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Abstract 
Micromanipulation platforms have gained increased attention over recent decades. They 

enable the handling of particles in minute samples within microfluidic compartments and 

demonstrate promising routes to enhance procedures in important fields such as analytical 

chemistry and medical diagnosis. Non-contact approaches based on externally applied force 

fields allow researchers to probe and alter particle states in a gentle, precise and controlled 

manner. Among them, especially forces generated by acoustic and electric fields received 

the attention of researchers developing Lab on a chip, micro total analysis and point of care 

systems. This is evident by the vast amount of literature dealing with physical phenomena 

such as dielectrophoresis and acoustophoresis applied in miniaturised systems. Each of 

these methods has its merits, ideally, a system that combines it all would be of great benefit 

for the scientific community. 

The thesis introduces a concept for a unified platform that enables the use of acoustic and 

electric fields for particle manipulations in microfluidic environments. In particular, 

optoelectronic tweezing (OET), also known as light induced dielectrophoresis is fused with 

acoustic tweezing, also known as acoustophoresis, on a versatile system. The system can 

be divided into two individual physical units. The first one represents the OET unit which 

integrates light induced electric fields into a robust microfluidic chip. The OET chip not only 

operates as a device for electric field generation but also as a transverse resonator to 

confine acoustic fields. These fields are the result of travelling surface acoustic waves 

excited by a piezoelectric transducer which defines the second unit. The developed platform 

is applied to a range of applications such as particle trapping, transporting, focussing, sorting 

as well particle alterations in form of cell lysis and microbubble insonation. 
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images at 3 positions along the channel, with (i) showing the inlet junction where a bead sample 
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demonstrate dominating particle-wall interaction induced by a leakage field. (b) OET chip 
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1.   Introduction 
	
  

 

‘How many times when you are working on something frustratingly tiny like your wife's wrist 

watch, have you said to yourself, "If I could only train an ant to do this!" What I would like to 

suggest is the possibility of training an ant to train a mite to do this. What are the possibilities 

of small but movable machines? They may or may not be useful, but they surely would be 

fun to make.’1 

Richard Feynman’s amusing and inspiring speech heralds the start in the field of 

miniaturization and the establishment of news ways to fabricate tiny things. It took a couple 

of decades after his visionary speech before a new field known as microelectro-mechanical 

systems (MEMS) was established and allowed a step change in the miniaturisation of 

machines.  

However, the quote above highlights an essential problem when working at small scales. It is 

the lack of control of small objects, their motion, position and state. Today, several 

micromanipulation methods exit, each having its benefits and shortcomings. This thesis 

starts by introducing several strategies based on force fields to control particles of 

micrometer dimensions and turns the focus on acoustic and electric fields in particular 

(Chapter 1) before outlining experimentally a route to combine these into microfluidics.  

Chapter 2 presents the materials and methods used within this work. Chapter 3 describes 

the development of a fabrication protocol to integrate OET into a microfluidic chip 

(superstrate). This chip is also used as a resonator structure to enable the creation of 

standing wave patterns in the microfluidic compartments. Furthermore, the OET devices are 

characterised, potential applications are demonstrated and device properties are critically 

discussed.  

The Chapter 4 introduces a novel device concept which enables the coupling of acoustic 

energy from a surface acoustic wave (SAW) transducer into the fabricated microfluidic chip 

to create flexible standing wave pattern. The SAW transducer is characterised and the 

acoustic energy coupled into the chip is quantified. Moreover, potential applications of this 

concept for continuous particle manipulation such as sorting are outlined.  
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In Chapter 5, OET and acoustic tweezing are combined to demonstrate versatile particle 

manipulations by globally applied acoustophoretic and locally applied dielectrophoretic 

forces. The developed OET chip serves as superstrate which is acoustically actuated by the 

developed SAW transducer. It is shown that careful control of the force fields enables 

particle trapping, aggregation and fusion. The sequential use of the forces is utilized to 

concentrate particle prior to precise particle guiding into channel outlets, virtual channels or 

adjacent pressure nodes to achieve sorting and fractionation of mixtures.  

The following Chapter 6 applies both concepts to perform lysis of cells with high efficiencies 

under continuous flow and presents a unique feature of OET that allows precise single cell 

lysis.  

Chapter 7 uses the platform for selective manipulation of therapeutic microbubbles (MB). 

MB positions are controlled by OET and MBs are insonified by ultrasound excitation from the 

SAW transducer.  

Chapter 8 ends this thesis by giving a summary of the results and an outlook for further 

research. 
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1.1. Microfluidics and force fields to manipulate particles 
Microelectro-mechanical systems deliver a vast amount of new device technologies in 

numerous fields that surrounds our daily life (e.g. inkjet printers). In the 1990s the know-how 

of fabricating these microsystems started to increasingly be applied to the handling of minute 

amounts of liquid. It was the field of analytical chemistry, with particular focus on separation 

processes (e.g. chromatography), that demonstrated first the advantages of scaling down 

and injecting liquids into small channels.2 It was the birth of microfluidics and the start of a 

new research field that was energised by ideas to miniaturize laboratory functions and create 

novel tools to study fundamental physical aspects (e.g. single molecule, single cell)3, 4 and 

provide new kinds of reaction vessels (e.g. drug discovery)5 and total analysis system (e.g. 

sample to answer systems)6.  

In general, microfluidic platforms comprise small channel systems connected to liquid 

reservoirs (e.g. by tubing systems linked to syringes) mainly fabricated by photolithography 

on substrates such as glass, silicon or polymers.7 The sizes of the channels are in the range 

of hundreds to a few of micrometers enabling the handling of volumes from micro- to 

femtoliters. The downscaling benefits from a significant reduction in the sample consumption 

and reduced sampling times. The use of small volumes and the increased surface to volume 

ratio facilitate fast (e.g. short diffusion length) and controlled transport times of mass and 

heat. The fluid flow in such systems is dominated by surface forces such as viscous force 

and surface tension rather than inertial forces, gravity and buoyancy.5 The Reynolds 

number, which is defined as the ratio of inertial and viscous forces, is low (<1) promoting 

sleek and constant fluid motion known as laminar flow. The fluid velocity of a laminar flow 

varies from zero at solid boundaries to a maximum along the centre of the bulk fluid volume 

creating a parabolic profile (Poiseuille flow). 

