crystal, a strain in the material results; 

this is the converse piezoelectric effect, as depicted in Fig 3.9.  

 

 

 
 

Fig. 3.9.  (a) a voltage is applied in the same direction as the polarity of the poling voltage of the material, so the 
material lengthens; and (b) a voltage is applied in the opposite direction as the polarity of the poling voltage of the 
material, so the material is shortened.  

 
The Curie brothers demonstrated that the surface density of the generated charge is 

proportional to the pressure exerted:  

 

𝑷𝒑 = 𝑑𝑻      (3.37) 

 

where Pp  is the piezoelectric polarization vector, whose magnitude is linked to the 

surface density by the piezoelectric effect in the considered surface, d is the 

piezoelectric strain coefficient and T is the stress to which the material is subjected 

(Arnau, 2004). 

 

The converse piezoelectric effect was also verified by the Curie brothers. They 

demonstrated that the ratio between the strain produced and the magnitude of the 

applied electric field in the converse effect, is equal to the ratio between the 

polarization produced and the magnitude of the applied stress in the direct effect. 

Therefore, the converse piezoelectric effect can be formulated:  

(d) (e)

Vs +ve Vs -ve

(a) (b) 



Chapter 3: Ultrasonics Theory 
 

 

 43 

 

𝑺𝒑 = 𝑑𝑬      (3.38) 

 

where Sp is the strain produced by the piezoelectric effect, and E is the magnitude of 

the applied electric field. The direct and converse piezoelectric effects can also be 

formulated with reference to the elastic properties of the material:  

 

𝑷𝒑 = 𝑑𝑻 = 𝑑𝐶𝑺𝒑 = 𝑒𝑺𝒑     (3.39) 

  

𝑻𝒑 = 𝐶𝑺𝒑 = 𝐶𝑑𝑬 = 𝑒𝑬     (3.40) 

 

where C is the elastic constant, defining the stress generated by the application of a 

strain, 𝑆𝑝 is the compliance coefficient defining the deformation produced by the 

application of a stress, and e is the piezoelectric stress constant.  

 

The electric displacement, D, produced when an electric field, E, is applied to a 

piezoelectric and dielectric material is:  

 

𝑫 =  𝜀𝑬 + 𝑷𝒑 =  𝜀𝑬 + 𝑒𝑺𝒑     (3.41) 

 

where D and E are the electric displacement and electric field, respectively. The 

internal stress experienced by the material is:  

 

𝑻 = 𝑐𝑺𝒑 − 𝑒𝑬      (3.42) 

 

Eqns. 3.41 and 3.42 are known as the piezoelectric constitutive relations.  

 

3.6.2 Ultrasonic Devices  
 

Behaviour of piezoelectric materials in Section 3.6.1, can be utilised in ultrasonic 

transducers. A typical piezoelectric ultrasonic transducer structure is shown in Fig 

3.10. Electrodes made of a metallic conductor are placed on the surface of a thin 

piezoelectric material and connected to the external instrumentation with wires. 
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Matching layers have anti-reflective acoustic properties and can be placed on the front 

face of the piezoelectric material in order to match the acoustic impedance from the 

piezoelectric material to the load medium (i.e. water, to improve energy transmission). 

However, matching layers were not required for devices manufactured in this work.  

 

For power ultrasound applications such as focused ultrasound surgery, industrial 

processing, sonar and biosensing applications, the transducer can be excited with 

continuous sinusoidal waveforms. 

 

Waves in piezoelectric materials are partially internally reflected, creating an 

oscillating condition and resonance, the frequency of which is inversely proportional 

to the thickness of the material. Backing layers can be placed on the back-side of the 

piezoelectric layer to reduce ringing (continued vibration) or to support the element as 

is the case in this work. The assembly is then contained in casing that provides 

structural support.  

 

 
Fig. 3.10. Diagram of piezoelectric ultrasonic transducer 

 

The antiresonant frequency of the transducer is dependent upon the thickness of the 

piezoelectric layer: 

 

𝜆 = 2𝐷      (3.43) 

 

𝑓𝑎 =  𝑐
𝜆
      (3.44) 
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where fa is the frequency of mechanical resonance, 𝜆 is the acoustic wavelength in the 

piezoelectric material, D is its thickness and c is the speed of sound in the piezoelectric. 

Odd harmonics are supported in the material (3fa, 5fa etc). 

 

 
Fig. 3.11. Resonant and anti-resonant frequencies of a piezoelectric material shown in an impedance spectrum, 

image courtesy of S. Cochran, University of Glasgow 

 
Under lossless conditions, fa equates to the frequency of maximum electrical 

impedance, fn, and the parallel resonant frequency, fp. The resonant frequency, fr, 

equates to the frequency of minimum impedance, fm, and the series resonant frequency, 

fs, as shown in Fig. 3.11. If loss is taken into account, fa < fp < fn and fr > fs > fm (“IEEE 

Standard on Piezoelectricity” 1988).  

 

The difference between the parallel resonant frequency, fp, and the series resonant 

frequency, fs , depends on the material’s electromechanical coupling coefficient and the 

resonator geometry. To measure this difference, an effective coupling factor has been 

used (“IEEE Standard on Piezoelectricity, 1988): 

 

𝑘𝑒𝑓𝑓 =  √𝑓𝑝
2−𝑓𝑠

2

𝑓𝑝
2       (3.45) 

 

The effective coupling factor, alongside the mechanical quality factor Q, allows the 

transducer figure of merit, M, to be defined:  
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𝑀 =  𝑘𝑒𝑓𝑓
2𝑄

1−𝑘𝑒𝑓𝑓
2      (3.46) 

 

In general, ultrasonic transducers with a figure of merit, M > 50, are considered to 

have low loss and be suitable for power ultrasonics applications such as particle 

manipulation and the relationships fa = fp = fn and fr = fs = fm apply.  

 

For a real piezoelectric transducer with a finite, circular aperture, for example, 

transmits an ultrasound beam of finite width, diffraction effects must be considered. 

In the axial direction, along the ultrasound beam, the intensity is affected by wave 

interference, generating fluctuations near the source, in near field (Fresnel region) as 

shown in Fig.3.12. Beyond the near field is the far field, also called the Fraunhofer 

region, in which the ultrasound beam is more uniform and the intensity declines 

gradually. The distance from the ultrasound source to the boundary between the near 

field and the far field, N, is related to the width of the ultrasound source, D, and the 

wavelength of sound in the medium,  𝜆:  

 

𝑁 =  𝐷2

4𝜆
      (3.47) 

 

The beam just beyond the Fresnel region, at distance N, has the maximum intensity 

and spreads spherically.  
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Fig. 3.12. Schematic of an acoustic beam intensity with respect to distance from the ultrasound transducer 

 

 Effects Induced by Ultrasound  
  

3.7.1 Thermal Effects 
 

Consideration of temperature variation is important when working with cells and other 

biological material since increases in temperature can cause thermal bioeffects. 

Furthermore, a temperature change may also affect the performance of the ultrasound 

transducer, by changing the resonance frequency of the device.  

 

Increased temperature from the operation of an ultrasound transducer will arise due to 

dissipation in the transducer and acoustic energy absorption within adjacent layers and 

surrounding fluid media. The magnitude of these temperature increases depends on 

the input power, the dimensions and nature of the piezoelectric material and the 

material characteristics of the transducer components. Therefore, the thermal 

behaviour of ultrasound transducers described in the literature tends to be highly 

diverse (Hill & Harris, 2007). 

 

The bioeffects of heat are are also highly diverse and dependent upon different factors 

such as cell type, heating rate and the duration of elevated temperature. Significantly, 
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protein conformation is optimised within a very limited temperature interval. Hence, 

a small change in temperature may lead to conformational changes, such as protein 

denaturing, entanglement and/or unspecific aggregation (Wiklund, 2012). Effective 

methods of temperature control are important to consider in device design and 

operation, especially for devices used in biological applications.  

 

 Summary  
 
In this chapter the fundamentals of ultrasound and its effects have been introduced, 

including the theory of wave propagation, formation of ultrasound standing waves, the 

bases of ultrasonic radiation forces, ultrasound streaming and ultrasound cavitation. 

Ultrasound has the capability to manipulate cells with the radiation force within a 

controlled environment, and can also increase mass transfer within an extended fluid 

environment with streaming effects, in particular, Eckart streaming. Besides the 

radiation force and acoustic streaming, secondary radiation forces, gravity and 

buoyancy forces are also important to consider with regards to protein manipulation 

in biosensors. Secondary and lateral radiation forces mainly contribute to 

agglomeration of particles, once they have moved to nodal or anti-nodal planes under 

the effects of primary radiation force 

 

Other effects introduced by ultrasound may have a negative effect and so need to be 

carefully considered, especially thermal effects. When dealing with proteins, thermal 

effects will affect cell viability if temperature is raised too much.  
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 Introduction 

 

In Chapters 2 and 3, nanomaterials and ultrasonics have been discussed and proposed 

for efficient biosensing devices. This chapter describes the methods that have been 

implemented to fabricate and characterise both nanowires and ultrasonic transducers 

in this work.  

 

Section 4.2 details the methods that have been used for the synthesis of nanowires, 

including magnetron sputtering, anodisation and electrodeposition along with 

nanowire characterisation techniques including scanning electron microscopy (SEM) 

and in situ optical monitoring.  

 

In section 4.3, conventional techniques to design and manufacture ultrasonic 

transducers will be introduced, including computational aided design with the finite 

element modelling (FEM) software packages, COMSOLTM and PZFlexTM. 

Experimental techniques reviewed in this section include polishing, dicing, 

electroding, interconnections and fabrication methods for bulk ceramic ultrasound 

transducers and piezocomposites. Once ultrasonic transducers are manufactured, 

characterisation is imperative before implementing them into any other design. 

Characterisation enables understanding of how a transducer is working and includes 

electrical impedance spectroscopy and acoustic pressure measurements, laser doppler 

vibrometry and thermal imaging. Details of each of these methods of characterisation  

are described in Section 4.4. 

 

 Nanowire Synthesis & Characterisation  

 

This section details the different nanostructure fabrication techniques used during the 

course of this work. The different methods used to optically and physically 

characterise nanostructures are also discussed.  
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4.2.1  Fabrication  

Nanostructures that can support localised surface plasmon resonance can be 

synthesised in a variety of ways, including ion beam lithography (Erdmanis et al., 

2014), chemical synthesis (Sau & Rogach, 2010), and nanoimprint lithography 

(Barbillon, 2012). In this work, nanowires are generated by electrodeposition of gold 

into porous alumina templates. This method produces highly tuneable and 

reproducible structures with good uniformity over large samples (4-inch slides). The 

description of this technique will be divided into two sections, first the production of 

the porous alumina template and nanowire array will be explored, and characterisation 

techniques of the nanowire arrays will be discussed in greater detail in Section 5.2.1.  

 

4.2.2 Magnetron Sputtering  

Magnetron sputtering enables the production of high-quality thin film multilayers. Due 

to the control the user can have over growth and structure of the film, it has evolved 

to become the process of choice for many industrial applications (Kelly & Arnell, 

2000). In this process, a metal target is bombarded with high energy ions, produced 

when energetic electrons in an electric field collide with argon atoms as shown in Fig. 

4.1. This causes metal atoms to be knocked from the target (sputtered) and these then 

condense onto a substrate to form thin films (Thornton & Thornton, 1986).  

 

 
Fig. 4.1. Schematic of the magnetron sputtering chamber, image taken from https://www.visual-

science.com/projects/magnetron-sputtering/ 
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A Lesker Magnetron Sputtering System (“http://www.lesker.com,”) with seven 

magnetrons was used for deposition. All valves, pumps, gas flows, magnetrons and 

shutters were computer controlled. A vacuum pressure of ~10−8mbar in the chamber 

was necessary before the sputtering gas was bled in. Final deposition pressures were 

~10−3 mbar and maintained for all depositions. To improve adhesion between the gold 

layer and the glass substrate, a thin layer ~10 nm of tantalum pentoxide, 𝑇𝑎2𝑂5 was 

first deposited by radiofrequency (RF) magnetron sputtering. An RF current was used 

in this case to reduce the build-up of heavy, positively charged ions at the cathode. The 

sputtering gas used was 4:1 argon to oxygen and the rate was 0.2 �̇�/𝑠𝑒𝑐 at 100 W. A 

5 nm layer of gold was then deposited to provide a base for the electro-chemical 

deposition (Fig 4.2). The sputtering gas was argon that was sputtered at a rate of 0.22 

�̇�/𝑠𝑒𝑐 at 25 W using DC magnetron sputtering. Finally, a 350-500 nm thick 

aluminium template layer was deposited, again using RF magnetron sputtering. The 

sputtering gas was mostly argon, with small quantities of oxygen included to improve 

grain structure (Hendren & Murphy, 2006). The deposition rate was 1.75 �̇�/𝑠𝑒𝑐 at 100 

W. Deposited templates were then ready for anodisation.  

 

 
Fig. 4.2.  (a) Ta2O5, Gold and Alumina sputtered onto glass substrate using method outlined in Section 4.2.2. (b) 

Pores formed in alumina layer during anodisation (4.2.3), into which gold can be deposited to form nanowires 
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4.2.3 Anodisation  

Anodisation is an electrolytic process used to increase the thickness of the natural 

oxide layer on metals. It can be used to increase corrosion and resistance and provide 

better adhesion for paints and glues. In order to anodise a metal, an electric circuit is 

set up with the metal used as the anode in an electrolytic solution, as shown in Fig 4.3.  

When a voltage is applied, oxygen forms at the anode and hydrogen forms at the 

cathode, causing a metal oxide to form. The pH of the electrolytic solution dictates the 

resulting layer on the metal anode; a neutral solution causes the oxide layer to form a 

thin oxide barrier layer. If the electrolytic solution is acidic, this results in a thicker 

porous oxide layer (Furneaux, Rigby, & Davidson, 1989). 

 
Fig. 4.3.  Anodisation apparatus 

 

Anodisation of aluminium is usually carried out in an acid, which slowly dissolves the 

oxide layer, wherein oxide layer growth is balanced by the acidic dissolving action 

leading to the formulation of pores. Figure 4.4 shows the growth mechanism for the 

pore. Initially, a thin barrier layer forms on the surface, the electric field concentrates 

in certain areas due to surface variations such as grains or concave geometry of pores. 

This increase in electric field promotes the dissolution of the oxide layer, deepening 

the pores. Due to competition between adjacent pores, they form at regular intervals, 

V

Electrolyte

Pt
 C

ou
nt

er
 E

le
ct

ro
de

Su
bs

tr
at

e



Chapter 4: Methods 

 

 

 53 

creating an ordered quasi-hexagonal array of pores. Pore diameters vary from ~5-150 

nm depending on voltages and concentrations of acids used.  

 
Fig. 4.4.  Growth mechanism of pores during the anodisation of alumina. The arrows show the direction of the 

applied electric field, (Murphy, 2010) 

 

To produce samples in this work, anodisation was carried out in 0.3 M sulphuric acid 

at 35-40 V. This voltage produced alumina templates with pore diameters and spacings 

of ~25-30 nm and ~80-100 nm respectively. The current was monitored during the 

anodisation and this behaviour was used to determine when the pore formation had 

completed. Fig 4.5 shows a graph of the change in current with time during 

anodisation, where:  

 

1. A rapid decrease in current due to the formation of the barrier oxide layer.  

 

2. An increase in current due to the dissolution of the oxide layer and formation 

of pores.  

 

3. A flat region where the rate of pore formation is roughly in equilibrium with 

the dissolution of the oxide layer 

 

4. A decrease in current when all the aluminium is oxidised, leaving a barrier 

layer at the bottom of the pore 

 

5. A rapid increase in current, that corresponds to the thinning of the barrier layer 

and gas formation. The rapid increase in current can easily damage the sample 

so at this point anodisation was terminated.  
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The anodisation controls the inter-pore spacing of the nanostructures and establishes 

the initial diameter, however, this can be increased by later steps in the process.  
 

 
Fig. 4.5. Graph showing variation of the current over time during the anodisation process (Murphy, 2010) 

 

4.2.4 Chemical Etching  

 

Chemical etching is a common manufacturing technique when creating 

nanostructures. It is usually combined with a mask of resist so that defines the 

structures. Chemical etching is generally isotropic and as a result, high aspect ratios 

are not always possible. However, it provides a simple and effective methods for the 

production of nanostructures in the lab. Aluminium oxide can be etched by sodium 

hydroxide solution according to the chemical equations:  

 

2𝐴𝑙 + 2𝑁𝑎𝑂𝐻 + 2𝐻2𝑂 = 2𝑁𝑎𝐴𝑙𝑂2 + 3𝐻3  (3.1) 

 

𝐴𝑙2𝑂3 + 2𝑁𝑎𝑂𝐻 = 2𝑁𝑎𝐴𝑙𝑂2 + 𝐻20  (3.2) 

 

This enables the removal of the barrier layer and allows for increase in pore diameter. 

Sodium hydroxide is also used to remove all the alumina once the gold nanostructures 
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have been formed. Pore etch times of between 30 and 80 seconds with 20 mM NaOH 

are used, depending on the desired diameter of the gold nanostructures.  

 

4.2.5 Electrodeposition  

 

Electrodeposition uses an electrical current to reduce the cations in a solution at the 

cathode, which ensures bottom-up growth of the nanostructures (Fig. 4.6). Physical 

vapour deposition (PVD) methods have been used by others to grow nanostructures in 

alumina templates (Bridges, Schon, DiCarmine, & Seferos, 2013; Liao, Wu, Yen, Leu, 

& Fung, 2006), however, pores easily become blocked and growth is more random. 

The use of electrodeposition in the formulation of various metallic nanostructures has 

been reported. These include single metal structures (Hendren & Murphy, 2006), 

alloys and nanostructures capped with a second metal (Evans, Hendren, Atkinson, & 

Pollard, 2008), nanostructures completely coated in a second metal (Evans, Hendren, 

Atkinson, & Pollard, 2007) and complex structures formed by the electrodeposition 

and subsequent removal of an electrically conducting polymer such as polypyrrole 

(Murphy & Connor, 2008; Murphy et al., 2011).  

 

 
Fig. 4.6.  Electrodeposition of gold into pores in alumina. The gold cations in solution are attracted to the gold 

underlayer (cathode) and the number of cations in solution is reduced.  
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In situ optical monitoring enables observation of the growth of nanowires in real time. 

The optical extinction of plasmonic nanostructures is highly dependent on their 

geometry. Therefore, by monitoring the transmission through the gold nanostructure 

as it grows, it is possible to determine the geometry and vary the nanowire length 

appropriately. Deposition progress is also given by the current through the sample. A 

schematic of this apparatus is detailed in Fig 4.7.  

 

An electrodeposition cell containing the sample immersed in electrolyte solution has 

collimated light from a tungsten light source incident upon it. Transmission through 

the cell is picked up by an optical fibre which is connected to an Andor Shamrock 303i 

spectrograph with Newton 920 camera. The extinction plot of the nanostructure is 

shown in real time and the electrodeposition is stopped by the user when required. 

Using this apparatus, gold was electrodeposited at a constant voltage of 45 V for a 

time period determined by the optical signal. Fig 4.7 shows the optical extinction 

apparatus during the electrodeposition process. Two distinct peaks emerge as the 

length of the nanowire increases, the transverse peak at ~520 nm and the longitudinal 

peak at ~650-700 nm which is highly dependent upon aspect ratio of the nanowire 

(Lee & El-sayed, 2005). 

 
Fig. 4.7.  Apparatus for optically monitoring the growth of nanostructures (Murphy, 2010) 
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4.2.6 Removal of Alumina Template 

 

To expose the gold nanostructures, the alumina template must be completely 

removed. Removal of the alumina was carried out by immersing samples in sodium 

hydroxide solution for one hour. The change in refractive index around the 

nanostructures from alumina (R~1.6) to air blue-shifts the longitudinal peak by 

~100 nm. The change from alumina to water causes a blue shift of ~40 nm.  

 

4.2.7 Scanning Electron Microscopy 

 

The scanning electron microscope (SEM) is a tool for imaging the surface samples 

by scanning with a high energy electron beam, whereby the reflection of electrons 

gives topology information for the sample. SEMs can produce high resolution 

images, with minimum feature size of 1-5 nm. The imaging process involves the 

detection of both backscattered and secondary electrons that originate from under 

the beam within a few nanometres of the surface. Therefore, resolution is limited 

by the focus area of the beam. The angle of incidence of the focussed beam 

determines the number of secondary electrons that are emitted and thus a 2-

dimensional raster image may be reconstructed. The SEM is an indispensable tool 

in industry and research, exploited to characterise surfaces and determine the size 

of structures and particles on micrometre to nanometre scales. A Jeol 6500 Field 

Emission Gun Scanning Electron Microscope (FEG SEM) was used extensively 

to characterise the dimensions of the fabricated nanostructures. The samples were 

mounted onto SEM stubs using double sided copper tape and silver DAG paint. 
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 Ultrasonic Device Design & Manufacture 

 

4.3.1 Comsol and PZFlex Design 

 

Insight into the physical properties of real-life systems can be obtained by 

mathematical modelling. Computers can be exploited to carry out these problems in 

an efficient manner. In the work presented here, the finite element modelling (FEM) 

software, ComsolTM Multiphysics 5.4a (Acoustics Module, Structural Mechanics 

module and Particle tracing module), was used to model the properties of the acoustic-

structure interaction between incident sonication and nanowires, and the acoustic-

particle interaction between the sonication and proteins in solution.  

 

FEM is a numerical method for finding approximate solutions of partial differential 

equations (PDE). PDEs form the basis for the laws of physics and therefore provide 

the foundation for modelling many physical problems. FEM works by breaking up a 

problem into small regions of finite dimension (or elements). The entire structure is 

considered an assembly of these elements connected at a finite number of joining 

points called nodes. Solutions to PDEs are found for each element taking into account 

only the neighbouring elements to the one being solved such continuity of the pressure 

and velocity of the acoustic wave is ensured at each node. The Acoustics module of 

Comsol Multiphysics has been adapted to characterise the effects of acoustics on 

different media by solving wave equations in each element. 

 

In this work, FEM is used to virtually prototype the proposed ultrasonic transducers. 

The finite element modelling package, PZFlexTM (Weidlinger Associates Ltd, 

Glasgow, UK) is used to evaluate the transducers with 2-D and 3-D models. In 

PZFlexTM, piezoelectric materials are defined by the complete piezoelectric matrix, 

including dielectric and mechanical properties. Passive materials are defined by their 

dielectric and mechanical properties. Hence, the FE model gives the best results if 

sufficiently accurate material properties are used.  
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Device design using finite element modelling and virtual prototyping, using PZFlexTM, 

will be discussed in Chapter 5. The ComsolTM Multiphysics 5.3 was used to probe the 

acoustic-structure interaction in Chapter 7, and to consider how incident sonication 

affects the structure of the nanowire array. Finally, the acoustic-particle interaction 

will be reviewed in Chapter 7 to examine the hypothesis that acoustics can be used to 

aid protein adsorption to a surface.  

 

4.3.2 Lapping and Polishing 

 

For use in an ultrasonic transducer, a piezoelectric material must be flat, non-reflective, 

have a matt surface and have a specific thickness. This is usually achieved by a lapping 

(grinding) process. Polishing is used to remove surface damage caused during the 

lapping process. It usually produces a smooth, mirror surface, improving the final 

surface finish of the sample.  

 

In this thesis, all lapping and polishing processes were performed with a PM5 Lapping 

and Polishing System (Logitech Ltd., Glasgow, UK). Material removal rate and 

specific surface roughness of the sample can be achieved by the PM5 system with 

different lapping plates, loading forces, rotational speed, slurry concentration, particle 

size in the slurry and slurry feed rate.  

4.3.3 Dicing  

 

Dicing is used to achieve shapes and patterns, for example lead zirconate titanate 

(PZT) pillars. It is an essential technique in the fabrication and modification of 

ultrasonic components, especially piezocomposites. For this thesis, dicing was 

performed using a precision dicing saw (MicroAce 66, Loadpoint Ltd., UK). The 

cutting resolution is 100 μm in the dicing direction (X-axis), 100 nm in both depth 

(Z-axis) and pitch (Y-axis) directions, and 0.0004° on the rotational 𝜃 axis. Samples 

are fixed by strong adhesive tape on O-rings and vacuum mounted through a porous 
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chuck. During the dicing, fluid is fed through various channels to cool the sample and 

blade and to remove dicing residue at the same time.  

 

The dicing quality strongly depends on several factors:  

 

• The physical properties of the sample, for example, hardness, 

 

• Dicing blade details, such as the blade composition, protrusion, thickness, 

diamond grit size and concentration, 

 

• Dicing parameters, including spindle speed (SS), blade feed rate (BFR), 

coolant feed rate (CFR), the depth and pitch of the cuts.  

 

Usually, the physical properties of the sample dictate the blade type and dicing 

parameters. Specifically, resin bonded blades have high wear rate and are preferred for 

hard and brittle materials, for instance, alumina, glass and lithium niobate. Nickel 

bonded blades have low wear rate and are used for soft abrasive materials such as lead 

zirconate titanate (PZT), silicon and copper. High consistency in kerf width is achieved 

with metal blades as they have a low tendency to produce chips. The higher grit size 

of metal blades gives a better finish, smoother surface and less chipping.  

 

4.3.4 Electroding and Interconnections  

 

Commercial piezoelectric materials usually come with thin film electrodes, for 

example gold or silver. However, these electrodes can be partly or entirely removed 

during the machining of the piezoelectric materials, therefore it is necessary to reapply 

electrodes. Conductive Ag ink (118-09A/B, Creative Materials, Inc., USA) is applied 

using a fine paintbrush, and has excellent adhesion, solvent-resistance and scratch 

resistance. Therefore, it is widely used as the permanent electrode on piezoelectric 

materials in the transducer fabrication research lab. The curing time varies with curing 
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temperature: 16 hours at 65℃, 4 hours at 80℃, 1 hour at 100℃,  and 20 minutes at 

125℃.  

 

After electroding the piezoelectric materials, electrodes are then connected with wires 

or other electrical interconnections. Conventional manual soldering cannot be used 

here due to its high temperature, usually above 280℃, which will cause the electrodes 

on the piezoelectric material to peel off. Furthermore, the high temperature may 

exceed the Curie temperature, 𝑇𝑐, of the piezoelectric material, and de-pole it. 

Conductive Ag-loaded epoxy (G3349, Agar Scientific, UK) was used instead, due to 

its strong adhesion, good conductivity, reasonable mechanical strength and ease of 

use. The curing time and overall conductivity primarily depend on the curing 

temperature. Maximum conductivity and adhesion can be achieved by curing in an 

oven at 79 − 120℃ for 5-10 minutes. Up to several hours may be required for curing 

and to achieve good conductivity at temperatures lower than 79℃. For single element 

transducers, conventional copper wires or a coaxial cable can be used for the electrical 

connection.   

 

4.3.5 Piezocomposite Fabrication Methods 

 

There are a number of techniques feasible for the fabrication of piezocomposites, the 

most common of which is the dice-and-fill method. The dice-and-fill method utilised 

a dicing saw to cut kerfs into a bulk piezoelectric material, with the kerfs subsequently 

backfilled with epoxy (Newnham, Bowen, Klicker, & Cross, 1980). A limitation of 

this method is that kerf size is limited by the thickness of the dicing blade, sometimes 

leading to low piezoelectric volume fraction (VF) and pillar aspect ratio (AR). 

Alternatives to dice-and-fill method is laser machining, which is based on the same 

concept (Farlow, Galbraith, Knowles, & Hayward, 2015), chemical etching (Ito, 

Kushida, Sugawara, Takeuchi, & Member, 1995), and reactive ion etching (Lui, Djuth, 

Zhou, & Kirk Shung, 2014). However, these methods are costly and can produce other 

problems, such as cross-sectional tapering.  
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 Ultrasound Device Characterisation 

 

4.4.1 Electrical Impedance Spectroscopy 

Electrical impedance spectroscopy is an important technique in characterising 

ultrasound transducers and devices. The applications include characterisation of the 

piezoelectric materials, rapid testing during the machining of the piezoelectric 

materials, characterisation of ultrasonic transducers in a device and characterisation of 

ultrasonic devices. The equipment used in this work was an Agilent 4395A impedance/ 

network/ spectrum analyser (Agilent Technologies, Edinburgh, UK), shown in Fig 4.8.  

 
Fig. 4.8.  Electrical impedance analyser with test figure (Qui et al., 2011) 

 

An impedance analyser is connected to a PC with a general-purpose instrumentation 

bus (GPIB) interface. Measurement results can thus be directly read and saved in the 

PC. A fixture was used for characterising piezoelectric materials where one electrode 

of the sample was connected to a large grounded electrode on a flat PCB and the other 

electrode was connected by a spring pin. For piezoelectric materials that have been 

integrated into a device, and already have wires attached, an SMA coaxial cable with 

hook clips is used to connect the device to the electrical impedance analyser. In order 

to obtain accurate measurement results, calibration of the impedance analyser and 

fixture/cable compensation were performed prior to each set of measurements. A 
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maximum of 801 data points were taken over the selected frequency range, which is 

usually set from close to 0 Hz to 2-6 times the operating frequency of the interest of 

the sample, depending on the application.  

 

4.4.2 Laser Doppler Vibrometry  

 

Vibration can be measured without contact using a laser doppler vibrometer (LDV). 

In the LDV, a laser beam is split into a reference beam and a test beam with a beam 

splitter. The test beam is directed onto a vibrating sample that is then reflected. The 

amplitude and frequency of the vibration can then be extracted from the doppler shift 

between the reference laser beam and reflected laser beam in a photodetector. The 

output voltage of the LDV is proportional to the velocity component along the 

direction of the reflected laser beam. In this way, the vibration time history, frequency 

response and vibration mode shapes of the sample can be measured.  

 

All experiments were performed on an optical bench with standard set up, detailed in 

Fig 4.9. The laser beam was emitted perpendicular to the sample surface to obtain the 

maximum reflected signal. The sample was connected to a signal generator. At the 

beginning of the measurement, a frequency sweep was carried out across the range of 

frequencies of potential interest to obtain the frequency response of the sample. The 

sample was driven at each resonant frequency with a sinusoidal, continuous wave 

signal to obtain the surface velocity or displacement mode shape.   

  

 
Fig. 4.9.  Laser Doppler Vibrometry apparatus 
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4.4.3 Acoustic Pressure Measurement 

 

The spatial intensity distribution of acoustic radiation from an ultrasonic 

transducer can be measured using a hydrophone. The acoustic pressure generated 

by ultrasonic transducers was measured using a 0.2mm diameter fibre optic needle 

hydrophone (Precision Acoustics LTD., Dorchester UK). The experimental set up 

is shown in Fig. 4.10. A scanning stage platform is used to move either the 

transducer or the hydrophone sensor depending on the transducers under test. The 

fibreoptic hydrophone was used because it was calibrated up to 30 MHz. A 1-D 

scanning program was developed to control the motorised stage (MTS50/M-78, 

Thorlabs Ltd., Ely, UK) and record the voltage data from an oscilloscope 

(DSO1014A, Agilent Technologies Edinburgh, UK) using LabView (National 

Instruments, Berks, UK). The recorded voltages are then converted to the pressure 

according to the manufacturer’s calibration of the hydrophone sensitivity at the 

driving frequency.  

 

 
Fig. 4.10.  Schematic of acoustic pressure measurement set up 
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4.4.4 Temperature Analysis 

 

When an ultrasound transducer is excited, the device temperature will rise due to 

electromechanical losses in the piezoelectric layer. Also, for a device used in fluid 

media, the absorption of energy within the fluid and other adjacent layers contributes 

to a temperature increase. This localised heat will be conducted into the whole 

structure, including sensing surface or proteins. To explore the self-heating of the 

ultrasonic devices in this work, temperature changes were measured using a 

multimeter and thermocouple (Fluke 87 Handheld Digital Multimeter, RS 

Components, UK). The experimental set up for which is shown in Fig. 4.11. The 

temperature changes of both the device and surrounding media were explored under 

different driving conditions, such as continuous wave and a range of duty cycles at 

different extinction voltages. Time was taken between each measurement to allow the 

transducer to fully cool.  

 

 
Fig. 4.11.  Thermal testing set-up 

 

 Conclusions 

 

The methods of manufacture and characterisation of gold nanostructures and 

ultrasonic transducers has been discussed in this chapter. With careful consideration 

of these methods and their associated materials, the approach to prove the hypotheses 

of this research has been discerned:  

 

Oscilloscope Signal Generator
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• Mechanical stimulus affects the behaviour of nanowire arrays – change size 

and shape of nanostructures and see how incident ultrasonic fields affect them.  

• Au nanowires act as cavitation sites for acoustic cavitation – change aspect 

ratio of nanowires to prove/disprove  

• Mechanical stimulus provided by acoustics affects the kinetics of attachment 

of molecules in proximity to Au nanowires.  
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 Introduction 

 
In the previous chapters the aims of the project have been presented, with the relevant 

theory discussed. This chapter presents the design and virtual prototyping of the 

proposed devices, including considerations given to geometry of the devices with 

respect to the proposed application, and the materials.  

 

Relevant dimensions, resonant frequencies and pressure distributions of the devices 

are studied with the PZFlexTM finite element analysis (FEA) software package 

(OnScale, Glasgow, UK). The behaviour and performance of the devices are also 

predicted by the modelling.  

 

PZFlexTM is used to evaluate the devices with 2-D and 3-D models. In PZFlexTM, 

piezoelectric materials are defined by the complete piezoelastoelectric matrix, 

including mechanical, dielectric and piezoelectric properties. Hence, the FE model 

gives good results if sufficiently accurate properties are used. However, lack of the full 

piezoelectric matrix for some materials, e.g. PZ54 used here, brings difficulties in 

FEA. Therefore, computational results will be monitored closely and compared with 

experimental characterisation to verify the validity of the models.  

 

 Geometry Consideration  
 
The aim of the work presented here is to integrate an ultrasonic transducer into a 

biosensing device to aid protein migration to nanostructure arrays. As such, it is 

necessary to consider the biosensor geometry when designing a device that will be 

easily integrated with it.  

 

 A schematic diagram of a prototype biosensor is shown in Fig.5.1. The cuvette 

geometry is 10 x 10 x 10 mm3, with one of the walls comprising of the nanostructure 

array, and a fluid inlet at the top of the cuvette and a fluid outlet at the bottom, 
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controlled by a peristaltic pump. Based on this geometry, the optimal location for the 

ultrasonic device to be located is the wall opposite to the nanostructure array.  

 

 
 
Fig 5.1. Schematic diagram of prototype biosensor, with emphasis on the cuvette geometry and the indication of 

the ultrasonic device location for integration 

 
The cuvette geometry also provides the upper bounds for the device diameter, with the 

outer diameter of any device limited to a maximum of 10 mm.  