The flow of microparticles such as beads or cells suspended in a liquid inside a 

microchannel is dominated by viscous interactions at low Reynolds numbers (< 1). A particle 

accelerates to the local fluid velocity due to the viscous drag of the fluid over the particle’s 

surface almost instantly.8 The drag force 𝐹! for a homogeneous spherical particle in a 

viscous fluid can be described by Stoke’s law: 

𝐹! = 6𝜂𝜋𝑎𝑢       (1.1) 

where 𝜂 is the viscosity of the fluid medium, 𝑎 the particle radius and 𝑢 the velocity of the 

particle. A particle subjected to viscous drag force under continuous flow remains positioned 

in a laminar streamline. However, the increase in the Reynolds number (>> 1) gives rise to 

additional hydrodynamic effects which includes inertial lift and Dean drag forces. 
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Microchannel geometries are specifically designed to control the influence of these force 

fields and induce particle motion across laminar streamlines.8 

In many microfluidic applications, the adjustment of the fluid flow field and the associated 

drag forces combined with precise laminar streamlines and certain microchannel designs 

has been applied to control particle positions within a microfluidic channel and achieve 

particle and cell separation. The common examples include particle focusing by sheath9 and 

inertial focussing flows10, particle separation using pinched flow fractionation11, 

hydrodynamic filtration12 and deterministic lateral displacements13. For instance, pinch flow 

fractionation is based on particle wall interactions14 and the spreading of laminar streamlines 

(profile) after opening of a narrow (pinching region) microchannel section into a wider one. A 

particle mixture is first hydrodynamically focused along a wall in the pinching region by a 

particle free stream. The size (radius) of the particle then determines the center distance to 

the wall and hence the location within a particular streamline. Once the particles past the 

pinching region, the spreading of the laminar streamlines leads to the particle separation. 

Such hydrodynamic methods are easy to implement, cheap and have been shown to be 

valuable tools for a range of applications, especially where fast and high throughput is 

required. However, a continuous flow is always needed to process a sample which impedes 

selective and individual particle handling in dense samples. Also, often high flow rates 

(ml/min) are the basis to make use of hydrodynamic effects (e.g. Dean drag force for 

separations15) which requires large sample sizes (several milliliters) or accepting sample 

dilution with potential sample losses. Separation of particles takes place based on size and 

shape but may not be successful when for instance dead and viable cells need to be 

discriminated since their size or shape are similar. Therefore, a greater benefit arises with 

the ability to integrate additional force fields into microfluidic systems that allow the 

manipulation and control of small objects under varying conditions (e.g. static fluid, low 

sample volume) based on different physical criteria such as the chemical, electrical, 

magnetical or mechanical properties of particles.  

Many micromanipulation concepts have been introduced to microfluidics in recent decades. 

These concepts make use of non-inertial force fields including optical gradient force16, 

magnetic force17, dielectrophoretic18 and acoustophoretic forces19. The methodology behind 

these manipulation approaches is often simply depicted as tweezers which are able to grab 

tiny objects without mechanical contact. Optical tweezer (OT, single beam) for instance uses 

highly focused laser beams to create an optical gradient force that is able to hold and move 

particles in three dimensions. The laser light is typically focused through a microscope 

objective with high numerical aperture into a microfluidic compartment. The energy and 
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momentum carried by the light beam is transferred to a particle upon refraction and reflection 

of the light on the particle’s surface. The interaction gives rise to a net force which is the sum 

of the scattering force and the gradient force. The scattering force arises from the refraction 

and reflection of the light beam. The gradient force, which is the result of the gradient of the 

light intensity profile, is directed towards the centre of the light beam. A particle subjected to 

the gradient force experiences a restoring force with a movement towards the beam center. 

The scattering force can push particles in any direction. In order to achieve a stable trap a 

single laser beam is tightly focused where the gradient force dominates over the scattering 

force so that the resulting net force acts as restoring force towards the beam center. OT is 

not restricted to a single trap but able to create multiple beams to trap more than one particle 

at the same time by using different configurations which include rapid laser beam movement 

(µs), beam splitting and computer generated holograms (interference patterns).20  A big 

advantage of OTs is the ability to tune the optical force dynamically in time and space which 

has been utilized for trapping21, moving22 and rotating23 of single particles as well as probing 

mechanical properties by deforming cells and molecules to characterize forces in biological 

matter24, 25. OTs manipulate particles from nanometer scales up to hundreds of micrometers 

using forces from femto- to nanonewtons.26  Moreover, optically induced separation under 

continuous flow in microfluidic channels has been demonstrated using a static three 

dimensional optical lattice or an array of optical traps produced by light interference 

patterns.27, 28 Separation was achieved by deflecting particles selectively along the optical 

pattern depending on their affinity to the optically generated force and the hydrodynamic 

force. This kind of optical fractionation is extremely versatile and applicable to various 

particle mixtures as wavelength, intensity and geometry of the traps can be adjusted and 

optimized to fit many conditions. Overall, since the introduction in 1986, OT has become an 

important tool for micromanipulation and for gaining fundamental insights in diverse micro- 

and nanoscale processes which cover many research fields including biology, physical 

chemistry and soft matter physics.26 

In the last 15 years magnetic fields have been increasingly applied in microfluidics to handle 

particles based on their magnetic susceptibility. Particles subjected to a non-uniform 

magnetic field experience a gradient force which depends on the volume of the particle, the 