 

The thickness of the piezoelectric material used in the device dictates the frequency of 

the mechanical resonant frequency, fm:  

 

𝜆 = 2𝐷      (5.1) 

 

𝑓𝑚 =  𝑐
𝜆
     (5.2) 

 

where 𝜆 is the acoustic wavelength, c is the speed of sound, and D is the thickness of 

the piezoelectric material. For this application, a high frequency (> 1 MHz) is required 

to reduce the likelihood of cavitation and to increase the likelihood of acoustic 

streaming events.  

 

Due to these parameter constraints, a 4.5 mm diameter ultrasonic transducer will fit 

easily into the prototype biosensor. The resonance frequency of interest is f = 2 MHz, 

which indicates a material thickness of D ~ 1.1 mm, giving c = 4400 ms-1. 
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 Material Considerations 
 

Both piezoelectric and passive materials are used in any ultrasonic device. It is 

important to choose a piezoelectric suited for the desired performance of the device, 

i.e. soft PZT materials are best suited to sensing applications, whereas hard PZT 

materials are better suited to high voltage, or high power generator applications. Thus, 

Sections 5.3.1 and 5.3.2 discuss a selection of piezoelectric materials that could be 

suitable for integrating into a biosensor in this case. Apart from piezoelectric materials, 

passive materials also play an important role in the formation of ultrasonic waves in 

fluid chambers or channels, and their mechanical and acoustic properties are also 

considered. Thus, Section 5.3.3 presents a selection of passive materials that can be 

used in the devices.  

 

5.3.1 Piezoelectric Materials 
 
Although an ultrasonic transducer can use any piezoelectric as the active element, such 

as, piezoceramics, piezopolymers, monolithic single crystals or piezocomposites, the 

basic specifications of devices to generate ultrasonic streaming and the device 

application restrict the selection of the piezoelectric materials in practice. The basic 

specification of the desired device for protein manipulation driven by acoustic 

streaming driven protein manipulation in a surface-based biosensor is outlined in Table 

1. 
Table 1. Specification of ultrasonic device required for protein manipulation with the corresponding 
requirements in the selection of piezoelectric materials 

Specification of devices Requirements of piezoelectric materials 

High frequency (> 1 MHz) to reduce the 

likelihood of cavitation and to achieve 

satisfactory distribution of proteins or cells 

 

Compatible resonant frequency constant 

50% duty cycle drive whilst maintaining 

stable temperature for biological media 

with minimal heating 

Low dielectric loss and high mechanical 

quality factor, Qm 

Biocompatibility of materials Surface Treatment 

Commercialisation friendly High manufacturability and low cost 
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5.3.2 Piezoceramics 
 

The most common and widely used piezoceramic material in ultrasonic transducers is 

lead zirconate titanate (PZT, Pb(ZrxTi1-x)O3, 0 ≤ x ≤ 1), which was formulated in the 

1950s by Bernard Jaffe (Jaffe & Berlincourt, 1965). PZT has better piezoelectric 

properties e.g. electromechanical coupling coefficient, kT = 0.5 than other earlier 

piezoelectric materials, such as quartz, Rochelle slat and ammonium dihydrogen 

phosphate (ADP) crystals and the first piezoelectric ceramic, barium titanate (BaTiO3). 

With different compositions, i.e. different ratios of Zr/Ti and dopants, various forms 

of PZT have been developed and are commercially available for virtually any 

ultrasonic application. The key mechanic and piezoelectric properties of some 

commonly used PZT compositions are given in Table 2.  

 
Table 2 Key mechanical and piezoelectric properties of some common PZT ceramics (Ferroperm 
Piezoceramics, A/S, Denmark) 

 Symbol, unit PZ34 PZ52 PZ54 

Density ρ (kgm-3) 7.55E+03 

 

7.42E+03 

 

7.76E+03 

 

Longitudinal speed of sound vL (m/s) 4950 4087 4128 

Relative permittivity at constant 

stress 
ε33,r

T
 

 

208 

 

1734 

 

2867 

 

Relative permittivity at constant 

strain 
ε33,r

S
 

 

172 

 

785 

 

144 

 

Curie temp TC (°C) 

 

400 250 225 

Thickness mode coupling 

coefficient 

kT 

 

0.409 0.521 0.485 

Longitudinal coupling 

coefficient 

k33 

 

0.397 0.735 0.698 

Transmission coefficient d33 (pC/N) 

 

0.46 

 

42.4 

 

47.9 

 

Mechanical quality factor Qm 

 

699 1191 3170 

 

Dielectric loss at 1 kHz Tan𝛿 0.014 0.002 0.003 
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Piezoceramics can be classified as soft or hard from their properties. Hard 

piezoceramics have low dielectric losses and high Qm. These factors make them 

suitable for integration into a biosensor where efficiency of power transmission is a 

key concern. Soft piezoceramics have higher permittivity, sensitivity and 

displacement, but higher loss and lower Qm, making these suitable for sensing 

applications such as underwater SONAR. In Table 2, PZ52 and PZ54 are hard 

piezoceramics, and PZ34 is soft. In this thesis, the piezoceramic PZ54 was selected 

and used in the devices, due to its high Qm and low cost.  

 

PZT can be processed in bulk, thick-film and thin film forms according to their 

individual characteristics and application demands. Commercial piezoceramics are 

usually manufactured in bulk form, which involves pressing a combination of raw 

material powders into desired shapes and sizes under high temperature (1100 – 

1700ºC). Because of this manufacturing process, bulk piezoceramics are usually 

mechanically strong, dense and with low porosity. As a trade-off, bulk piezoceramics 

tend to be relatively thick, > 500 𝜇m. Manufactured and additional milling processes 

may be required to achieve the desired thickness and final shape during fabrication. 

This also limits their applications in miniature and complex devices, e.g. micro- and 

nano-electromechanical systems (MEMS and NEMS). This however is not an issue 

for the present work, where thicker, 1 mm, piezoceramics are required. 

 

Despite the success of the PZT family, the content of lead, more than 60% by weight, 

has raised environmental concerns in recent years. Development is underway of lead-

free piezoceramics that are more environmentally benign. However, no suitable 

substitutes have been found to date, because of poor physical durability and feeble 

piezoelectric effects (Aksel & Jones, 2010). Therefore, lead-free piezoceramics are not 

considered further here, though they may be worth considering in the future.  

 

5.3.3 Piezocomposites  
 

Piezocomposites emerged in the late 1970s and provided a method to further tailor the 

physical, mechanical and piezoelectric properties of bulk piezoelectric materials by 

combining them with passive materials, usually polymers (Newnham, Skinner, & 
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Cross, 1978). Piezocomposites are defined by their connectivity structures between 

the piezoelectric phase and the passive polymer, notated as X-Y, where X and Y refer 

to the number of axes in which the piezoelectric materials and the polymer are 

physically continuous, respectively. Two typical connectivity structures are 2 - 2 and 

1 - 3 piezocomposites as shown in Fig 5.2 (Newnham et al., 1978).  

 

1 - 3 piezocomposites generally exhibit the best performance, because their high aspect 

ratio (AR), i.e. the height divided by the width of the pillar, usually > 3, makes the 

thickness resonance mode dominant over the lateral mode and achieves a higher 

coupling kt ≈ k33 (Hayward, Bennett, & Hamilton, 1995). Moreover, the lossy polymer 

matrix supresses ringing and most of the lateral resonances (Cochran et al., 2004; 

O’Leary, Parr, Troge, Pethrick, & Hayward, 2005). The polymeric filler of 

piezocomposites will be discussed in Section 5.3.3. 

  

 
Fig 5.2. Typical connectivity structures of (a) 2-2 piezocomposite and (b) 1-3 piezocomposite (Newnham et al., 
1978) 

 
In general, several improvements can be achieved with piezocomposites including 

increased kt value at certain volume fractions, reduced acoustic impedance compared 

with bulk piezoceramics and piezocrystals (< 20 MRayl compared with >30 MRayl) 

to achieve better energy transmission into load media such as fluids and tailored 

piezoelectric properties, e.g. c33E, c33D and e33.These improvements lead to a higher 

sensitivity and larger bandwidth of the ultrasonic transducer. 

 

However, several disadvantages cannot be ignored and suitable solutions may be 

required. The reduction of the effective volume of piezoelectric material decreases the 

output energy, thus higher input power is required. As both bulk piezoceramic material 
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and polymer are used in a composite, the maximum operational temperature of the 

piezocomposite mutually depends on the TC, and possible TRT, of the bulk 

piezoelectric materials and the glass transition temperature, Tg, of the polymer. 

Additional undesired inter-pillar resonances, i.e. spurious modes, can be supported by 

the periodic pillar geometry, and these may couple with the thickness-mode 

fundamental resonance frequency to degrade the overall performance of the 

transducer. The relatively complex structure also brings difficulties in fabrication, 

resulting in high cost.  

 

5.3.4 Passive materials used in transducers or arrays 
 

As discussed in the previous section, the polymeric filler of piezocomposites affects 

the piezoelectric and mechanical properties of the piezocomposite, suppressing ringing 

and most lateral resonances. Extensive studies have been carried out to select suitable 

polymers for piezocomposites, along with material property characterisation and 

performance evaluation (A. L. Bernassau, Hutson, Démoré, & Cochran, 2008; Cheng 

et al., 2003; O’Leary et al., 2005; Parr, O’Leary, Hayward, & Smillie, 2003; Trogé, 

O’Leary, Hayward, Pethrick, & Mullholland, 2010). Many epoxies are commonly 

used, such as HY1300/CY1301 (Robnor Resins Ltd., Wiltshire, UK), EpoTek 301 

(Epoxy Technology Inc., USA), Epoxy LW5157/HY5159 (Ciba-Giegy Ltd., USA), 

Spurr resin (Polymer Science Inc., USA), T7110 (Epoxy Technology Inc., USA), 

Stycast 2850FT (Emerson & Cuming, USA) and Epofix (Struers Ltd., Solihull, UK).  

 

In this work, Epofix was the chosen epoxy for the composite devices, because of its 

low viscosity, short curing time, minimal shrinkage, good mechanical behaviour and 

chemical resistance (Anne L. Bernassau, Hutson, Démoré, & Cochran, 2011). 

Moreover, the material properties of Epofix have been well studied and characterised 

(Anne L. Bernassau et al., 2011). 

 

Air backing is used for most multilayer ultrasonic streaming devices to maximise the 

energy output at the front face of the device (Glynne-Jones, Boltryk, & Hill, 2012; 

Hammarström et al., 2010; Johansson et al., 2013). Generally, very high frequency 

devices (>20 MHz) require thin piezoelectric elements and physical supports are 
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required. However, as this work is focussed on lower frequencies, ~2 MHz, these are 

not required.  

 

 Bulk Piezoelectric Device Design 

 
PZFlexTM is used to evaluate ultrasonic transducers with 2-D and 3-D models. In this 

FEA package, piezoelectric materials are defined by the complete piezoelastoelectric 

matrix, including dielectric, mechanical and piezoelectric properties. Hence, the FEA 

model gives the bests results if sufficiently accurate material properties are used. A 

material matrix for PZ54 was developed using the material datasheet (Ferroperm 

Piezoceramics A/S, Denmark) and a PZFlexTM model with assigned materials and 

boundary conditions is shown in Fig. 5.3.  

 
Fig 5.3. PZFlex model of cuvette chamber with assigned bulk piezoelectric materials and boundary conditions 

 

The thickness of the PZ54 is 1 mm and the water and polystyrene layers are 5 mm and 

3 mm respectively. All materials were assigned with the properties within the PZFlex 

libraries. To reduce the size of the model, only a thin slice of the actual thickness of 

the device is modelled, with symmetry boundary conditions assigned on both the y-

max and y-min boundaries. A free boundary condition was assigned to simulate the 

air backing of the transducer. The thickness of the water in a practical device can be 

any dimension, but no larger than 10 mm. In order to reduce the size and run time of 

the model and to maintain reasonable accuracy, a water layer thickness of 5 mm and 

3 mm of polystyrene were implemented with an absorbing boundary beyond, to 

investigate the standing wave distribution in the water layer.  
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The mesh size of the model was set at 5% of the wavelength in water (𝜆𝑤) at the 2 

MHz frequency of interest; mesh size = 36 𝜇m. The models were excited by a short 

pulse, comprising a half-cycle sinusoid and was allowed to ring down fully, so that the 

oscillation decayed effectively within the runtime, as shown in Fig 5.4. The electrical 

impedance magnitude and phase spectra of the model were extracted and shown in 

Figs 5.5 and 5.6 respectively. 

 

 
Fig 5.4. Ring down of piezoelectric charge during the model run time 

 
Fig 5.5. Impedance magnitude of bulk PZ54 material  

 
Fig 5.6. Impedance phase of bulk PZ54 material 
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Table 3 Table indicating the resonance frequencies of the bulk PZ54 material 

 5th 7th 9th 11th 
Frequency, MHz 1.31 1.81 2.03 2.22 

 

A large resonance peak is evident at 0.46 MHz; however at this lower frequency, 

cavitation events can occur and as such, this frequency was disregarded. Frequencies 

of interest are listed in Table 3 were chosen. The model was driven with one sinusoidal 

cycle at each frequency of interest in turn at an input voltage of 10 Vpp. The mesh size 

of the model was set to be 5% of 𝜆𝑤, the wavelength in water at the frequency of 

interest. The runtime was set to be sufficient for the ultrasound to make 10 round trips 

across the water channel.  

 

Normalised pressure and velocity distributions of the model at the resonant frequencies 

were extracted and presented in Fig 5.7. One type of ultrasonic wave pattern is evident 

at the different drive frequencies. Also evident is the maximised pressure, 0.324 MPa, 

when driving the device at the 2.03 MHz resonance frequency and 10 Vpp. This input 

voltage was chosen as it is the maximum output voltage offered by the signal generator 

available (33220A Agilent, CA, USA). As this pressure is lower than 1 MPa, which is 

a conventional assumption for generating acoustic streaming, it may be necessary to 

use a power amplifier in practical experiments to increase output pressure from the 

device, in conjunction with the signal generator.  

 

According to Eqns. 3.25 and 3.26, the pressure and velocity fields closely relate to the 

time-averaged potential energy density 〈𝐸𝑝𝑜𝑡〉 and kinetic energy 〈𝐸𝑘𝑖𝑛〉 of the 

ultrasound field: higher pressure gives higher 〈𝐸𝑝𝑜𝑡〉 and higher velocity leads to 

higher 〈𝐸𝑘𝑖𝑛〉. Therefore, dense particles will be moved to pressure minima and 

velocity maxima, while less dense particles will move to pressure maxima and velocity 

minima.  
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Fig 5.7. Normalised (a) pressure and (b) velocity in the water channel and polystyrene of the cuvette in the model 
at different driving frequencies, with 10 Vpp input 

 
 

 Composite Transducer Design  
 
A composite ultrasonic transducer was proposed in order to eliminate the broadband 

resonant activity around 2 MHz displayed by the bulk piezoelectric transducer. The 
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design proposed features 1 mm thick, 4.5 mm diameter, 1-3 piezocomposite 

comprising of PZ54 pillars and Epofix epoxy (Struers Ltd. UK) with a copper casing 

and air backing. 

 

PZFlex was used to model the piezocomposite material with assigned materials and 

boundary conditions shown in Fig. 5.8. The thickness of the water and polystyrene 

layers were 5 mm and 3 mm, respectively. All materials were assigned with the 

properties defined within the PZFlex libraries. The distance between the 

piezocomposite material and the polystyrene surface can vary from 0 – 10 mm, a 

distance of 5 mm was modelled to reduce model size and the polystyrene layer finishes 

in an absorbing layer to allow investigation the standing wave distribution in the water 

layer. Symmetry boundary conditions were assigned on both the Y-max and Y-min 

boundaries, again to reduce model size and optimise modelling time. A free boundary 

was placed at the back of the piezocomposite to simulate the air backing in the device.  

 

The mesh size of the model was set as 5% of the wavelength in water (𝜆𝑤) at the 2 

MHz frequency of interest. The models were excited by short pulse, comprising a half-

cycle sinusoid and were allowed to ring down fully, so that the oscillation decayed 

effectively within the runtime, analogous to the model for the bulk piezoelectric 

materials device shown in Fig 5.3.  

 

 
Fig 5.8. PZFlex model of the composite device with assigned materials and boundary conditions 

 

The electrical impedance magnitude spectrum of the model was output and is shown 

in Fig 5.9 and the impedance phase in Fig. 5.10. The impedance spectra for the 

modelled PZ54 and Epofix composite device indicates a much more pronounced 
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resonance peak at 1.96 MHz, when compared with the band of activity around 2 MHz 

in the bulk material.  

 

 
Fig 5.9. Impedance Magnitude for composite device 

 

 
Fig 5.10. Impedance phase for composite device 

 
The model was modified to be driven with a sinusoidal cycle at each resonance 

frequency in turn at an input voltage of 10 Vpp, and the runtime was set to be sufficient 

to make 10 round trips across the water channel. Pressure distributions were analysed 

at the resonant frequencies, an overview of which may be found in Table 4.  
 

Table 4 Maximum pressure output at different resonance frequencies of composite device 

 1st 3rd 5th 7th 9th 
Frequency, MHz 0.85 1.46 1.96 2.19 2.34 
Max Pressure, kPa 
at 10 Vpp 

- 2.78 14.4 1.93 2.45 

 
The composite device output shows significantly lower pressures than the bulk, 14.4 

kPa compared to 324 kPa, when modelling with the same driving conditions i.e. 

maximum pressure output of the composite. This result is as expected, considering the 
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lower volume of piezoelectric material present in the piezocomposite device when 

compared with the bulk device.  