magnetic susceptibility of the particle relative to the medium as well as the gradient and the 

strength of the magnetic field. Particles are either forced towards field maxima or minima 

based on their field permeability which is classified as diamagnetic, paramagnetic or 

ferromagnetic. For instance, most materials such as cells, polymers, water, DNA have a low 

susceptibility and are classified as weak diamagnetic or non-magnetic. An imposed external 
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magnetic field creates an opposing magnetic field inside the material which results in a very 

small magnetic force acting towards field minima. The opposite behaviour can be observed 

for paramagnetic materials such as oxygen or platinum while ferromagnetic materials have a 

strong susceptibility and experience a strong force towards field maxima within a non-

uniform field. For ferromagnetic microparticles typical forces are in the range of a few 

piconewtons to ten of piconewtons29 well defined to the high field region but decay rapidly 

with increasing distance to it. A benefit of magnetic manipulation includes that magnetic 

interactions are not influenced by surface charges, pH, medium conductivity or temperature, 

however, magnetic interactions often need to be enhanced by altering the medium 

properties30, 31 or label32, 33 objects of interest (e.g. cells, except of red blood cells due to 

paramagnetic hemoglobin34) with magnetic particles to generate appropriate forces for 

manipulation. An advanced method of labelling cells includes the use of magnetic 

nanoparticles (< 0.5 µm) modified with cell specific antibodies which can bind to the surface 

of a target cell. The labelled cells can be separated from non-labelled cells upon activation of 

a magnetic field. This process is known as magnetic-activated cell sorting (MACS).35 The 

magnetic fields can be generated by small (severall millimeters) permanent magnets36 or 

electromagnets37 placed outside the microchip or even fabricated onto the microchip 

subtrate37, 38 for a spatially more confined field or complex field pattern. Under the influence 

of magnetic fields particles can be trapped, transported and sorted within microfluidic 

compartments. For instance, a sequence of tapered electromagnets outside a capillary have 

been used to trap magnetic beads (2.8 µm) followed by the transport along the capillary 

length induced by switching the external field to an adjacent magnet.39 Through integration 

of current carrying planar electrodes, magnetic fields have been generated inside 

microfluidic compartments. A pair of ratchet electrodes have been used to transport 

magnetic beads along the electrodes when an alternating current was applied to induce 

switching of high field regions along the electrode pair.40 A dense mesh of individual 

addressable gold electrodes has been applied to produce magnetic fields locally. This has 

been used to trap magnetic particles and labelled cells as well as transporting in all 

directions by careful electrode actuation.41 Separations of magnetic, magnetically labelled 

and non-magnetic particles have been demonstrated under continuous flow with externally 

or internally produced magnetic fields deflecting particles based on size or magnetic 

susceptibility into side channels or adjacent laminar streams.42-44 Magnetic particles are 

often used for bioassays where they serve as solid supports for immobilised biomolecules 

such as DNA or proteins. In continuous flow application such functionalized particles are 

trapped prior to reactions with a sample liquid containing disease related biomarkers. The 

trapped particle agglomerate increases the surface area and decreases diffusion and 
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reaction times to speed up the analysis process. 45, 46 Overall the use of magnetic fields in 

microfluidics has shown to be a promising route to integrate various lab functions into 

miniaturized systems.  

Electric fields and acoustic fields have found extensive use in microfluidic systems. In 

particular dielectrophoretic particle manipulation in non-uniform electric fields47-49 and 

acoustophoretic manipulation within a standing wave field50-53 became very popular in the 

lab on a chip community. In the following chapters a detailed introduction to these methods 

is given with special focus on light induced electric fields and ultrasound generated standing 

pressure waves. 

 

1.2. Optoelectronic tweezing 
The principle of optoelectronic tweezing (moving particle with light patterned electric fields) 

and the forces associated with it are introduced in this chapter. An overview of potential 

applications for light induced particle manipulation is presented. In addition, simulations of an 

OET device are shown which help to understand the device characteristics. 

Optoelectronic tweezing 

Optoelectronic tweezing (OET) is a micromanipulation method where focused light is applied 

to pattern electric fields which interact with microparticles suspended in a liquid medium. In 

particular, the electro kinetic motion of polarisable particles under the influence of a non-

uniform electric field between electrodes is the principle behind OET. The essential element 

in an OET system is a photoconductive material which absorbs some frequencies of 

electromagnetic radiation and changes resistivity due to electron-hole pair generation. The 

electric field pattern is then the result of an applied AC voltage accompanied with local 

changes in the photoconductivity induced by patterned light illumination. The illuminated 

area, producing the high electric field region, is called a virtual electrode. A typical OET 

device consists of a photoconductor such as amorphous silicon (aSi) deposited on an indium 

tin oxide electrode (ITO) and a second ITO electrode separated by tens of micrometers to 

create a microfluidic manipulation volume. Figure 1-1 shows a schematic diagram of a 

typical OET device similar to those used in this work. The electric field polarises particles 

suspended in the liquid medium. The gradient in the non-uniform field produces unequal 

forces on the poles of the dipole created and this induces movements towards regions of 

high or low electric field strength depending on the electrical properties of the liquid medium 

and the particle. The electro kinetic motion produced by the electric gradient force is called 

dielectrophoresis (DEP). 
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Figure 1-1: Schematic of the structure of an optoelectronic tweezing (OET) device. A typical device 
consist of transparent top and bottom indium tin oxide (ITO) coated glass electrodes while one of the 
electrodes (bottom) is covered with a photoconductor such as amorphous silicon (aSi). A liquid 
medium is sandwiched between the electrodes and contains the particles to be manipulated. A 
voltage is applied between the ITO electrodes and a light source such as a data projector or laser 
provides selective illumination of the photoconductor. In the illuminated regions a change in the 
conductivity of the photoconductor takes place and transfers the voltage into the liquid layer. This 
creates a non-uniform electric field which interacts with the particles in the liquid in the form of positive 
or negative dielectrophoresis (DEP). 

	
  

1.2.1. Principle of optoelectronic tweezing (OET) 

The use of light to create altered electric fields for particle manipulation was first introduced 

by Hayward et al., who demonstrated the patterning of charged colloids on indium tin oxide 

electrodes (ITO) illuminated by UV light.54 The current across the ITO surface has been 

altered by different light intensities causing particles to assemble in the light-patterned areas 

when a dc voltage was applied between two ITO electrodes. This phenomenon is related to 

electrostatic forces in a uniform electric field and is widely known as electrophoresis.  

 

The term OET was first introduced by Chiou et al. in 2005.55 In this work photoconductive 

aSi combined with ITO was used to massively manipulate particles simply by the projection 

of patterned light. Compared to the work by Hayward et al., an alternating voltage was 

applied between the photoconductor and the ITO plate. As long as the light was off, most of 

the voltage dropped across the aSi, ideally. But when switched on, the conductivity of the 

aSi layer increased by several orders of magnitudes and caused the voltage to switch into 

the liquid medium.56 The result was a localised electric field gradient inducing DEP as a 
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result of the interaction between the non-uniform field and the polarised particle. This 

allowed Chiou et al. to show that by changing the light pattern the pattern of forces could be 

changed, giving continuous control of the particles, a significant advantage of OET over DEP 

based on metal electrodes. 

	
  
The operation of an OET device relies on the impedance of the photoconductive layer and 

the impedance of the liquid medium being chosen correctly. While the electrical properties of 

the liquid stay constant, the impedance of the photoconductor can be adjusted as a function 

of light intensity. For instance, the conductivity of amorphous silicon (used in this study) 

increases linearly with increasing light intensity (0.1 – 100 W/cm2) for a given wavelength of 

632 nm.56 An amorphous silicon layer of 1 µm thickness has a conductivity of approximately 

1 ·10-6 S/m in the dark state (no illumination). But when illuminated (light state), electron-hole 

pair carriers are generated in the photoconductor and the conductivity increases to up to 1 

·10-3 S/m depending on the light intensity (several W/cm2). The light absorption coefficient of 

amorphous silicon depends strongly on the wavelength of the illuminated light.57 In the 

visible spectrum the aSi absorption coefficient is around 10-4 /cm, resulting in a 90 % 

attenuation length within a 1 µm aSi layer.58 Furthermore, the light state as the result of 

selective illumination and the dark state in aSi are well confined. The diffusion length 

(ambipolar diffusion) of the light induced charge carriers due to an applied electric field is in 

the order of 115 nm for aSi.59 This means that patterned light which acts as a virtual 

electrode has a resolution limit mainly defined by the optical diffraction limit,60 

 

𝑑 =    !
!!.!.

   (1.2) 

  

where 𝜆 is the wavelength of the light and 𝑁.𝐴 the numerical aperture of the objective. For 

instance, in this work the wavelength was around 600 nm and the numerical aperture of an 

objective (10x) was 0.25 resulting in minimum virtual electrode size of 1.2 µm. 

 

The OET device structure in Figure 1-1 can be represented in form of an equivalent circuit 

consisting of two impedance elements (Figure 1-2). One represents the frequency 

dependent impedance of the photoconductor and one the impedance of the liquid. In the 

dark state the impedance of the photoconductor dominates and most of the voltage drops 

across it creating a weak field in the liquid medium. In the light state the impedance of the 

photoconductor is reduced resulting in an increased voltage drop across the liquid medium 

and a stronger electric field suitable to operate the OET in form of light induced 

dielectrophoresis. However, care must be taken in selecting a suitable liquid conductivity. A 
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high liquid conductivity decreases the voltage switched into the liquid.56 The majority of the 

voltage drops across the photoconductor due to the decreased impedance of the liquid. 

Conversely, if the liquid impedance is too high, the voltage will be dropped across the liquid 

in both light and dark regions producing no field gradient. The optimal liquid conductivity to 

enable light induced dielectrophoresis is typically in the range of 0.1 mS/m to 20 mS/m.61-65 It 

also should be noted that as impedance is a combination of resistance and reactance, and 

only reactance can be light patterned, care must be taken to not allow reactance to dominate 

the impedance of the photoconductor. 

	
  

 
Figure 1-2: OET device operation simplified as equivalent circuit model. (a) In the dark state (no 
illumination) an applied AC voltage signal drops mainly across the photoconductors impedance Zp 
which dominates over the impedance of the liquid Zm. (b) In the light state, the Zp is decreased, Zm 
dominates and more voltage drops across the liquid layer. 

For this the frequency range for OET operation needs to be considered as well. This is 

linked to the device structure and its frequency dependent impedance elements. While the 

photoconductor impedance is dominated by the resistive term of the impedance at low 

frequencies, the capacitance term dominates at higher frequencies. This means the voltage 

drop into the liquid is not only triggered by the liquid properties and the illumination of the 

OET, but also by the frequency of the applied AC signal. For instance, at a high frequency 

the photoconductor impedance is low, even in the dark state, due to the decreased 

capacitance resulting in a voltage drop across the liquid medium which creates a uniform 

field across the device. Only at low frequencies, is the voltage drop efficiently triggered by 

the light pattern and the liquid conductivities (see above) to enable sufficient generation of 
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non-uniform electric field regions in an OET chip. Based on the literature, OET for cell and 

particle manipulation based on DEP is mainly applied in the frequency range from 10 KHz to 

300 KHz.61, 64, 66-71 

 

1.2.2. Device structures and systems for optoelectronic tweezing 

The most common device structure for OET is based on the parallel arrangement of the 

electrode substrates as shown in Figure 1-1 where the electric field is patterned upon 

illumination from a light source perpendicular to the photoconductor electrode and a second 

electrode (e.g. ITO). However, several groups have adjusted the original design to allow 

functions and obtain benefits for particle manipulation and device integration. For instance, 

Hwang et al. developed an OET device where parallel oriented substrate electrodes were 

both modified with a photoconductive layer (aSi) which they called 3D OET device.72 This 

device was developed for the need to avoid non-specific interactions (hydrophobic, 

electrostatic etc.) of particles with the surface which would otherwise limit the manipulation 

efficiency. By applying a single illumination pattern, two virtual electrodes were created on 

each photoconductive layer resulting in a strong field gradient close to the surface of the 

electrodes. This was followed by the movement of polystyrene particles towards low field 

region in the bulk of the liquid by negative DEP and produced a 3D particle focussing effect.  