 

Variations in the input voltage of the composite device were then modelled to 

investigate the output pressure dependence on the input voltage. Normalised pressure 

outputs at various voltages are shown in Fig 5.11, with the pressure increasing with 

increased input voltage. The pressure responses in the water channel at 1.96 MHz were 

relatively low, 1.44 kPa/V and as such, to gain desirable pressures in the region of 

1 MPa, an input voltage of 644 Vpp is required, which is very high for a simple 

experimental device.  

 

 
Fig 5.11. Normalised pressure output of composite device, driven at 1.96 MHz resonance frequency with 

different voltage inputs 
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 Discussion and Conclusions 
 
This chapter has discussed the geometry and material considerations for the proposed 

high frequency ultrasonic devices. Material properties, biocompatibility and 

manufacturability are the main concerns alongside the device configuration in the 

specific application.  

 

A review of suitable piezoelectric materials is given in Table 2. In general, materials 

that exhibit high permittivities, high mechanical Qm values and low dielectric losses 

were considered optimal, as these parameters allow for the high-power outputs in small 

volumes, such as are needed for integration into the prototype biosensor. Lead-free 

piezoceramics were not considered due to their unsatisfactory performance compared 

with conventional PZT to date. Piezocomposites show ability in further modification 

of the physical, mechanical and piezoelectric properties of bulk piezomaterials.  

 

The use of passive material in different components of the devices has also been 

discussed. Epofix can be used in various components, due to its satisfactory properties, 

i.e. low viscosity, short curing time, minimal shrinkage, good mechanical properties 

and chemical resistance.  

 

Regarding the geometrical and material considerations, a device comprising a 4.5 mm 

diameter, 1 mm thick bulk PZ54 piezoceramic is proposed. The piezoelectric material 

is air backed, to optimise output power and will have a simple copper casing.  The 

same backing and surrounding materials were used for the piezocomposite design. The 

composite material comprises a 1-3 piezocomposite, with PZ54 pillars and Epofix 

epoxy surrounding them. The relevant dimensions, resonance frequencies, pressure 

and velocity distributions of two types of ultrasonic transducer have been studied using 

PZFlexTM modelling. The behaviour and performance of the devices have been 

predicted  

by the modelling results.  

 

The bulk piezoelectric device yielded a fundamental resonance frequency of 0.46 

MHz, which is in the regime where cavitation events could occur. It is possible to drive 
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the device at the 5th, 7th and higher frequency harmonics to avoid undesirable cavitation 

events. By using the higher resonance frequencies, it is also possible to achieve higher 

radiation forces and pressure fields. The highest pressure when driven at 10 Vpp was 

found to be 0.324 MPa at 2.03 MHz. Pressures required for streaming tend to be higher 

than 1 MPa, so depending on device characterisation, specifically pressure 

measurement, it may be necessary to utilise a power amplifier in conjunction with a 

signal generator when implementing the device into the prototype biosensor.  

 

Studies of the piezocomposite yielded promising impedance spectra results, with a 

fundamental frequency at 0.85 MHz, 3rd harmonic frequency at 1.46 MHz and 5th at 

1.96 MHz. Again, the fundamental frequency is lower than desired for the application, 

and is in the range where cavitation events are likely. As such the 3rd, 5th and higher 

harmonic frequencies were probed. When the piezocomposite was modelled with a 10 

Vpp input voltage, the maximum pressure output, 14.4 kPa, was found at the 5th 

harmonic frequency, 1.96 MHz. Despite a lower pressure being expected due to the 

decrease in piezoelectric material in the composite, this pressure is quite low when the 

application requires acoustic streaming. As such, a study was undertaken to verify the 

pressure output per input volt, and was found to be 1.44 kPa/V, which means 644 Vpp 

would be required to even match the bulk device output when driven at 10 V.  

 

Modelling results therefore indicate that, although there is a more defined harmonic 

resonance at 1.96 MHz for the composite device than for the bulk piezoelectric device 

(band of activity around 2 MHz), it may in fact be more efficient to use the bulk device 

in streaming applications. It must be noted that, due to the methods with which 

materials are defined in PZFlex, simplifications used in the models themselves, and 

real-world material variation (doping), device characteristics such as electrical 

impedance and pressure output may vary when tested experimentally.  
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 Introduction 
 
The previous chapter discussed the proposed dimensions and configuration of 

ultrasonic transducers simulated using PZFlexTM and ComsolTM Multiphysics. From 

these simulation results, the behaviour and performance of the devices have been 

predicted. Based on the results, devices were fabricated and tested.  

 

This chapter presents the results of the characterisation and experimental evaluation 

of the devices. Each section contains the results obtained from each device:  

 

• Single element, bulk PZ54 piezoelectric, high frequency ultrasound 

transducer 

 

• Single element, composite material (PZ54 and Epofix resin) high 

frequency ultrasound transducer 

 

Results of the characterisation and experimental evaluation are also compared with 

simulation results. Following characterisation, the devices were tested for their ability 

to yield acoustic streaming events in volumes of liquid equivalent in size to biosensing 

cuvettes. The limitations and known problems of the devices developed in this project 

are discussed, with potential solutions hypothesised.  

 

 Bulk Piezoelectric Device 
 

6.2.1  Fabrication  
 
Fabrication of the bulk PZ54 transducers, Fig 6.1, designed using finite element 

modelling, was carried out in the laboratories of the Centre for Medical and Industrial 

Ultrasonics, in the James Watt School of Engineering at the University of Glasgow, 

by Dr Yongqiang Qui and Miss Arjin Boonruang. 
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Fig 6.1.  Image of bulk PZ54 ultrasonic transducer 

 

6.2.2  Electrical Impedance Spectroscopy 
 
Electrical impedance spectroscopy analysis of ultrasonic transducers is important in 

optimizing the energy consumption of the device. The electrical impedance magnitude 

and phase spectra of the PZ54 piezoceramic material and fabricated transducer were 

measured in air and water using an impedance analyser (4395A, Agilent, CA, USA). 

Electrical impedance spectra for the device measured in air are displayed in Fig 6.2. A 

broadband area of activity can be seen around 2 MHz, where four peaks are easy to 

discern but an overall maximum is unclear. The activity in this region indicates that 

there are likely to be lateral modes present in the material. These are undesirable and 

steps to reduce them would be of benefit. An option to achieve a resonant frequency 

around 2 MHz using the same piezoelectric material is to design a composite device.  

 

The simulated results from Chapter 5 can be compared with these experimental results 

to check the validity of the models. A comparison between the modelled and 

experimental EIS can be viewed in Fig 6.3. There is good agreement between the 

measured material and PZFlex modelled impedance spectra of the transducer in air 

around 2 MHz. The slight discrepancy between the modelled and experimental results 

at lower frequencies, around 1 MHz, is attributed a combination of the limitations of 

materials definitions in PZFlex and impurities in the measured material. For the 

purposes of further characterisation, it was decided to drive the bulk device at 2 MHz, 

as the maximum impedance magnitude in the broadband region is located here.  
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Fig 6.2.  Electrical Impedance spectroscopy sweep of PZ54 single element transducer from 0 – 4 MHz 

 

 
Fig 6.3.  Experimental comparison with simulated data of electrical impedance spectroscopy of bulk PZ54 

material in air from 0 – 4 MHz 
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6.2.3  Pressure 
 
The acoustic pressure output from the fabricated transducer was measured using a 0.2 

mm diameter fibre optic needle hydrophone (NH0200, Precision Acoustics Ltd., 

Dorchester, UK) with the experimental set up shown in Fig 4.10. 

 

The transducer was driven at the selected resonant frequency, f = 2 MHz. The driving 

signals at voltages up to 10 Vpp were directly output from a waveform generator 

(3220A, Agilent, CA, USA). The fibre optic hydrophone was placed perpendicularly 

20.5 mm away from the face of the transducer and an X-Y box scan was performed 

over an area of 20 x 20 mm2 with a 0.2 mm step size. For each measurement, the 

voltage response of the hydrophone was taken 500 times and the results were averaged. 

The average value was then converted to pressure amplitude according to the 

manufacturer’s calibration of the hydrophone sensitivity at the driving frequency. 

These results enabled a pressure output map from the transducer to be compiled using 

MATLAB (Mathworks, Massachusetts, USA) and this map is presented in Fig 6.4.  

 

The maximum pressure recorded at this distance of 20.5 mm was 0.47 MPa at the 

centre of the pressure map corresponding to the centre of the device. A reduction in 

pressure radially at distances corresponding to those from the centre to the edges of 

the device surface is evident. The asymmetry is due to slight misalignment of the 

transducer in the experimental set up. 
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Fig 6.4.  Pressure output map from bulk PZ54 transducer at a distance of 20.5 mm from surface 

 

The drop off in pressure from the transducer surface was also measured as the 

transducer was driven at the resonant frequency, as this is shown in Fig. 6.5. The error 

bars were added according to the 14% pressure uncertainty at the driving frequency as 

suggested by the supplier. The relationship between pressure decrease and distance 

from transducer surface is ~  e-x/5 . From these measurements, at 10 Vpp, the pressure 

output from the transducer is less than 1 MPa. It is noted that for acoustic streaming to 

occur a pressure greater than 1 MPa is required. To reach such pressures in future 

experiments, the use of a power amplifier in conjunction with the transducer is 

proposed, to ensure streaming events occur. 
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Fig 6.5. Graph showing output pressure decreases as distance from the transducer is increased 

 

6.2.4  Laser Vibrometry 
 
The vibrational behaviour of the fabricated transducer was characterised using a UHF-

120 ultra-high frequency vibrometer (Polytec GmbH, Waldbronn, Germany). A 

frequency range of 1 MHz to 3 MHz was swept to obtain the displacement response 

of the PZ54 transducer under an applied voltage of 10 Vpp as shown in Fig 6.6. The 

maximum peak amplitude of the surface was approximately 9.9 nm at 1.92 MHz, 

which is similar to the result from electrical impedance spectroscopy. The 

displacement profile of the PZ54 was mapped with a step size of 125 µm at a driving 

frequency of 1.92 MHz at 10 Vpp and results are shown in Fig 6.7. The displacement 

profile shows a ring–like displacement pattern on the surface which is attributed to the 

octagonal geometry of the PZ54 and the circular copper case used in the transducer. 

The impedance spectroscopy results suggest that lateral modes may be present in the 

material, and this could contribute to a phase lag in the vibrations at the points of 

minimal displacement on the material, to which lateral wave propagation contributes.  

 

0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70

0 5 10 15 20

Pr
es

su
re

, M
Pa

Distance from transducer surface, mm



Chapter 6: Device Characterisation 
 

 

 89 

 
 
Fig 6.6.  The input voltage and displacement response of the transducer in the frequency sweep range 1-3 MHz 

 

 
Fig 6.7. Displacement profile of the front surface of a 4.5 mm diameter PZ54 transducer with copper surround, 

driven at 2 MHz, colour bar indicates surface displacement in mm 
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measurements were carried out using a multimeter with thermocouple (Fluke 87 

Handheld Digital Multimeter, RS Components, UK).   

 

The temperature variation was determined in the device when excited by a signal 

generator (Agilent 33220A, Agilent technologies, Edinburgh, UK) at the resonant 

frequency, 2 MHz, with an input voltage of amplitude 10 Vpp providing continuous 

wave output. The measured change in temperature of the device is demonstrated in Fig 

6.8. The transducer was activated at time t1, after which, the temperature rose rapidly 

by 3°C until reaching an equilibrium temperature, Te ≈ 24.5°𝐶 at time 𝑡2 ≈ 300 𝑠. 

The temperature increase then dropped because of the heat transmitted into adjacent 

structures which had large thermal inertia. The equilibrium temperature was 

maintained for a further 1600 s when the transducer was turned off at time t3. After 

this time, the temperature decreased rapidly returning to the initial temperature 21.5°C 

at 𝑡 ≈ 2000 𝑠.  

 

 
Fig 6.8. Temperature increase of bulk piezoelectric device when operating at 2 MHz, 10Vpp continuous wave for 
2500 seconds 

The ultimate goal of this project is for the device to be integrated into a biosensor, 

specifically to induce acoustic streaming effects and aid migration of proteins to 

sensing surfaces. Due diligence therefore must be conducted to have efficient 

streaming but also to avoid large temperature variations, especially around sensitive 

biological media.  
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Excitation voltages in the range 320-400 mVpp were chosen as streaming in the dye 

mixing test (Section 6.2.6) was efficient at these voltages. Driving the device with 

different duty cycles was also tested, as a balance is desirable between heat imparted 

to the system and effective streaming. A signal generator (Agilent 33220A, Agilent 

technologies, Edinburgh, UK) was used to excite the device, which was tested with 

both continuous wave output and 25% and 50% duty cycles each containing 1000 

cycles. The device was driven at the 2 MHz resonant frequency, and, following the 

pressure output results, an RF power amplifier was used (ENI-2200L, Precision 

Acoustics, Dorset, UK) to increase the possibility of acoustic streaming. The 

transducer was placed in a small cuvette, of similar size to biosensor cuvettes used in 

this work (10 x 10 x 10 mm3), which was filled with 1 ml of water. The device was 

driven from time t = 0 and the temperature of the system recorded every 5 seconds for 

a total of 300 seconds using the multimeter and thermocouple (Fluke 87 Handheld 

Digital Multimeter, RS Components, UK).  

 

The temperature profile in the surrounding medium, affected by the device driven 

under different conditions, is shown in Fig 6.9. In general, there is little difference 

between the temperature variation in the system when the device is driven under any 

conditions with input voltages of 360 mVpp (25%, 50% and CW) and 400 mVpp (CW). 

When driven at 320 mVpp CW, the gradient of temperature increase is slightly less 

than that for the other tests. As input voltages were very similar, it is unsurprising that 

the temperature increases were also very similar. Each driving scenario increased the 

temperature in the liquid media by ~7°C; which is within the allowed range of 

temperatures when handling biological media.  

 

When the transducer was driven 10 Vpp CW and tested alone, only a 3°C increase in 

the device was observed, Fig 6.8. Here, however, we see a 7°C increase in surrounding 

media. This too is not surprising, as a power amplifier was used; this increases the 

input power to the device and it follows that greater heating will result for any given 

efficiency less than 100%. A concern however, is that device longevity may be 

jeopardised due to larger increases in temperature possibly affecting electrode 

connections or device materials.   
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Fig 6.9. Temperature increase in fluid media surrounding transducer under different driving conditions 

 
 

6.2.6  Dye Mixing Evaluation 
 
In order to test the efficacy of devices designed for ultrasonic streaming, many groups 

have designed tests using dyes or pH indicator (Yaralioglu, Wygant, Marentis, & 

Khuri-Yakub, 2004) . In the present study, a dye mixing experiment was performed to 

visually evaluate practical device performance prior to biosensor integration. A 100 μl 

drop of red food dye with density 1.07 gcm-3 was injected into 1 ml of deionised water 

using a pipette. The dye was chosen because it was readily available food grade dye 

and was safe to handle and denser than water, similar to proteins with an average 

density 1.36 gcm-3 (Fischer, Polikarpov, & Craievich, 2009). Preliminary tests showed 

that no streaming occurred in the set up when the transducer was driven continuous 

wave at 2 MHz, with input voltage 10 Vpp, CW,  which was the maximum output of the 

signal generator, (Agilent 33220A, Agilent, CA, USA). Due to these results and as 

predicted by the pressure measurements carried out in Section 6.2.3, a power amplifier 

was then added to the set up increase the likelihood of acoustic streaming. 

 

The transducer was driven with a 2 MHz sinusoidal pulse of 1000 cycles at input 

voltages varying from 240 – 500 Vpp by a signal generator (Agilent 33220A, Agilent, 

CA, USA), connected to a power amplifier, (ENI-2200L, Precision Acoustics, Dorset, 

UK), and duty cycles of 50% and 25% were investigated. Each test was filmed using 
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a CMOS camera, (Dalsa Genie Nano-M2590, Stemmer Imaging Ltd, Surrey, UK) to 

aid computational analysis of mixing times. Each film was converted into image stacks 

and input into open source Fiji software (ImageJ) and analysed. The test was 

considered complete when there was a uniform colour throughout the liquid in the 

cuvette.  

 

The dye used in this experiment was denser than water (1.26 gcm-3), so it sinks to the 

bottom of the glass cuvette, and diffusion takes place naturally. The transducer was 

inserted into the vial and held in place using clamps. At time T = 0 s, sonication of the 

liquids began. Fig 6.10 shows still images from the films taken of the mixing of the 

liquids over 20 seconds, when the transducer was being driven with 50% duty cycle at 

380 mVpp input voltage (10 W output from the power amplifier).  

 

 
Fig 6.10.  Image showing mixing of dye using the bulk transducer driven at 2 MHz, 380 mVpp with a power 

amplifier at time intervals of 5 seconds 

 
Vigorous streaming effects were noted when a 50% duty cycle was used, especially 

when higher input voltages were used. Fig 6.11 depicts the graphical results of how 

the input voltage affected the time taken for the liquids to fully mix, which was taken 

to be when a uniform colour was present throughout the cuvette. Evident from this 

graph is that, as expected, a 50% duty cycle, greatly decreases the amount of time 

required for mixing to occur via streaming events for every input voltage, when 

compared with the results when driving the device at 25% duty cycle. 