 

An alternative OET device has been shown by Ohta et al. were the parallel electrode 

arrangement was replaced by a planar one on a single substrate.67, 70 The device was called 

lateral OET (LOET). The name originated from the fact the non-uniform electric field in the 

device was parallel to the substrate compared with the common design. This was achieved 

by etching aSi and the underlying ITO into a interdigitated electrode array. The advantage 

here is that the gap between the electrodes can be easily defined by standard 

photolithography which means the lateral electric field gradient can be tuned by the array 

geometry and allows, for instance, the orientation of nanowires parallel to the substrate. 17 

 

A floating electrode OET device (FOET) was developed by Park et al..73 Similiar to the LOET 

device, a single electrode substrate was used, however, instead of an ITO layer underneath 

the photoconductor, aSi was directly deposited onto a simple glass substrate. On top of the 

aSi layer a pair of aluminium electrodes separated by 5 cm were deposited. These 

electrodes were used to create a lateral electric field across the whole FOET device with 

uniform character in the centre of the device. This resulted in no net force in the presence of 

particles (in this case water/oil droplets). However, the selective illumination of the aSi 
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perturbed the uniformity and formed a dipole in the particles which were then able to be 

actuated.  

 

Another important development used a phototransistor based OET (Ph-OET)74 device to 

overcome operational limitations of OET associated with high conductivity liquid media, as 

discussed above. In this work a substrate with single-crystalline bipolar junction transistors 

was used to increase the photoconductivity to 1 ·101 S/m - 1 ·102 S/m. The transistor 

substrate was parallel to an ITO electrode and the field was created perpendicular to the 

electrode substrates. 

 

The Ph-OET device demonstrated an alternative to the common amorphous silicon 

photoconductor. However, the phototransistor device and the common aSi are expensive, 

requiring specialised equipment for fabrication. To overcome this issue, a couple of groups 

introduced cheaper polymer based photoconducting materials which can be spin coated 

onto substrates. For instance, Wang et al. used poly(3- hexylthiophene) and [6,6]-phenyl 

C61-butyric acid methyl ester coated onto ITO as photoconducotor and demonstrated light 

induced DEP on polystyrene beads.75 A study by Yang et al. applied low cost titanium oxide 

phthalocyanine (TiOPc) in a similar manner which proved to be a viable alternative to aSi by 

showing particle and cell manipulations based on DEP.76 

 

An OET device is usually placed under a microscope for monitoring the light induced particle 

actuation. The objective used for observations or an additional objective can be used to 

enable the focussing of patterned light onto the photoconductor at low optical powers (< 1 

W/cm2). As optical source for providing virtual electrode patterns, light-emitting diodes (LED) 

or halogen lamps combined with digital micromirror devices,55, 66, 67 data projectors,61, 77 liquid 

crystal displays (LCD) 78, 79 and microLEDs 80, 81 have been used. LCD and microLED based 

OET systems show the feasibility of miniaturisation of a rather complex optical setup into a 

more portable configuration which may be used in the field. With new developments in the 

area of miniaturized data projectors, system as small as a brief case can be obtained.82	
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1.2.3. Dielectrophoresis 

Dielectrophoresis describes the interaction of a non-uniform field with the induced dipole in a 

particle. In general, an electric field induces the formation of a dipole within a material and an 

accumulation of charges at the material’s surface (polarisation). A particle subjected to a 

uniform electric field experiences a Coulomb force and the forces on the charges on either 

side of the particle are equal and in opposite directions. The result is a zero net force acting 

on the particle. But in the case of a non-uniform electric field where the magnitude varies in 

the area around the particle the Coulomb force acting on the dipole sides is unequal. The net 

force is  the electrical gradient force or dielectrophoretic force (DEP force) and the action of 

movement is called dielectrophoresis.83 The movement of a particle or cell towards regions 

of strong electric fields or repulsion from these regions depends on the polarisability of the 

particle relative to the suspending medium (Figure 1-3). Attraction or repulsion refers to 

positive and negative DEP forces and has been first investigated by Herbert A. Pohl in 1951, 

although the term DEP was introduced later.18 In general, the magnitude of the force is 

strongly related to the applied frequency, the electrical properties of the suspending medium 

and the particle as well as the particle’s size and shape.  

 
Figure 1-3: Positive and negative DEP of particles more and less polarisable than the surrounding 
medium. 