 

When a 50% duty cycle signal is used with input voltage of 240 mVpp, it takes 84 s for 

streaming effects to cause the liquids to mix. Mixing time then decreases rapidly as 
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voltage increases until 320 mVpp input. For input voltages above 320 mVpp, mixing 

time stays relatively consistent at around 20 seconds, decreasing very slightly as 

voltage increases. Conversely, it takes a long time for streaming effects to come to 

fruition whilst using a 25% duty cycle.  Below the input voltage of 400 mVpp, mixing 

was very slow. At 400 mVpp however, the first signs of mixing are clear at 160 seconds. 

This time reduces greatly with increasing the input voltage, until plateauing at 440 

mVpp, with a mixing time of ~ 60 seconds.  

 

 
Fig 6.11. Graph showing the difference in mixing times between the transducer driven at 50% and 25% duty 

cycle 

 

Undoubtedly, a configuration wherein a 50% duty cycle is used to drive the ultrasonic 

device would be beneficial to promote rapid mixing of reagents via acoustic streaming 

events. Using a 25% cycle, as much as the desired outcome was accomplished, it was 

not as time efficient. In addition to this, exciting power amplifier with input voltages 

of between 320 – 400 mVpp will be effective to yield the desired outcome. A 

compromise between the mixing of reagents and the temperature increase imparted on 

the system is imperative for the long-term goal of integration of ultrasonic mixing into 

nanostructure based biosensing devices. A short mixing time will allow for 
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enhancement of these devices, but care must be taken not to denature or destroy the 

proteins being detected.  

 
 

6.2.7  Discussion 
 
In the characterisation of the single element PZ54 transducers, the electrical 

impedance spectroscopy of the device showed broadband activity around the resonant 

frequency. This broadband activity gives rise to uncertainty as to the specific resonant 

frequency of the device, leading to sub-optimal driving of the device and a reduction 

in the efficiency between input current and output ultrasonic radiation. It was 

hypothesised that this is the effect of lateral modes in the bulk piezoceramic material. 

It was therefore decided that design and manufacture of a composite device, in which 

lateral modes are suppressed, might yield a more defined resonant frequency.  

 

In the dye mixing experiments, the bulk piezoelectric device performed well over a 

range of input voltages when being driven at a frequency of 2 MHz at duty cycles of 

50% and 25%, respectively. There was a significant reduction in mixing time when 

the device was driven with power amplifier inputs from 320 mVpp and above at 50% 

duty cycle. Therefore, when the device is integrated into the biosensor, input voltages 

above 320 mVpp would be optimal for mixing the proteins.  

 

An important factor to consider, however, is the temperature increase in the vicinity 

of the device as its being driven, especially since it is to be integrated into a biosensing 

system. Increases in temperature will cause the proteins to denature and thus the 

amount detected will decrease. Temperature tests were undertaken at input voltages 

just above 320 mVpp to analyse the effect the transducer has on the temperature of 

surrounding media. Over a time of 300 s, there appeared to be little difference in 

driving the device at 25%, 50% or continuous wave at various frequencies. 

Consequently, is was decided that, for mixing applications, 50% duty cycle should be 

used at a power amplifier input voltage of 360 mVpp to balance the rate of ultrasonic 

streaming effects and hence mixing with temperature increases over even longer time 

periods.  
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 Composite Ultrasonic Transducer  
 
A composite ultrasound transducer was initially proposed to create a device with a 

more clearly defined impedance magnitude characteristic around the resonant 

frequency of the transducer, in order to optimise energy consumption and output from 

the device. Casing and backing materials and silver electrodes would remain consistent 

with the bulk piezoelectric device to allow for a fair comparison between both devices.  

 

 
Fig 6.12. Image of the composite PZ54 device 

 

6.3.1  Fabrication 
 
A composite ultrasonic transducer was virtually prototyped and designed in Belfast. 

The designs were then sent to the Centre for Medical and Industrial Ultrasonics in the 

James Watt School of Engineering in the University of Glasgow, where they were 

manufactured by Dr. Yongqiang Qui and Miss Arjin Boonruang.  

 

6.3.2  Electrical Impedance Spectroscopy 
 
Electrical Impedance magnitude and phase spectra of the composite transducer were 

measured in air using an impedance analyser (4395A, Agilent, CA, USA). Frequency 

sweeps from 100 kHz to 5 MHz were performed to evaluate the response of the device. 
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Figure 6.13 shows the electrical impedance spectra for the PZ54 composite ultrasonic 

device depicting a defined resonance peak around 2.0 MHz. When compared with the 

impedance spectra from the bulk devices, presented in Fig 6.14, an unmistakable, clear 

single response is present around the 2 MHz resonant frequency. This allows certainty 

in choosing the frequency at which to drive the composite device, rather than the 

uncertainty with the bulk device. Another major difference with the two devices is the 

impedance magnitude e.g. the composite device has a maximum value of 1766 Ω 

whereas the bulk device is less with 513 Ω.  

 
 

Fig 6.13.  Impedance magnitude and phase of composite transducer driven in air from 1.5 – 2.5 MHz 
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Fig 6.14.  Comparison between composite device and bulk device electrical impedance spectra between 1.5 – 2.5 

MHz 

 
 

6.3.3  Pressure  
 
Acoustic pressure measurement of the composite device was completed using a 

0.2 mm diameter fibre optic needle hydrophone (NH0200, Precision Acoustics Ltd., 

Dorchester, UK), analogous to the measurements taken for the bulk piezoelectric 

device described in Section 4.2.3. The set up used can be found in Chapter 5, Section 

5.4.3. The transducer was driven at its resonant frequency, f = 2 MHz. The driving 

signals at voltages up to 10 Vpp were directly output from a waveform generator 

(33220A, Agilent, CA, USA). The needle hydrophone was placed perpendicularly 

20.5 mm away from the face of the transducer and an X-Y box scan was completed 

over an area of 20 x 20 mm, with a 0.2 mm step size. For each measurement, the 

voltage response of the hydrophone was taken 500 times and this was averaged. The 

average value was then converted to pressure amplitude according to the 

manufacturer’s calibration of the hydrophone sensitivity at the driving frequency. The 

needle hydrophone collects data in the form of voltages, which must be converted to 

pressures, this was done with MATLAB (Mathworks, Massachusetts, USA) and a 

pressure map was produced.  
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Fig 6.15 shows the pressure output map at a distance of 20.5 mm away from the surface 

of the device. The maximum pressure is directly in front of the centre of the device, 

0.47 MPa and this falls radially as distance from the centre increases, to the edge of 

the device which yields 0.3 MPa. When the pressure output of the bulk piezoelectric 

is compared with the composite piezoelectric at a distance of 20.5 mm from the 

surface, there is very little different between the two pressure maps (aside from 

asymmetry attributed to poor alignment of the bulk device when testing). Both devices 

deliver the same maximum pressure of 0.47 MPa from the centre of their surfaces and 

have a similar Gaussian drop off in pressure towards the edge of the device. 

Considering this it is therefore advisable for a power amplifier also to be used in 

conjunction with the composite device to enhance probability of acoustic streaming 

events occurring.  

 
Fig 6.15.  Pressure output map from composite PZ54 transducer at a distance, 20.5 mm from surface 

A linear scan was completed over a range of distances 0 – 20 mm perpendicularly from 

the centre of the transducer in steps of 0.5 mm, allowing the decrease in pressure from 

the piezocomposite surface into a medium to be ascertained. Fig 6.16 shows the 
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pressure decrease with increased distance from the source. As expected, the pressure 

output drops as distance from the surface is increased. At the minimum distance, 0 

mm, the maximum pressure output is measured to be 0.79 MPa with a reduction in 

pressure to 0.5 MPa at a distance of 20 mm from the surface. Error bars in Fig 6.16 

were calculated from data given by the hydrophone manufacturer. The measured 

pressure here, though higher than for the PZ54-based transducer, is still slightly lower 

than the required pressure for acoustic streaming to take place , ~ 1 MPa. It is essential, 

in this project, that the device has the ability to generate acoustic streaming events to 

aid the mixing of proteins and biological matter to nanostructure arrays. As the device 

is unable to yield such pressures being driven by a signal generator alone, it is proposed 

that a power amplifier be included when the ultrasonic device is integrated into any 

setup requiring acoustic streaming.  

 
 

 
Fig 6.16.  Measurement of pressure taken at increasing distances from the composite transducer surface 
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6.3.4  Temperature Tests 
 
When handling proteins and other biological media it is imperative to avoid large 

fluctuations in temperature. It is therefore also critical to characterise the temperature 

change in fluid media whilst the piezoelectric device is being driven at its resonant 

frequency, 2 MHz over time. As the pressure measurements for the composite 

piezoelectric device in Section 6.3.3 show, when the device was driven at 2 MHz at 

10 Vpp, the pressures yielded were too low for acoustic streaming to take place. In this 

temperature experiment, the composite device was driven at 2 MHz and 50% duty 

cycle and various input voltages ranging from 700 - 1300 mVpp by a signal generator 

(33220A, Agilent, CA, USA) were input to a power amplifier (ENI-2200L, Precision 

Acoustics, Dorset, UK). The voltage ranges chosen for this test were selected with 

reference to a short preliminary trial to deduce the input voltages at which streaming 

would occur, similar to the dye mixing experiment found in Section 6.3.5. 

Temperature measurements were taken using a multimeter, Fluke 87 Handheld Digital 

Multimeter, RS Components, UK) with a temperature probe inserted into a cuvette 

sized cavity containing the device and 1 ml of deionised water. 

 

Fig 6.17 shows the increase in temperature of the ambient media when the device was 

driven at its resonant frequency, for a range of voltages at 50% duty cycle. The time 

period chosen for this experiment was dictated by the increases in temperature 

displayed during testing. Large temperature increases can cause breakdown of 

components of the device such as the silver electrodes and individual elements of the 

transducer. Hence steps were taken to avoid this scenario, such as reducing 

experimentation time. At lower power amplifier input voltages, 700 mVpp and 

800 mVpp the ambient temperature changes due to the transducer operation were quite 

small, 10°C and 14°C, respectively, over 100 s, and are thus within the limits for 

increases around biological media. However, very large temperature increases were 

evident in the cuvette when the power amplifier input voltage exceeded 900 mVpp; all 

temperature increases above this input voltage exceeded 20°C over 100 s with 

experiments being terminated early for voltages above 1100 mVpp due to excessive 

heating. The large temperature increase here is likely due to the high input current. At 

such high input currents, we would expect mixing to occur, which indicates a 

possibility of an issue with power conversion efficiency, where the input power 
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provided by the current, is not being converted to acoustic power via the vibrations of 

the piezoelectric effectively. A broken electrical connection to the piezoelectric 

material could be the cause of this.  

   

 
Fig 6.17.  Graph showing temperature increase over time when composite transducer was driven at different 

input voltages at the resonant frequency, 2 MHz 

 
 

6.3.5  Dye Mixing Evaluation  
 
Analogous to the streaming evaluation used for the bulk piezoelectric transducer, a 

dye mixing test was also completed to evaluate the practical performance of the 

composite device. A 100 𝜇𝑙 drop of red dye with density 1.07 gcm-3 was pipetted into 

1 ml of deionised water in a glass cuvette. As indicated in the testing phase of the bulk 

device and the pressure output characterisation of the composite device, it is 

imperative to utilise a power amplifier in applications requiring acoustic streaming 

when using the devices produced here. The apparatus used to drive this transducer 

comprised a signal generator (Agilent 33220A, Agilent, CA, USA) and a power 

amplifier (ENI-2200 L, Precision Acoustics, Dorset, UK); a 2 MHz sinusoidal pulses 

of 1000 cycles at input voltage in the range 300 – 1000 mVpp were used at a duty cycle 

of 50%. A duty cycle of 25% was trialled here also, however, no streaming events took 

place in fewer than 300 seconds, so driving with this configuration was deemed unfit 

for project goals.  
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Each test was filmed using a CMOS camera, (Dalsa Genie Nano – M2590, Stemmer 

Imaging, Ltd, Surrey, UK) to aid computational analysis of mixing times. Each film 

was converted into image stacks and open source software, Fiji was used to analyse 

mixing of the liquids. Tests were deemed complete when a uniform colour existed 

throughout the cuvette.  

 
Fig 6.18. Dye mixing carried out with composite transducer, driven at 2 MHz, 1300 mVpp at 50% duty cycle 

 

Streaming effects at lower input amplitudes were not evident, however from 300  mVpp 

effects can be visualised in under 300 seconds, as shown in in Fig 6.18. The trace 

shows result for the 50% duty cycle at various input voltages. It is evident from these 

results, that the input voltages required to obtain the desired effects of streaming in a 

short amount of time were very large, > 700 mVpp. At a power amplifier input voltage 

of 700 mVpp, the time required for complete mixing of the reagents was 73 s, and the 

time plateaus at about 60 s for input voltages above 900 mVpp. In contrast, the bulk 

piezoelectric device required much less input voltage to exhibit a much more distinct 

result; a 360 mVpp power amplifier input voltage in the bulk piezoelectric device 

yielded a mixing time of 21 s.  

 

Again, these results must be examined in conjunction with the temperature imparted 

into the system due to using the ultrasonic device in a confined static system. Due to 

the long-term aim of this project being the integration of the ultrasonic devices into a 

biosensor, it is imperative that large temperature fluctuations are avoided. However, 

unfortunately, at the temperatures at which streaming occurs with the composite 

device, the temperature increase imparted to the system is very large. At 900 mVpp 

input voltage, where mixing was apparent in 60 s the temperature in the system 

increased in that time by 16 0C and continued to rise thereafter. Temperature increases 
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of this magnitude are not appropriate for integration into a device that handles proteins, 

as these will denature as a result. A further concern arises as driving the transducer at 

such large voltages for a prolonged period of time increases the likelihood of damage 

to the device, potentially reducing its longevity.  

 

 
 

Fig 6.19.  Time taken for complete colour uniformity in cuvette due to acoustic streaming events for various 
driving voltages using the composite device 

 
 

6.3.6  Discussion 
 
The results of the electrical impedance spectroscopy showed that a much more defined 

resonant frequency was achieved with the composite device, with a distinct feature 

evident at 2 MHz. The purpose of designing a composite transducer was to increase 

energy efficiency of the device by having a well-defined resonance frequency in the 

device. This was accomplished by the composite device, when compared with the bulk 

device electrical impedance spectroscopy results.  

 

The outcome of the pressure measurements showed that the composite can generate 

similar acoustic pressure to the bulk device, even at a distance from the device surface, 

and output power is very similar. The maximum pressure output at a distance of 20.5 

mm from the device surface was 0.47 MPa. For applications where acoustic streaming 
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is a necessary outcome from the composite transducer, it is therefore crucial that a 

power amplifier be used to increase acoustic pressure output from the device.  

 

In the dye mixing tests, acoustic streaming in the glass cuvette was evident. However, 

streaming was only possible at very high power amplifier input voltages (>900 mVpp) 

and it took a relatively long time for reagents to be fully mixed – 60 seconds. When 

these results are compared with the bulk device, it is clear that the bulk device is much 

more efficient at producing desired outcomes; rapid mixing of the reagents in the 

cuvette occurs at 360 mVpp in 21 seconds. Furthermore, higher temperature increases 

were imparted into the system. Unfortunately, these large temperature increases are 

incompatible with the goals of this project to ultimately integrate an acoustic device 

into a biosensor.  

 

 Limitations and known problems  
 
Acoustic streaming typically demands high output pressure from ultrasonic 

transducers and Fig 6.20 shows some examples of wear and tear on the ultrasonic 

transducers over time. Both the bulk piezoelectric and the composite material devices 

were subject to extensive driving at high input amplitudes during many experiments, 

and unfortunately degraded and were left damaged beyond repair. Fig6.20a shows a 

new bulk piezoelectric transducer: the surface of the PZ54 is clean and unmarked and 

the copper surround is pristine. Fig 6.20b shows a similar bulk transducer after being 

tested extensively over the course of the project, with a range of input voltages and 

mostly being driven at the resonant frequency. The piezoelectric material has 

dislodged from its position in the casing and the copper surface has blackened. 

 

 In this case, the device was being driven at the resonant frequency with the power 

amplifier to test acoustic streaming, when electrical breakdown occurred and it 

exploded. The copper surround is very tarnished and blackened in colour and the PZ54 

material has completely dislodged from the casing and was found in pieces in the glass 

cuvette used in the test. This could have been a one-off accident, but it would be 

prudent to make the design more resilient and durable to avoid destruction of devices, 
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especially if these are to be integrated into other devices such as biosensors and used 

daily.  

 

 
Fig 6.20.  (a) Image of a new transducer, fresh from production in the Medical and Industrial Ultrasonics group 
at the University of Glasgow. (b) Bulk transducer after being driven many times over two years, shortly after 
blowing up in a small cuvette. (c) Image of composite transducer with PZ54 elements damaged (blackened) 

 

Degradation of the composite devices occurred differently. In this case, the copper 

surround remained pristine as before, and the material did not dislodge from the casing. 

However, as can be seen in Fig 6.20c. the PZ54 elements in the composite have 

become discoloured. This is taken to indicate that these elements have become broken 

over time and are thus rendered useless. This could have occurred due to avalanche 

effects, where heating of the epoxy phase causes losses in it to rise, in turn increasing 

heat in a highly destructive event. Again, the design and materials used in this device 

could be improved to avoid this deterioration in the future and allow for a much longer 

life-span of the device.  

 

 Conclusions 
The characterisation and experimental evaluation of two ultrasonic devices, a bulk 

PZ54 transducer and a composite PZ54 transducer were described in this chapter. For 

each device, the characterisation was reported and problems uncovered were 

highlighted and discussed.  