In a non-uniform electric field (𝐸), a dipole moment (𝜇) is induced in the particle. The dipole 

experiences a net force related to the gradient of the electric field which is called the electric 

gradient force or DEP force and can be approximated as:84 

𝐹 = 𝜇   ∙ ∇ 𝐸     (1.3) 

Typically, a spherical particle immersed in a dielectric liquid medium and subjected to a non-

uniform electric field is used as simplified model to describe the DEP force. In this model 

several assumptions are made which include that the particle undergoing DEP is a 

homogenous dielectric.49  The polarization induced in the particle is assumed to be a simple 
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dipole and the electric field in the infinite dielectric medium is not perturbed by the presence 

of boundaries such as other polarisable particles. Then the time-average DEP force on a 

sphere can be expressed as:49  

𝐹!"# = 2𝜋𝑎!𝜀!𝜀!𝑅𝑒 𝐾(𝜔) ∇𝐸!  (1.4) 

Here, 𝑎 is the radius of the particle. 𝜀!𝜀! is the absolute permittivity of the medium with 𝜀! 

being the relative permittivity of the material (liquid medium) and 𝜀! the permittivity of 

vacuum.  ∇𝐸! is the gradient of the electric field squared.  𝑅𝑒 𝐾(𝜔)  is the real part of the 

Clausius-Mossoti factor (CM) which is defined through frequency dependent properties of 

the materials (particle/medium). The CM factor determines whether the DEP force is directed 

towards regions of low (negative DEP) or strong (positive DEP) electric fields and is given 

by:49 

 

𝐾 𝜔 =    !!∗!!!∗

!!∗!!!!∗
    (1.5) 

 
Here, 𝜀!∗  and 𝜀!∗  are the complex permittivity of the particle and the medium which are given 

by: 

𝜀!/!∗ = 𝜀!𝜀! − 𝑗
!
!
      (1.6) 

 

Here, 𝜀! is the relative permittivity of the material (particle or liquid medium). The conductivity 

of the material is defined by 𝜎 and 𝜔 is the angular frequency. The current in a particle can 

be considered to be associated with field-induced movements of free charges and field 

induced perturbations of bound charges.49 At high frequencies the particle acts like a 

capacitor (no moving charges, displacement current) while at low frequencies a particle acts 

like an insulator or conductor as the conduction of free charges dominates. Therefore, the 

DEP force depends on the conductive properties of the particle and the surrounding medium 

at low frequencies. At high frequencies the permittivity values of the materials are important 

and at intermediate frequencies the conductive and dielectric properties of the medium and 

the particle determine the magnitude and the direction of the DEP force.49 The CM factor 

takes values between +1 and -0.5 which represents if a particle is more or less polarisable 

than the surrounding medium. A positive CM factor means that particles move to a region of 

highest electric field. Conversely, particles are repelled from these regions for a negative CM 

factor.  Figure 1-4 shows values of the CM factor as a function of frequency for a 6 µm 

polystyrene particle (𝜎 =   1 ·   10!!" mS/m, 𝜀! = 2.5) suspended in a liquid medium of 

different conductivities (0.1 mS/m, 1 ms/m, 10 mS/m, 𝜀! = 79). 
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Figure 1-4: Real part of the Clausius-Mossotti factor as a function of frequency for a 6 µm polystyrene 
particle suspended in liquid medium of varying conductivity. 

As seen in Figure 1-4, the CM factor varies as a function of frequency and media 

conductivity. A significant change in the CM factor over the frequency range can be 

observed for the lowest conductivity. At low frequencies the CM factor is positive and a 

positive DEP force is induced followed by the particle being attracted to regions of high 

electric fields. However, at higher frequencies a transition (crossover frequency) takes place 

where the particle’s CM factor becomes negative followed by repulsion from high electric 

field regions due to negative DEP. As the conductivity of the liquid medium increases 

positive DEP disappears and is completely replaced with negative DEP as the result of the 

medium being more polarisable relative to the particle. It may be worth noting that 

conductivities as low as 0.1 mS/m are hard to achieve, practically, polystyrene particles 

usually experience negative DEP except when small enough for surface conductance to 

dominate. 

  

While large polystyrene beads can be considered as homogenous throughout the volume, 

particles like biological cells are not homogenous due to components such as the cell 

membrane and the cytosol. The complex permittivity of the cell and hence the CM factor are 

therefore more difficult to estimate. However, a simple single shell model can be used to 

predict the frequency dependent dielectrophoretic response of cells. The model considers 

the complex permittivity of the cell’s membrane (thin shell) and the complex permittivity of 

the cell interior (cytosol). Although being greatly simplified, empirical studies85-87 have shown 

that a single shell model gives good agreement with the dielectric response of a cell. The 

single shell model is given by:83 
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   (1.7) 

 
Where 𝜀!"#∗  and 𝜀!"!∗  are the complex permittivities of the cytosol and membrane and d is 

the thickness of the membrane. Although the model is derived for perfect spherical single 

shelled particles, it has been shown that it can be used to approximate the CM factor for 

discoid-shaped human erythrocyte (red blood cell, RBC).49 The cytosol of RBCs has no 

compartmental structures but is composed of a homogenous haemoglobin suspension 

making it a reasonably good model system.88 The frequency dependent real part of the CM 

factor is shown in Figure 1-5. Here a membrane thickness of 7 nm was considered 

accompanied by permittivities and conductivities for membrane and cytosol of 12.5 and 1· 

10-6 mS/m as well as 60 and 0.8 mS/m, respectively (values obtained from Menachery et 

al.89). At low frequencies and a medium conductivity of 10 mS/m the CM factor is negative. 

Here, the insulating properties of the cell membrane, despite being very thin, dominate. The 

cell is less polarisable than the surrounding medium. However, a transition takes place at 

higher frequencies where the conductive properties of the cell interior start to dominate over 

the capacitive membrane leading to a positive DEP response. The dielectric response is cell 

specific due to varying intrinsic properties (e.g. cell size). This can be used to separate 

different cell types from each other for instance. 

 
Figure 1-5: Frequency dependent real part of the CM factor for a red blood cell (erythrocyte) 
suspended in 10 mS/m liquid medium. 

For small particles the surface conductance imposed by the liquid medium can influence the 

CM factor. The polarisation of a particle in an electric field induces the formation of an 

electrical double layer at the liquid/solid interface due to electrostatic interactions of charges 

on the particle’s surface and the ions in the liquid medium. These ions are mobile under the 

influence of an electric field and give rise to a surface conductance 𝐾! ( ~ 1 nS) which 
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influences the overall polarisability of a particle and can exceed its bulk conductivity 𝜎!"#$.49 

Therefore, the total conductivity of a particle should be described as the sum of bulk and 

surface conductivity, 

 

𝜎! = 𝜎!"#$ +
!!!
!