 

The experimental results for the bulk PZ54 device showed some agreement with the 

PZFlex models, however the large broadband area of activity around the resonant 

frequency of the material is not ideal for efficient driving of the device. To combat 

this, designing a composite device was explored with the aim to have a defined 

resonant frequency. The predicted output pressure from the models of ~0.7 MPa was 

greater than the maximum pressure output when measurements were taken with the 
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needle hydrophones, where maximum pressure at the surface were found to be 

0.47  MPa. This is most likely due to the models not taking into account losses due to 

the casing and supporting backing materials. Due to the lower than expected pressure, 

is was decided that for all following tests, a power amplifier would be used 

concurrently to increase the pressure output from the device and this in turn, would 

support acoustic streaming. 

 

 Temperature testing of the device was imperative to establish the increases in 

temperature of the device whilst being used, and the temperatures imparted to 

surrounding media during operation. Temperature increases were very low, 3 °C, and 

the temperatures imparted into surrounding media over a range of input voltages 

remained low, with no increase over 8 °C noted. Finally, evaluation of the ability of 

the device to induce acoustic streaming in a small cuvette showed success during dye 

experiments. Input voltages to the power amplifier of 320 mVpp and above allowed for 

rapid mixing of the reagents, taking 21 seconds to complete.   

 

Characterisation of the piezocomposite, designed to overcome resonance issues 

uncovered when characterising the bulk transducer was also completed. Electrical 

impedance spectroscopy confirmed that the composite transducer design was a success 

in terms of yielding a clear resonance at 2 MHz. Pressure measurements indicated 

again that output pressures from the device, 0.47 MPa were lower than expected from 

the PZFlex models, but this could be overcome by the use of a power amplifier in all 

subsequent tests. Investigating the temperature imparted to surrounding media caused 

concern. It was found that the device imparted higher temperature increases (10 – 

50 °C) when being driven at input voltages necessary for acoustic streaming. These 

increases in temperature are incompatible with handling temperature sensitive 

biological matter. Therefore, for integrating devices such as these as a means of 

inducing acoustic streaming to aid the migration of matter to surfaces, it is advisable 

to avoid use of the composite PZ54 device, and instead use the bulk PZ54 ultrasonics 

transducer.  

 

Considering these results carefully, it is clear that despite the bulk piezoelectric device 

being inefficient in terms of having no distinct resonant frequency, it is the better 
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device for integration into surface-based biosensors. Acoustic streaming events are 

generated quickly at much lower driving voltages, which in turn leads to less heat 

being imparted into the system, which is beneficial for sensitive biological entities to 

thrive.  
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 Introduction 

 
In the previous chapters the aims of this project have been presented with relevant 

theory discussed, leading to the design, manufacture and characterisation of two 

Ultrasonic devices. This chapter presents computational modelling of the effect of 

ultrasonic pressure on the structural mechanics of two different nanostructure surfaces, 

pure gold nanowires and polystyrene nanodomes coated in gold. A further study is 

discussed hypothesis the integration of an ultrasonic device into a cuvette-based 

biosensor in order to stimulate protein migration to a surface.  

 

Relevant dimensions, resonant frequencies, pressure distributions and mode shapes of 

the devices are studied with different modelling methods. The behaviour and 

performance of the devices are also predicted by the modelling.  

 

 

• Commercially available finite element modelling software, ComsolTM 

Multiphysics 5.3a is a powerful tool due to its ability to simultaneously solve 

Multiphysics problems, such as those that arise in this work. Here it was used 

to model the effects of ultrasonic pressure fronts on the structural mechanics 

of nanostructure arrays, using the acoustics and the structural mechanics 

modules. The streaming effects in the large cavity surrounding the nanowire 

arrays was simulated using the acoustics module coupled with the fluid flow 

module. Finally, the effect of ultrasonic stimulus on the kinetics of attachment 

of bio-molecules was modelled in proximity to the nanostructure arrays. For 

each case, to aid the reader, the problem solution and methods used to prove 

the hypotheses will be individually presented.  
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 Acoustic Pressure on Nanowire arrays 

 
When hypothesising the integration of one technology into another as a means of 

optimisation, it is imperative that the means of optimisation does not affect the original 

mechanism of the device. In this case, it is necessary to investigate whether ultrasonics 

can be used to optimise protein migration to nanowire arrays without affecting their 

structural mechanics or ability to exhibit localised surface plasmon resonances at 

specific wavelengths. As discussed in Chapter 3, any change in geometry of a 

nanostructure changes its ability to exhibit a localised surface plasmon resonance, by 

shifting the wavelength at which the nanoparticle is resonant. 

 

Computational modelling enables this investigation be conducted efficiently and 

without the need for creating many different nanostructure samples initially. In this 

section, the acoustic-structure interaction is probed using ComsolTM Multiphysics 5.3. 

The stress and surface deformation of two different nanostructures when exposed to 

ultrasonic pressure fields are presented. These nanostructures are gold nanowires with 

geometries ranging from 100-400 nm with diameters 50-100 nm, and 200 x 200 nm 

polystyrene nanodomes coated in 10 – 50 nm gold. These structures were studied 

because they show promise for integration into a surface-based biosensor.  

 
7.2.1 Finite Element Modelling 

 
Finite element modelling breaks large problems into many small elements, which are 

then investigated using simple element equations. FEM can be used to approximate 

the solution to complex problems which would have no analytical solution.  

In this work, commercially available finite element modelling software, COMSOL 

MultiphysicsTM 5.3 was used to model the acoustic-structural response of nanowire 

arrays. The pressure acoustics and structural mechanics modules work in tandem using 

the acoustic-structure boundary Multiphysics capabilities of the software to solve the 

Helmholtz wave equations across the boundary between each element.  
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7.2.2 Model Design 

 
In practice, the arrays used in this work contain ~2.5 x 109 nanostructures per square 

millimetre. Thus, it is impractical to model the whole array, and instead one structure 

is modelling and periodic boundary conditions are used to replicate the structure 

infinitely in the x and y planes. Figure 7.1. Shows a single nanowire with periodic 

boundary conditions on each side, this can be used to approximate the behaviour of an 

infinite two-dimensional nanowire array.  

 

  
Fig 7.1. 2D schematic diagram of gold nanowire modelled alongside 3D geometry used in 

COMSOLTM modelling 

 
An ultrasonic wave front was modelled to be incoming from the z = 1 direction, 

incident onto the top of the nanowire. The surface of gold at the bottom of the model 

is constrained with a fixed constraint boundary, and the nanowire is given a linear 

elastic material boundary condition, allowing for stresses and strains to be calculated.  

 

7.2.3 Meshing 

 
Meshing is the process by which problems are broken into a finite number of small 

elements. The mesh size plays a vital role in the modelling process. Computational 



Chapter 7: Modelling Ultrasonics in Biosensing Regimes 
 

 

 112 

time exponentially grows with element number, but adequate numbers of elements are 

required to describe model behaviour. Usually, there is a compromise between these 

properties. Generally, one usually uses the wavelengths in the system to determine the 

maximum mesh size, generally allowing for 10 - 15 elements per wavelength. 

However, due to the large discrepancy in length scales between ultrasonic wavelengths 

and nanostructures, a much smaller mesh was used. The maximum mesh size in the 

solid domain, the nanostructure, was set to 5nm and in the fluid domain and 10 nm in 

the fluid domain. The minimum mesh size was not set as the software can increase 

element quality as required, i.e. for curved edges and boundaries. Fig. 7.2 displays an 

example of the mesh sizing used in these computational models.   

 
Fig 7.2.  Comsol model of Au nanowire in a fluid medium with mesh shown 

 

7.2.4 Material Considerations 

 
When investigating the structural behaviour of nanoparticle gold, the mechanical 

properties of gold should be closely inspected. Many physical properties of 

nanoparticles differ from the bulk materials and this must be considered in 

computational simulations. Table 5 compares the elastic modulus for nanostructures 

and bulk materials. The elastic modulus for nanowires does not differ much when 

compared with the elastic modulus for bulk gold, and as such in this work, the value 

79 GPa was used during simulations. 
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The values for the elastic modulus in bulk and nanostructure polystyrene vary a lot; 

due to this, the value of 1.5 GPa was used in the simulations for the elastic modulus of 

polystyrene.  

 
Table 5 Table comparing the elastic modulus of nanostructures and bulk materials 

Particle Material Diameter, 

nm 

Elastic modulus,  

GPa 

Bulk Elastic Modulus, 

GPa 

Nanowire Gold 40-250 70 ± 11 79 

Nanosphere Polystyrene 180-250 1-2 3-3.6 

 

7.2.5 Acoustic-Solid Interaction Governing Equations 
 
The Acoustic module in COMSOLTM includes a set of physical interfaces to model the 

propagation of sound in fluids and solids. Assuming a harmonically varying pressure, 

i.e. 𝑝(𝑡) = 𝑝𝑒𝑖𝜔𝑡, the governing equation for the pressure in an inhomogeneous 

acoustic medium is the Helmholtz equation 

 

∇. ( 1
𝜌𝑓

∇p) + 𝜔2𝑝
𝜌𝑓𝑐𝑓2 = 0    (7.1) 

 

where p, 𝜌𝑓, and 𝑐𝑓 are the pressure in the fluid domain, the density of the fluid domain 

and the speed of sound. The angular frequency and the wave number are denoted by 

𝜔 and k respectively.  

The pressure field is obtained by solving the Helmholtz equation with the proper 

boundary conditions:  

 

Pressure boundary condition: 𝑝 =  𝑝0   (7.2) 

 

Hard Wall condition: 𝒏. ∇. 𝑝 = 0    (7.3) 

 

Acceleration boundary conditions: 𝒏. ∇. 𝑝 = 𝑎𝑛   (7.4) 
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Where p0, n, and an are the pressure input, the outward unit normal to the fluid domain 

and the input acceleration.  

 

Time harmonic structural analysis neglecting body force can be described by Newton’s 

second law:  

 

∇. 𝝈 = −𝜔2𝜌𝑠𝒖    (7.5) 

 

Where 𝝈 is the stress tensor, 𝜌𝑠 is the density of the solid and u is the displacement 

vector. The Neumann and Dirichlet boundary conditions are applied:  

 

Neumann boundary condition: 𝒏𝒔. 𝝈 =  𝒇𝑆𝑓   (7.6) 

 

Dirichlet boundary condition: 𝒖 =  𝒖𝑆𝑢   (7.7) 

 

Where 𝒇𝑆𝑓 is the surface traction on Sf and 𝒖𝑆𝑢is the displacements on Su.. The outward 

normal to the solid domain is denoted by ns.  

 
Fig 7.3. Interaction boundary conditions between acoustic and structural domains (Yoon, Jensen, & 

Sigmund, 2007) 

The interaction between the structure and the fluid must be considered when the 

structure is elastic, as shown in Fig. 7.3. To couple the domains, the acoustic analysis 

provides sound pressure to the structural analysis and the structural analysis provides 

accelerations to the acoustic analysis. The boundary conditions between the fluid 

domain and the structural domain can be derived from the continuum equation of the 
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fluid, which moves due to the acoustic pressure. For the fluid domain, the local balance 

of linear momentum equation should be satisfied:  

 

𝒏. ∇𝑝 =  𝜔2𝜌𝑓𝒏𝑇𝒖 in Sint    (7.8) 

 

Where Sint is the interfacing boundary. At the interface of the structural domain, the 

traction of the solid part should equal the pressure. Thus, the interface condition for 

the solid:  

 

𝒇𝑆𝑖𝑛𝑡 = 𝒏. 𝑝     (7.9) 

 

By applying the interface boundary conditions of Eqns. 7.8 and 7.9, the scattering 

wave and the structural response can be obtained.  

 

7.2.6 Acoustic Pressure incident on Au Nanowires  
 
The acoustic-structure interaction was studied with incident acoustic pressures varying 

from 1 Pa – 1 GPa to investigate the effects on the mechanical structure of the 

nanowires. The frequency used was 2 MHz, as this was the resonant frequency of the 

bulk ultrasonic transducer, characterised in Chapter 6. 2 MHz was chosen as the 

frequency of interest as this was proven to be a resonant frequency of the bulk 

piezoelectric device manufactured and characterised in this work, as shown in Chapter 

6. 

 

7.2.7 Solid Stress Results 
 
The solid stress and solid deformation outputs are shown in Figs 7.4 and 7.5 

respectively. Evident from Fig 7.4, most of the stress occurs at the base of the 

nanowire, where it branches up from the gold underlayer, with little stress occurring 

at the free end.  

 

For this work, stresses occurring at the base of the nanowire could be concerning, as 

the structures could be ripped from their positions when sonicated. However, as the 



Chapter 7: Modelling Ultrasonics in Biosensing Regimes 
 

 

 116 

stress pressure remains low (1.22 Pa solid stress when for 1 GPa pressure is incident) 

we can be confident that no removal of the structures from the surface will occur, and 

they will remain fixed in position.  

 

 
Fig 7.4. Material stress when 1 GPa pressure is exerted on 50 x 400 Au Nanowire 

 

7.2.8 Solid Deformation Results  
 

As discussed in Chapter 2, the localised surface plasmon resonance of a nanostructure 

is highly dependent upon the structure geometry; nanowires with different geometries 

produce absorbance peaks at different positions. In the prototype biosensor used in this 

work the light source to excite a LSPR response is chosen so that a change in the 

geometry of nanostructures would cause a change in the peak absorbance location and 

thus cause a loss of the localised surface plasmon resonance. This solid deformation 

due to incident pressure fronts is to be completely avoided to prevent altering the 

localised surface plasmon resonance response of the structure. Fig 7.5 shows the solid 

deformation in a 50 x 400 nm Au nanowire due to an incident pressure of 1 MPa. The 

maximum structural deformation at this pressure is 0.5 nm.  
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Fig 7.5. Displacement when 1 GPa pressure is exerted upon the 50 x 400 Au Nanowire 

 
The solid deformation for 200 x 200 and 50 x 400 Au nanowires was modelled over 1 

Pa – 1 GPa and the results are displayed in Fig 7.6. At incident pressures below 0.1 

GPa, there is negligible solid displacement < 0.1 nm. Above this, the displacement 

increases; for the 200 x 200 nm wire at 1 GPa, the displacement is 0.3nm and the 50 x 

400 nm wire, displacement is 0.6 nm. 

  

The acoustic pressures emitted by the bulk and composite devices manufactured in this 

work, and presented in Chapter 6, were of the order of 0.7 MPa. Output pressures such 

as this will have little effect on the geometry of the nanowire, and therefore will not 

affect the localised surface plasmon resonance absorption peak location.  
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Fig 7.6. Graph showing the rate of solid deformation of different geometries Au nanowires as 
pressure is increased from 1 Pa to 1 GPa 

 

7.2.9 Gold Coated Plastic Nanowires 

 
Analogous to the model set up used for the gold nanowire models, a model was used 

to investigate the stress and deformation on a 200 x 200 polystyrene nanodome coated 

in gold, as shown in Fig. 7.7. This nanostructure was chosen as polystyrene nanodomes 

can be easily procured in bulk and coated in a layer of gold via magnetron sputtering 

(Chapter 4) in order to exhibit a localised surface plasmon resonance. By using pre-

made polystyrene structures, some of the uniformity issues arising during the 

fabrication of gold nanowires can be mitigated, as the only procedure causing 

deviations to structure is the sputtering process. 

 

 
Fig 7.7. Schematic diagram of geometry used in model for Au coated polystyrene nanodomes 
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During these tests, the geometry of the polystyrene dome remains constant, but the 

layer of gold surrounding the structure was varied from 10 – 50 nm. The thicknesses 

of gold were chosen to correspond to the localised surface plasmon resonance testing 

of thicknesses being investigated externally to this project.  

 

7.2.10 Solid Stress in Au coated, polystyrene nanodomes  
 
 

The solid stress and solid deformation outputs are shown in Fig. 7.8 and Fig 7.9 

respectively. Evident from Fig 7.8, much of the stress occurs at the centre of the top 

of the nanowire, with some occurring at the base of the structure and around in the 

middle.  

For this work, stresses occurring at the base of the nanowire could be concerning, as 

the structures could be ripped from their positions when sonicated. However, as the 

stress pressure remains low, 8 Pa solid stress when for 1 MPa pressure is incident, we 

can be confident that no removal of the structures from the surface will occur, and they 

will remain fixed in position.  

 

 
Fig 7.8. Solid stresses, Pa, in 200 x 200 nm polystyrene nanodome coated in 40 nm gold when 

exposed to 1 MPa acoustic pressure 
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7.2.11 Displacement in Au coated polystyrene nanodomes 
 
As discussed in Chapter 2, the localised surface plasmon resonance of a nanostructure 

is highly dependent upon the structure geometry; nanostructures with different 

geometries produce absorbance peaks at different positions. Solid deformation due to 

incident pressure fronts is to be completely avoided, to prevent altering the localised 

surface plasmon resonance response of the structure. Fig 7.10 shows the solid 

deformation in a 200 x 200 nm polystyrene nanodome coated in 40 nm of gold due to 

an incident pressure of 1 MPa. The maximum structural deformation at this pressure 

is 0.006 nm.  This displacement is negligible and will have no effect on the absorption 

spectra of the localised surface plasmon resonance.  

 

 
Fig 7.9. Solid deformation, nm, when 200 x 200 nm polystyrene nanodome coated in 40 nm gold is 

exposed to 1 MPa acoustic pressure 

 
 
Fig 7.11 shows the results for solid deformation over a range of gold thicknesses 

coating the nanodome when sonicated with pressures from 1 Pa to 1 GPa. It is clear 

that as thicker layers of gold are used, the less surface deformation occurs; when 10 

nm of gold was used, the large surface deformations are evident, 189 nm at 1 GPa. In 

all cases, it requires at least 0.1 GPa pressure in order to cause deformations on the 

order of nanometres.  
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Fig 7.10. Solid deformation of 200 x 200 nm polystyrene nanodome coated in different thicknesses of 

gold ranging from 10 - 50 nm, when exposed to acoustic pressures 0 - 1 GPa 

 

Fortunately, the acoustic pressures used in this work are less that 1 MPa, as shown in 

Chapter 6, so any streaming effects that are induced in the biosensor cuvette, will have 

little effect on the geometry of the nanostructures used in sensing and thus, not affect 

their ability to exhibit a localised surface plasmon resonance at a specific wavelength.   

 

 Ultrasonics in a Biosensor  

The study and implementation of ultrasonic technology as a means of particle 

manipulation in microfluidic biosensors and cell manipulation on-chip has been a hot 

topic of research in recent times (Glynne-Jones & Hill, 2013; Mulvana, Cochran, & 

Hill, 2013). In this work, focus is on the effects of ultrasonication on particle stimulus 

towards a sensing surface in static fluid, cuvette-based biosensors. This section 

investigates whether integrated ultrasonics can enhance protein migration to a sensing 

surface over a larger area (a cuvette).  
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7.3.1 Model Set-Up 

 
In this section, the migration of a modelled protein in a cuvette with the aid of 

ultrasonic fields is investigated. The cuvette in the prototype biosensor, introduced in 

Chapter 3, gives the geometry for this model. The cuvette length was selected such 

that it reflected the proposed integration set up of an ultrasonic transducer integrated 

into a biosensor; the dimensions of the chamber were chosen: w x h = 2 x 5 mm. 

Proteins in the cuvette were assumed to be spherical, elastic particles where particle 

density = 1350 kgm-3 (Fischer, Polikarpov, & Craievich, 2009) and particle radius = 

20 nm. Boundary conditions for the study are outlined when discussing the acoustic 

fields in Section 7.3.2 and the particle trajectories in Section 7.3.3. The maximum 

mesh size chosen for this study was calculated by 𝜆/15; this was to appreciate the 

acoustic pressure at each location along the wavelength, but optimise computational 

modelling time.  

 

7.3.2 Acoustic Pressure Fields 
 
A fluid filled cuvette was modelled using the Comsol Pressure Acoustics, Frequency 

Domain” interface to obtain first-order acoustic velocity and pressure fields, which 

solves the harmonic, linearized acoustic equations shown in Eqn. 7.1.  In this step, the 

boundary conditions were chosen as follows; the bottom wall was an acceleration 

boundary (Eqn. 7.4), where an = 3.5 x 105 ms-2 and the remaining walls were sound 

hard boundary conditions, Eqn. 7.3.  

 

Fig.7.11 shows the distribution of the magnitude of the modelled first-order acoustic 

pressure field. A standing wave is established in the y-direction of the chamber with 

multiple acoustic pressure nodes in the cuvette and antinodes at the top and bottom 

walls.  
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Fig 7.11. Pressure distribution in 2 x 5 mm fluid filled cuvette 

The acoustic pressures shown here correspond well with those modelled while 

modelling the PZ54 bulk and composite transducers in the cuvette using PZFlex.  

 

7.3.3 Particle Trajectories 
 
To understand the effects of acoustic streaming on particle manipulation and compare 

with experimental results, a numerical simulation of particle trajectories was carried 

out. Neglecting the gravity force and buoyancy force on a spherical particle, the 

movement of the particle within a standing wave field is determined by the acoustic 

radiation force, Far and the acoustics streaming force, Fas: 

 
𝑑
𝑑𝑡

(𝑚𝑝𝑣) =  𝐹𝑎𝑟 + 𝐹𝑎𝑠   (7.10) 

 

𝐹𝑎𝑟 = −∇ (v𝑝 (3(𝜌𝑝−𝜌𝑓)
2𝜌𝑝+𝜌𝑓

𝐸𝑘𝑖𝑛 − (1 − 𝛽𝑝

𝛽𝑓
) 𝐸𝑝𝑜𝑡))  (7.11) 

 

𝐹𝑎𝑠 = 6 𝜇𝜋𝑟(𝑢2 − 𝜈)    (7.12) 

 

Where 𝑚𝑝 is the particle mass, 𝜈 is particle velocity, the fluid velocity is 𝑢2, 𝜇 is the 

fluid dynamic viscosity, r is the particle radius, 𝐸𝑘𝑖𝑛 and 𝐸𝑝𝑜𝑡  are the time averaged 

kinetic and potential energy, 𝜌𝑝 and 𝜌𝑓 are respectively the density of the particle and 

Pressure, Pa
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the fluid, 𝛽𝑝 and 𝛽𝑓 and the compressibility of particle and fluid and v𝑝 is the particle 

volume.  

 

Comsol “Particle Tracing for Fluid Flow” interface was used to simulate the particle 

trajectories. The shape of the trajectories is independent of the pressure amplitude, 

since both the acoustic radiation force and streaming force scale with the square of 

pressure. Presented here are results for an excitation amplitude, 𝑎0 = 3.5 𝑥 105 𝑚𝑠−2. 

An array of tracer particles given the properties of proteins, but for simplicity defined 

as spheres of diameter 20 nm were seeded at t = 0. Parameters used in this model can 

be found in Table 6. Both the acoustic radiation and streaming forces act on the 

particles, resulting in the motion shown in Fig 7.12. To simplify the modelling process, 

a “stick” boundary condition was applied to the top boundary of the model, to model 

the behaviour of proteins “sticking” to the nanowires. “Bounce” boundary conditions 

were applied to all other walls of the cuvette. A “particle counter” boundary was also 

applied to the top boundary, to count the proteins as they attach to this region.  

 
Table 6 Table outlining parameters used in modelling the acoustic aided migration of proteins to the surface 

  

Driving Frequency 2 MHz 

Acoustic Velocity in fluid, cf 1480 ms-1 

Particle Diameter, p_d 20 nm 

Particle Density 1350 kgm-3 

Viscous Boundary Layer 1.48 um 

Dynamic Viscosity of water 8.9 x 10-4 Pa.s 

Fluid density 1000 kgm-3 

Mesh size 𝜆/15 

 

The particle trajectories in the cuvette due to the acoustic radiation and streaming 

forces over time scale, 0 – 1 s are shown in Fig. 7.12. It is evident from inspection of 

this that the particles migrate towards the pressure nodes, as ФK > 0 (ρf / ρs < 2.5).  

 

A particle counter boundary condition was placed on the top edge of the geometry so 

that we can have an idea of the proteins absorbing onto the sensing surface – or 
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nanostructures. Fig 7.13 shows the number of particles attaching to this surface over 1 

second.  

 

 
Fig 7.12. Figure 1 Particle trajectories in an acoustic pressure field over time, 0 - 1 s 

 
It is clear that the integration of ultrasonics into the prototype biosensor will greatly 

increase the efficiency with which proteins are detected in a solution. Fig 7.13 shows 

rapid migration of the particles to the sensing surface.  

 

 

 
Fig 7.13. Modelled “proteins” attaching to the surface over 1 second 
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 Conclusions 
 
In this chapter the effects of ultrasonication on the structural mechanics of 

nanostructures was modelled and analysed. For all nanostructures, it was found that 

acoustic pressures above 0.1 GPa result in structural deformations on the scale of 

nanometres. The acoustic pressures used in this work are of the order of 1 MPa, as 

such, no surface deformation should occur to the nanostructures used for sensing and 

so the location of the LSPR absorption spectra will remain unchanged. In conclusion, 

these results show that integration of ultrasonic technology into the prototype 

biosensor will not adversely affect the ability of the nanostructure arrays to detect 

proteins and other biomolecules.  

 

Due to the success of not damaging nanostructures with high power ultrasonics 

modelled, the feasibility of integrating ultrasonic technology into a cuvette for the 

stimulation of proteins to a surface was also discussed. Results here displayed rapid 

migration of proteins to the sensing surface. Integration of the technology into the 

prototype biosensor is necessary to verify these modelling results.  
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 Introduction  
 

The previous chapter detailed the characterisation of two ultrasonic transducers and 

their ability to produce acoustic streaming events in small cavities was evaluated. With 

integration of such devices into biosensors in mind, it is imperative that sensing 

surfaces are robust enough to withstand the large pressures associated with ultrasonics 

and the sometimes violent phenomena that can occur such as acoustic streaming and 

cavitation. Therefore, this chapter explores the effects that ultrasonication can have on 

nanostructure arrays. Chiefly, two acoustic phenomena are examined with respect to 

the structural mechanics of nanostructures; 

 

• The acoustic streaming effect induced by the high frequency ultrasonic devices 

created and discussed in this project could be used in applications where 

plasmonic nanostructures are employed as a sensing medium for biological 

media. It is necessary to probe whether these nanostructures would withstand 

the pressure fields involved when acoustic streaming is adopted to aid 

migration of biological media to the nanostructures.  

 

• Nanostructures are also exposed to low frequency ultrasound to assess the 

proclivity of nanostructures tips to behave as nucleation sites for acoustic 

cavitation events and if so, can these structures withstand bubble collapse and 

shock wave events.  

 

Experiments and results for resolving these hypotheses are detailed in the following 

sections. From these tests, conclusions can be drawn for the possibility of localised 

surface plasmon resonance-based biosensors using nanostructures being optimised by 

ultrasonic technology.  
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 Ultrasonic Streaming Effects on 
Nanowire arrays  

 
The optical extinction of plasmonic nanostructures is highly dependent on their 

geometry: extinction peaks show a strong dependence on length and diameter. The 

apparatus shown in Chapter 5, Section 5.2.4, allows the optical monitoring of 

nanowires being grown but can also be used to give an indication of at which 

wavelength they resonate when ready to use. To demonstrate the ability of said 

equipment, Fig 7.20 shows the effect of increasing nanowire length on optical 

extinction spectra which indicates that variation in nanowire height causes the 

extinction maxima to vary. At nanowire lengths close to the nanowire diameter, only 

one peak is observed but with increasing length, the longitudinal peak becomes more 

pronounced and red-shifted due to secondary radiation emitted from the nanowire.  

 

As extinction spectra are gathered in real time, it is possible to optically monitor 

nanostructures in real time whilst they are sonicated by external devices. Any 

deformation caused to the nanostructures during sonication will cause a change in peak 

height or position of the optical extinction spectra. Following this, we can therefore 

use this apparatus and theory to probe the FEM simulation results discussed in Chapter 

6, of the effect of ultrasonication on nanostructure arrays. 
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Fig. 8.1. Calculated extinction spectra for gold nanowire array with varying lengths. Figure 
reproduced with permission from Dr A. Murphy, “Fabrication and Optical Studies of Gold Nanotube 

Arrays” (Murphy, 2010). 

8.2.1 Experimental Set-up 
 

As a consequence of the findings of transducer characterisation presented in Chapter 

7, only the bulk piezoelectric device was used for this investigation. The bulk device 

proved adequate at producing acoustic streaming events at low input voltages, 

allowing for only small increases in temperature in surrounding media. The composite 

device, however, proved too inefficient at inducing acoustic streaming in small cavities 

at low driving voltages, and had a similar pressure output as the bulk device, as 

determined in Section 6.3.3. Thus, investigations conducted solely with the bulk 

device upon nanostructures are sufficient.  

 

The effects of ultrasonication on two different types of nanostructure samples was 

undertaken, Fig 8.2.  

 

1. An array of pure gold nanowires, grown in methods explained in Section 5.2 

of this thesis, significant parameters of which are given in Table 7 

 

2. Au coated polystyrene nanodomes procured from the Biomedical Engineering 

Group, School of Engineering, University of Glasgow (Pedersen, Xu, 
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Stormonth-Darling, & Gadegaard, 2015) and coated in 40 nm of gold via 

magnetron sputtering, discussed in Section 5.2.1.  

 

These samples were chosen as they both exhibited good localised surface plasmon 

resonance for biosensor regimes being tested externally to this project.  

 

  
Fig. 8.2. SEM image of 50 x 200 nm nanowire arrays (left) and SEM image of 200 x 200 nm 

polystyrene nanodomes coated in 40 nm gold (right) 

 
Table 7. Table showing the anodisation voltages, etch times and optical extinction used to grow 

nanowires 

 

 

Experimentation was carried out by placing a nanostructure sample into the modified 

electrodeposition cell of the in-situ optical monitoring apparatus as shown in Fig 8.3. 

The ultrasonic device was then inserted 10 mm from the sample surface so that the 

nanostructures would be directly exposed to ultrasonic radiation and the acoustic 

pressure field. Extinction spectra of the nanostructure samples were taken before 

sonication to be able to compare them with the sonicated spectra. The ultrasonic device 

was driven at the resonant frequency, 2 MHz with a 50% duty cycle by an Agilent 

Signal Generator (Agilent 33220A, Agilent, Ca, USA) and a power amplifier (ENI-

2200 L, Precision Acoustics, Dorset, UK). The input voltage was varied, to verify 

whether a higher output power would have any effect on the sample structure. Chosen 

voltages typified those that exhibited some streaming effects in the dye experiments 

Anodisation Voltage, V Etch Time, s Extinction 

23 60 1.5 
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carried out in Section 6.2.6. However, the lower end of the range was  used in order to 

ensure no great increases in ambient temperature and to avoid any degradation of the 

piezoelectric devices.  

 
Fig. 8.3. Modified electrodeposition cell in the apparatus for optically monitoring the extinction 

spectra of nanostructures. Bulk ultrasonic transducer has been added incident to the substrate 
containing nanostructures to investigate the effects of high frequency 

 

8.2.2 Insitu monitoring of gold nanowires with bulk 
transducer sonication  

 
This section details the effects of ultrasonication from the bulk piezoelectric device on 

a gold nanowire array. An initial extinction spectrum of the array was taken so 

judgement could be made as to whether incident sonication caused any deviation in 

the position or magnitude of the extinction spectra and thus, had caused a change in 

the structure of the nanowires under test. The initial spectrum is labelled “No 

sonication” in the spectra-graph shown in Figure 8.4. From the results shown in this 

figure, it is also clear that there was no alteration of the extinction spectra at any input 

voltage (320 – 480 mVpp). Thus, we can be confident that no change has occurred to 

the nanowire array due to incident sonication.  
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Fig. 8.4.  Extinction Spectra of gold nanowire array with incident sonication 

 

8.2.3 Insitu monitoring of gold coated polystyrene 
nanowires with bulk transducer sonication 

 
As with the gold nanowire sample from Section 8.2.2, details of the effects of incident 

sonication from a bulk PZ54 ultrasonic transducer on a gold coated polystyrene 

nanowire array were sought. The results for this investigation are presented in Fig 8.5. 

Sonication had no impact on the structural mechanics of the nanostructures as the 

extinction spectra exhibit no change between the non-sonicated trace and when 

sonication was present at any power amplifier input voltages in the range (360 – 500 

mVpp).  
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Fig. 8.5. Extinction spectra of polystyrene nanostructures coated with 40 nm of gold both with incident 

sonication and not sonicated.  

 

8.2.4 Discussion 
 
In agreement with the ComsolTM Multiphysics results presented in Chapter 6.3, the 

acoustic pressure generated in creating acoustic streaming events from the bulk 

piezoelectric device in this work is insufficient to cause any damage or deformation to 

a nanowire.  It is apparent from probing different types of nanostructure arrays here 

that using the bulk piezoelectric device in proximity to the nanostructures to induce 

acoustic streaming events has no effect on the structural mechanics of the nanowires, 

nor adversely effects their ability to exhibit a localised surface plasmon resonance. 

Neither the gold nanowires nor the gold coated polystyrene nanodomes presented any 

change in extinction spectra when exposed to sonication from the bulk PZ54 ultrasonic 

transducer created during this project whilst being driven with input voltages necessary 

to induce acoustic streaming in cavities. As such, using the device to enhance 

migration of biological matter to the nanostructure arrays by acoustic streaming is 

entirely possible and has no adverse effects on the biosensing system.  
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 Cavitation effects on gold nanowire arrays  
 
In this section, an experiment to probe cavitation effects on nanostructures using lower 

frequency ultrasound is presented. As discussed in Chapter 4.5 at lower ultrasonic 

frequencies in the range 20 kHz – 1 MHz, the likelihood of cavitation is heightened. 

Cavitation events, especially where bubbles are generated, are detrimental in LSPR 

biosensing devices due to the sensitive nature of the optics involved and any change 

in refractive index, e.g.. a bubble, will cause a change in the plasmonic resonance. 

However, cavitation events could prove a very useful and powerful tool in terms of 

reusability of sensing media.  

 

At present, sensors using nanostructures made of pure metallic elements such as silver 

or gold can be reused simply; protein removal from surfaces can be achieved by 

purging samples with a strong acid, then using plasma cleaning technology to remove 

any remaining residue from the surface, resulting in immaculate surfaces that can be 

used again for sensing. Unfortunately, however, samples made from plastics cannot 

be cleaned with the plasma cleaner, as poor adhesion to plastics causes any material 

coating to also be dislodged, including silver and gold.  