  (1.8) 

 

The surface conductance dominates significantly for nanoparticles where the width of the 

electric double layer becomes the same size or larger than the particle’s diameter. For 

instance, an insulating latex bead of 216 nm diameter suspended in a liquid medium of 10 

mS/m experiences positive DEP (up to 107 Hz).83 The double layer conductance results in 

the particle being more polarisable than the medium. 

 

In summary, from equation 1.4 one can state that the DEP force is zero for a uniform field. 

The CM factor determines the direction and partially the magnitude of the DEP force. The 

DEP force scales with the particle’s volume. Moreover, the DEP force is proportional to the 

square of the gradient of the electric field magnitude, which means the DEP force is also 

proportional to the square of the amplitude of the applied voltage. The electrode geometry 

and the gap between electrodes, which triggers the gradient of the electric field, are 

important experimental factors.  The DEP force can be considered as a small range force as 

the electric field gradient decays exponentially with the distance of the electrode and 

remains strong only close to the electrode. 

 

A common way to estimate the DEP force in microfluidic channels is by balancing it against 

the viscous drag imposed on a particle under fluid flow. This means a dielectrophoretic trap 

(positive or negative DEP) is generated at the electrode and the electric field is varied until a 

trapping of approaching particles is achieved. The measured velocity of a homogenous 

spherical particle within a laminar flow corresponds to the fluid velocity when viscous drag 

force dominate over inertial forces at low Reynolds number (<1). Then the velocity of a 

particle is proportional to the drag force 𝐹! and given by Stokes law (equation 1.1). However, 

a more accurate result can be obtained when the particle position relative to the 

microchannel wall is known. The fluid flow that surrounds the particle in the presence of a 

wall is different compared to the flow in the bulk liquid and hence Faxen’s correction 90 may 

be introduced to equation 1.1 when the particle-wall distance is determined precisely.	
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1.2.4. Other electrokinetic effects in optoelectronic tweezing 

When using OET, care must be taken to ensure that operations are carried out in a regime 

where DEP is dominant. Valley et al. have shown that the DEP force is overcome by other 

physical effects when changes in voltage, frequency and optical power occured.56  

 

Electrolysis describes a process were oxidation and reduction reactions of solvent 

compounds take place at electrode surfaces driven by a DC current. Although OET usually 

operates with AC signals, at lower frequencies (<1 KHz) and high electrode potentials 

electrolysis of water into hydrogen and oxygen can occur. The result is the creation of gas 

bubbles in the OET device and damaging of the photoconductor. 

 

An electrode with an applied potential placed in an electrolyte induces the formation of an 

electric double layer at the electrode/electrolyte interface as the result of electrostatic 

interactions of ions in the solution and charges at the electrode surface. In the presence of a 

tangential electric field component with sufficiently low frequency, the Coulomb force pushes 

ions in the double layer and generates a fluid flow. This effect is described as electro-

osmosis. In an AC electric field, the double layer acts as a capacitor which changes polarity 

in response to the field resulting in a steady motion of the solvent-ions. However, electro-

osmosis is frequency dependent and only occurs at sufficiently low frequencies (<10 KHz) 

where the double layer is able to sustain the field induced polarisation. The induced fluid flow 

is strong enough to enable an efficient transport of particles independent of their size and 

electrical properties. 

 

Furthermore, electro-thermal effects have been observed when operating with high optical 

power (>100 W/cm2) and high electrical fields (>20 V). Phonon scattering and Joule heating 

as heat sources generate gradients in electrical permittivity and conductivity in the solution 

which then interact with the electric field producing an external fluid flow driven by a body 

force.56 

	
  

1.2.5. Applications of OET 

The advantage of OET based electrokinetic manipulations compared to the conventional 

method of using fixed metal electrodes is the flexible and dynamic arrangement of virtual 

electrodes of any, 2D, geometry. Therefore, the described electrokinetic effects in an OET 

device have been used for a range of different applications in microfluidics. For instance, the 

light induced DEP force was applied to select and move individual particles such as cells, 

polystyrene beads and gas bubbles attracted to virtual electrodes (positive DEP) or trapped 
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in it (negative DEP).55, 65, 75, 80, 91, 92 Even actuation of submicrometer particles such as carbon 

nanotubes and DNA using positive DEP has been demonstrated.71, 93 For instance, Chiou et 

al. impressively showed the parallel manipulation of up to 15,000 microparticles using a LED 

as light source and a digital micromirror spatial light modulator (DMD device) to pattern 

virtual electrodes on the photoconductor.55 Single polystyrene beads of 4.5 µm were trapped 

and moved by negative DEP in individual virtual ring patterns of 4.5 µm diameter across an 

area of 1.3 mm x 1.0 mm. The achieved particle trap density was 11,500 traps per mm2. Zhu 

et al. used light induced DEP to characterise the frequency dependent behaviour of various 

microparticles.65 A conventional OET device stimulated by a DMD device was used first to 

trap particles of various sizes in optical ring patterns followed by linear motions of the pattern 

to determine the maximum particle velocity (before particles escaped from the trap) for a 

range of frequencies. The obtained velocity spectra can be used distinguish microparticles, 

for instance. Yang et al. applied OET to manipulate gas picobubbles suspended in silicon oil. 

The picobubbles were less polarisable then the suspending medium due to the insulating 

gas. This enabled the attraction to virtual electrodes by positive DEP in frequency range of 1 

Hz to 20 MHz. DEP forces of up to 160 pN could be achieved when bubbles of 300 pL 

volume were manipulated. Furthermore, this study demonstrated that individual controlled 

bubbles undergo fusion when brought in contact. The manipulation of nano-objects by OET 

has been demonstrated by Pauzauskie et al..71 Multiwalled carbon nanotubes ( ~ 80 nm 

diameter, several hundred nanometer in length) were attracted to high field regions 

generated by virtual electrodes on an aSi coated substrate. The nanotubes aligned parallel 

to the electric field lines when trapped and their positions within the OET device was 

controlled by translating the virtual electrode patterns with manipulation speeds of up to 200 

µm/s. 