 

In preparation for this experiment, gold nanowire samples were produced in Queen’s 

University Belfast using methods discussed in Chapter 4.2. It was decided that a 

variety of different nanowire thicknesses and heights should be used in this test, to 

validate that the lower frequency ultrasound, and consequent cavitation events would 

have the same effect on both thick and thin nanowires. In order to create nanowire 

samples with different geometries and densities, a number of parameters in each step 

of the growth process had to be altered. By varying the anodisation voltage the density 

or packing of the nanostructures changes; lower voltages mean fewer nanostructures 

per area. The etch time dictates how thick the nanowires will be, a longer etch time 

allows for thicker nanowires to be grown. Additionally, by using the optical 

monitoring apparatus (Chapter 4.2.5), we can monitor the growth height of the 

nanowires in the pores using the extinction curve as a guide, i.e the maximum of the 

longitudinal curve is monitored and when it reaches certain points on the extinction 

axes, deposition is terminated by cutting the voltage to the system. Table 2 shows the 
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values for each of these steps in the process used to yield 12 different nanowire 

samples for this test. Wire diameters and heights were measured using a scanning 

electron microscope to take images of the samples which were analysed using the open 

source software, ImageJ. 

 
Table 8. Table showing the anodisation voltages, etch times and optical extinction used to grow 

nanowires with different geometries. Nanowire diameter and height is also highlighted 

 

 

A focused ultrasound transducer (H-149, Sonic Concepts, Bothell, WA, USA), excited 

by a waveform generator (DG4102, Rigol Techcnologies, Beijing, China) and a power 

amplifier (2100 L, Electronics and Innovation, Rochester, NY, USA), was mounted in 

a Perspex chamber. The transducer has an outer diameter of 110 mm, and 

geometrically focuses at a distance of 68 mm from the centre of the front face. The 

chamber features two recessed opposing walls to allow positioning of optics for high 

spatial resolution imaging. The chamber was filled with non-degassed water and the 

samples were placed into the chamber at the focal point of the focused ultrasonic 

transducer, at 0° to the acoustic radiation propagation axis. All observations were taken 

over a 100-cycle burst at 200 kHz focused ultrasound, the resonant frequency of the 

Sample Anodisation Voltage, 

V 

Etch 

Time, 

s 

Deposition, extinction 

curve 

Wire Diam,  

nm 

A 23 20 1.45 24.2 

B 23 20 3.5 21.4 

C 23 45 1.45 21.8 

D 23 45 3.5 22.3 

E 23 60 1.45 23.5 

F 23 60 3.5 39.5 

G 30 20 1.45 31.9 

H 30 20 3.5 29.7 

I 30 45 1.45 39.2 

J 30 45 3.5 36.7 

K 30 60 1.45 53.3 

L 30 60 3.5 37.3 
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transducer, driven with 2 Vpp input voltage. A schematic diagram and photographic 

image of this set up can be found in Fig 8.6.  

 

High speed shadow-graphic imaging of the resultant cavitation activity was 

undertaken with a 2 Mfps (frame per second) camera (HPV-X2, Shimadzu, Japan) was 

placed in a recessed viewing pane perpendicular to the direction of the ultrasonic 

radiation so that any bubble growth, collapse and subsequent shockwaves could be 

observed. Illumination was provided using synchronous 10 ns laser pulses (CAVILUX 

Smart, Cavitar, Finland) and a delay generator (DG535, Stanford Research Systems, 

USA) provided electronic triggering to synchronise each instrument.  

 

 
Fig. 8.6. Cavitation set-up schematic (left), a nanowire array sample sits in the focal point of a low-

frequency focussed ultrasound device. The interaction and cavitation events are recorded using a high-
speed camera, situated in the viewing pane, photographic image of the set up (right). 

 
Shadowgraphic images were taken for each nanowire sample and retained for analysis. 

In the non-degassed water, every nanostructure sample yielded cavitation events; 

specifically, at the sample surface. Fig 8.7 shows bubble growth, collapse and an 

emitted shockwave over a period of 6 ns; the sample looks transparent in the water, 

with a solid outline and sits atop a solid metal rod. Many bubbles can be seen forming 

at the sample surface (Fig 8.7 B) with none occurring in the surrounding liquid media, 

confirming that the events are not simply due to using non-degassed water, but are 

caused by the sample, and more specifically the nanowire tips behaving as nucleation 

sites for cavitation events. Additionally, due to the bubbles expanding and contracting 

in reaction to the surrounding oscillating acoustic field, bubble collapse events can 

also be seen occurring at the sample surface, causing shock waves to emanate radially 
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from the collapse point, Figs 8.9 C-F. It has been proven in previous studies of bubble 

collapse and shockwaves due to cavitation, that these events can release huge amounts 

of energy to surrounding media, both in terms of force exerted due to release of 

pressure, but also large temperature increases can result. With this in mind, it is 

imperative to confirm that no structural damage has occurred to the nanostructure 

surface during this test.  

 

 
Fig. 8.7. Shadowgraphic images taken at 200 ns intervals from A - F, showing the expansion of shock 

waves from nanowire samples 

 
A simple way to establish the durability of the nanowires to withstand cavitation 

events, especially shock waves, is to inspect the samples after cavitation testing and 

compare with a non-sonicated counterpart. To make this test as robust as possible, 

each sample created (Samples A-L listed in Table 7) was cleaved in two after the 

electrodeposition step of sample growth but before removal of the alumina template 

(Section 4.2.6). This guaranteed no harm was caused during the cleaving process as 

the alumina template behaved as protection for the encased nanowires. The alumina 

template could then be removed to reveal two identical nanowire samples.  

 

One sample of each set was utilised in the cavitation test, and the other remained 

unused. Samples were inspected using scanning electron microscopy (Jeol 6500 FEG 

Scanning Electron Microscope) and comparisons were done with each set. All samples 

were exposed to 3.0 kV from the electron gun and all images were taken at 0° incidence 

and 20,000X magnification for ease of comparison. Fig 8.8 shows side-by-side SEM 

images to compare each nanostructure sample (non-sonicated labelled A-D and 
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sonicated labelled 1 - 4 i.e. image A and 1 are the same initial sample with A being 

sonicated and 1 not). All samples were analysed, but not all samples are presented 

here. Samples shown in Fig 8.10 give a broad cross-section of geometries created and 

the recipes that created these are given in Table 8.  

 

By inspecting the samples with the SEM, it was found that all samples remained intact 

and unharmed during exposure to low frequency ultrasound, and subsequent cavitation 

and shock waves; there is no change between the non-sonicated sample SEMs and the 

sonicated counterparts, Fig 8.8. The nanowires retained their shape and remained 

rooted in place on the sample, regardless of their thickness or height and were able to 

withstand the large acoustic pressure fields and the cavitation events that occurred at 

the sample surface.  



Chapter 8: Effects of Ultrasonication on Nanostructures 
 

 

 139 

 
Fig. 8.8. SEM images of non-sonicated samples on the left hand side, and identical samples after 

sonication on the right hand side 
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8.3.1  Discussion  
 
It was confirmed that gold nanostructures behave as nucleation sites for bubble 

formation during acoustic cavitation. When sonicated with 200 kHz acoustic radiation 

in gassy water, bubbles formed at the sample surface and oscillated with respect to the 

incident acoustic pressure. Bubbles collapsed during peak negative pressure phases 

and emitted shock waves radially from the collapse point, as demonstrated in the 

Shadowgraphic images displayed in Fig 8.8. Despite bubble collapse and shock wave 

emittance occurring, it was proven via SEM imaging, Fig 8.9, that all nanowires were 

able to withstand these violent events, as all samples remained intact and unharmed 

after sonication.  

 

This result, as well as surprising in terms of the structural integrity of the nanowires, 

raises questions regarding the possibilities of using nanostructures in conjunction with 

cavitation, including possibility of utilising cavitation events as a method for purifying 

biosensing surfaces of proteins once detection has been completed, to reuse said 

surfaces.  

 Conclusions 
 

Effects of ultrasonication on nanostructure arrays is an important avenue of 

investigation in this thesis. Inducing acoustic streaming events in small cuvettes for 

the stimulation and migration of biological matter is critical, but so too is maintaining 

structural integrity of the sensing surface. The bulk piezoelectric device was used to 

sonicate two different surfaces covered in nanostructure arrays; one consisting of pure 

gold nanowires on a glass substrate and the other polystyrene nanodomes covered in 

40 nm of gold. Insitu optical monitoring of these samples whilst undergoing sonication 

indicated that there was no effect on the nanostructures at voltages proven to be 

sufficient for acoustic streaming events. This result is reassuring for the ultimate aim 

of integration of an ultrasonic transducer into an LSPR biosensor, as no structural 

deformities or changes in resonance were noted.  
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Examination of the effect of low frequency ultrasonics on nanostructures verified that 

nanowire tips can act as nucleation sites for acoustic cavitation events. Bubbles grew 

on the surface during sonication, and collapsed at peak negative pressures, releasing 

shockwaves radially from the point of collapse. Comparative SEM images of sonicated 

and non-sonicated samples revealed that, despite being subjected to high pressures and 

large velocities due to these violent events, the nanowires remained unharmed and 

intact. This is an exciting result as it opens the door to further questions regarding the 

possibility of using acoustic cavitation as a means to remove surfactants from 

nanostructures once detection is complete, in order to reuse sensing media.  
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 Summary  
 
The work presented here investigates the feasibility of developing and integrating 

ultrasonic devices for stimulating the migration of biological media to nanostructure 

arrays in cuvette-based LSPR biosensors. The limitations of biosensing devices of this 

nature were discussed, specifically the diffusion limited migration of proteins to 

sensing surface. The use of ultrasonic technology in other biosensing regimes such as 

lab-on-chip and microfluidics, as a method of manipulating proteins is discussed. 

Integration of ultrasonics was therefore hypothesised as a method to increase protein 

mobility to nanostructure, LSPR biosensors.  

 

The theory behind the physical phenomena of localised surface plasmon resonance in 

metallic nanostructures was introduced in Chapter 2. The geometry dependence of the 

LSPR response was highlighted, which emphasised the necessity for any integrated 

technology to not affect the structure of the nanostructures. The migration of proteins 

to the nanostructures was also discussed.  

 

In Chapter 3, the theoretical fundamentals of ultrasound and its effects were 

introduced.  The capability of ultrasound to manipulate cells with the radiation force 

within a controlled environment, but also increase mass transfer within an extended 

fluid environment with streaming effects are extremely lucrative phenomena that can 

be exploited to optimise protein binding to nanostructure arrays.  

 

Chapter 4 detailed the techniques used to fabricate the nanostructure arrays and 

characterise the ultrasonic transducers manufactured in this work.  The apparatus used 

to physically and optically characterise nanostructures was described including the in-

situ monitoring and scanning electron microscopy.  

 

Device design, geometry and material considerations and virtual prototyping of two 

ultrasound devices was discussed in chapter 5.  A PZ54 bulk piezoelectric device and 

a PZ54 + Epofix piezocomposite device were proposed as potential candidates for the 

application. These devices were characterised using PZFlex and electrical impedance 

and pressure outputs at various voltages found. 
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Following device design, the manufacture and characterisation of these devices was 

carried out experimentally, the results of which can be found in Chapter 6. Virtual and 

experimental characterisations corresponded well, especially the pressure output and 

the electrical impedance spectroscopy of the devices. Rudimentary testing involving 

dye showed the device capabilities to induce streaming events in cuvettes.  

 

Finally, the effects of ultrasonication on nanostructures was investigated, virtually in 

Chapter 7 and experimentally in Chapter 8. In Chapter 7 it was realised that structural 

deformations of nanostructures occur at pressures much higher pressure, 1 GPa, than 

those used for acoustic streaming. As such, it was noted that ultrasound could be used 

as a safe method of protein manipulation to the nanostructure arrays, avoiding harm to 

the sensing surface. Chapter 8 verified this result experimentally. In-situ optical 

monitoring of nanostructure arrays showed no change in LSPR absorption peaks whilst 

both Au nanowires and Au coated polystyrene nanowires were experiencing incident 

sonication using the bulk piezoceramic device developed in this work, at input voltages 

proven to cause streaming events. It is therefore certain ultrasound can be used as a 

method of inducing acoustic streaming in a cuvette-based biosensor to increase the 

binding rate of proteins to nanostructure arrays, without affecting the LSPR response 

or damaging the sensing surface. Further examination of the effect of ultrasonics on 

nanostructures verified that nanowire tips can act as nucleation sites for acoustic 

cavitation in low frequency regimes. The nanowires remained intact and unharmed 

despite being subjected to high pressures and shock waves.  

 

This work has verified that ultrasound is a powerful tool for the optimisation of 

cuvette-based LSPR biosensors, through the acoustic streaming effect. It has been 

proven in this work that sonication has no effect on nanostructure arrays or their ability 

to exhibit a localised surface plasmon resonance.  
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 Future work  
 

Due to time and funding restrictions, the full capabilities of the ultrasonic devices 

manufactured in this thesis have yet to be explored; specifically the integration of the 

ultrasound devices into a biosensor.  In this section, future investigations to be pursued 

as a continuation of this work are described.  

 

9.2.1 Short term  
 
There are several investigations which will be pursued immediately:  

 

• Biosensing: During this project, the nanostructures chosen for biosensing were 

changed from the Au nanowires that worked in conjunction with the prototype 

biosensor discussed to the Au coated polystyrene nanodomes. The sample to 

sample variation between the Au nanowires was proving too great to continue 

producing them in the way outlined in this work in Chapter 4. The polystyrene 

nanodomes are manufactured using nanoimprint lithography and injection 

moulding (Stormonth-Darling & Gadegaard, 2012), allowing for less sample-

to-sample variation in nanostructure geometry. These new samples require a 

slightly different biosensing set up, that is currently in development in 

Causeway Sensors, School of Maths and Physics, Queen’s University Belfast.  

Integration of the bulk ultrasonic device into the new biosensor should be 

implemented. Protein binding to the Au coated nanodomes with diffusion 

limited mass transport should be directly compared with protein binding to the 

surface with the aid of acoustic streaming. Driving the bulk ultrasonic 

transducer as discussed in Chapter 6, with a signal generator and power 

amplifier at the resonant frequency and 360 mVpp, should induce streaming 

events in a cuvette. Due to the results discussed in this thesis, such as in 

Chapters 6 and 7, it is hoped that the rate of protein binding is greatly increased 

due to acoustic streaming in the cuvette.  
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• Cavitation effects of Au coated polystyrene nanodomes: Cavitation events have 

been used as a mechanism for cleaning in many applications especially in 

medical applications where biomaterials have to be both killed and removed 

from a surface (Verhaagen & Fernández Rivas, 2016). This poses an exciting 

possible application of cleaning proteins off nanostructure surfaces, in order to 

reuse the sensing surfaces. In Chapter 8 it was proven that Au nanowires can 

withstand incident sonication and cavitation events, including shockwaves. 

The robustness of Au coated nanodomes should also be tested in the cavitation 

set up detailed in this work. If the same result is yielded for the Au coated 

nanodomes that was observed with the Au nanowire samples, where the 

nanodomes remain structurally intact, cavitation could be therefore used to 

remove biological media from the surface. An interesting way to probe the 

efficacy of this would be using contact mode atomic force microscopy (AFM) 

 Using contact mode AFM, the topography of proteins and biological material 

on surfaces has been achieved (Hoogenboom, Suda, Engel, & Fotiadis, 2007). 

Contact-mode AFM could be used to compare surface topography of an unused 

nanodome sample, a sample that has biological media bound to the gold 

surface, and a sample that has previously had biological media bound to the 

surface, but has since been cleaned using ultrasonic cavitation.  

Techniques recommended for this test are not trivial, especially the use of 

contact mode AFM in liquid, as is required for obtaining the topology of 

proteins. This AFM technique was attempted for gold nanowires in liquid 

during this work, but unfortunately due to not having the expertise necessary 

to gain the desired topography in water, and having limited time, the test was 

paused. Fig. 9.1 shows the topography of a gold nanowire taken using contact 

mode AFM. Collaboration between research groups is strongly advised to 

investigate this thoroughly.  
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Fig 9.1. Contact mode AFM topography of gold nanowire array fabricated in this thesis 

 
• Extra characterisation of ultrasonic devices: As indicated in Chapter 6, further 

characterisation of the devices manufactured in this work would be beneficial. 

The pressure output maps of each device, whilst being operated with a signal 

generator and a power amplifier at the resonant frequency and with a voltage 

suitable for streaming events to occur (360 Vpp bulk and 600 Vpp composite) 

should be obtained. This will provide greater insight into the pressures with 

which streaming can occur in the cuvette-based system, but also allow for 

greater insight into the pressures experienced by the nanostructure arrays. 

 

• Ultrasonic device improvements: As discussed in Chapter 7, there are known 

limitations to the devices designed and manufactured in this work. Further 

PZFlex modelling of piezomaterials and epoxy materials could lead to optimal 

materials that limit device heating and this should be done to optimise the 

devices power output and to increase device lifespan.  

 

9.2.2 Long term  
 
Further avenues for the investigation and possible applications of the ultrasonic 

devices manufactured in this work:  
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• Integration into ELISA technology – 96 well plates  

Enzyme-linked immunosorbent assays (ELISA) are widely used diagnostic tools 

in medicine and quality control measures in various industries; they are also used 

as analytical tools in biomedical research for the detection and quantification of 

specific antigens or antibodies in a given sample. In the simplest form, ELISA 

involves the addition of an antigen being tested to a well (usually 96-well plates) 

where it is given time to attach to a surface through charge interactions. A primary 

antibody is added which binds specifically to the antigen present. An enzyme-

linked secondary antibody is added that reacts with a chromogen, producing a 

colour change to qualitatively detect the antigen. In order to increase the rate of 

antigen binding to the well surface or antibody binding to the antigen an array of 

ultrasonic transducers similar to those designed and manufactured in this work 

could be used to induce acoustic streaming in the wells.  
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