  

As the DEP force scales with the volume of the particle, this has been applied to samples of 

different sized beads and droplets to achieve separations and sorting functions.64, 94-96 For 

instance, Lin et al. used focused light of different wavelengths to create moving virtual 

electrodes on a aSi layer.64 Each wavelength was associated with a particular electric field 

strength due to a difference in the generation of charge carriers in the aSi layer. The 

resulting DEP force was large enough to move large beads while small beads were left 

behind. Alternatively, sieve like light pattern structures can be generated which are able to 

trap large particles while smaller particles can pass them, as shown by Ohta et al..66   

 

The light induced DEP has also been applied to analyse and pattern biological cells. Dead 

and viable B lymphocyte cells have been discriminated by exploiting the difference in the 
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dielectrophoretic response at a particular frequency.67 While dead cells experienced 

negative DEP which pushed them from a virtual ring pattern, viable cells were stepwise 

attracted to it and concentrated. A similar dielectrophoretic behaviour has been found for 

viable and non-viable sperm cells which can help to improve fertilisation experiments.97 

Moreover, Valley et al. showed that OET is a promising tool to distinguish developmental 

stages in embryos which can be used to enhance the outcome of in vitro fertilisation where 

the most mature embryos increase the success rate of live birth.98 Valley found that the 

dielectrophoretic response changes from positive DEP in the early stages to negative DEP in 

the mature stages of the embryo. The work is a good example which shows that probing the 

dielectric properties of a cell using OET is significantly simplified by virtual electrodes 

compared to fixed metal electrodes. OET can be a useful tool to pattern cells or cell-

constructs in arbitrary ways for subsequent cell behaviour studies. For instance, Lin at al. 

showed a perfusion system for bottom-up tissue engineering where OET was applied to 

arbitrary arrange alignate microbeads with encapsulated cells.99 The beads were of 80 µm in 

diameter and loaded with cell concentrations of up 1·107 cells/ml. A positive DEP force was 

used to generate 3D sheet-like cell culture constructs. 

 

As described above, other electrokinetic effects are present in an OET device and in 

particular, light induced electro-osmosis has been used for concentrating small particles 

(0.2-3 µm)63, 69, 100 and even molecules such as dextrans101, proteins102 and DNA.103 At low 

frequencies (<10 KHz), the tangential field at the edge of a virtual electrodes induces a fluid 

flow directed towards the centre of the light pattern. The maximum flow velocity can be found 

at the electrode edge while a stagnation point is setup in the centre of the electrode.69 The 

results are vortex flows on the electrode edges which drive particles and molecules into the 

stagnation point. 

 

OET can also be used to create strong electric fields which enable the selective poration104 

and lysis105, 106 of cells which can be applied to transfer molecules into a cell, analyse cells in 

regards to particular intracellular biomarkers or enrich a particular cell type. Cell lysis using 

OET was studied within this work and a detailed introduction to this topic can be found in 

Chapter 6. 

	
  

1.2.6. Model and simulations 

In order to understand the device characteristics of a micro scaled OET device a range of 

simulations were undertaken using the finite-element modelling software COMSOL 
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Mutliphysics (v3.5). A simple 2D cross-section model which depicts the liquid layer and the 

photoconductor layer in the OET device and their actual thicknesses is used to introduce 

field distributions, magnitudes and components in the microdevice before the influence of 

parameters such as the conductivity of the liquid medium and the photoconductor, vertical 

channel dimensions, electrode pattern sizes as well as potential drops across the layers are 

specifically explored in chapter 3 by experiments and simulations. In the following example 

the geometry, layer properties and parameter values resemble a typical configuration for a 

conventional OET device. 

The AC/DC module (In-plane electric currents) in COMSOL was applied and 2D cross-

section geometries of the OET chip with specific boundary conditions were implemented. 

The Figure 1-6 shows a schematic of the geometry with defined boundary conditions. To 

simplify the model the ITO layer was removed as the potential change across it is negligible.   

The sides of the cross-section were assumed to be electric insulators owing to the fact that a 

polymer (SU8) was used as microchannel wall in this work. The upper side of the geometry 

was given an electric potential (𝑉 = 𝑉!), while the lower side of the photoconductor was set 

as ground (𝑉 = 0). The enclosed sides (Interfaces to layers) were subjected to the continuity 

boundary condition. The layers of the OET device were defined as subdomains and 

specified by defining geometrical and electrical parameters. 

	
  
Figure 1-6: Schematic of boundary conditions and subdomains used for simulations of electric field 
and potential distributions in the OET device. 

An overview of the parameters for the different materials is shown in table 1-1. The 

photoconductive effect was modelled as a change in the electrical conductivity of the aSi 

layer. The microscope in this work was equipped with a set of different objectives leading to 

different optical powers and hence different light intensities (see Figure 2-8 in Chapter 2). 
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The influence of light intensity on the conductivity of the aSi layer was considered by defining 

values for the dark- and light-state for each objective.  

 

Table 1-1: Parameters used for simulations. 

Thickness liquid domain 5 – 300 µm 

Thickness aSi 1 µm 

Conductivity 𝜎  liquid medium 0.005 – 0.1 S/m 

Conductivity 𝜎 aSi (light state) 4 · 10-4 S/m (10x), 8.5 · 10-4 S/m (20x), 1.4 · 10-3 S/m (40x) 

Conductivity 𝜎 aSi (dark state) 5.7 · 10-6 S/m (10x), 1.1 · 10-5 S/m (20x), 1.8 · 10-5 S/m (40x) 

Permittivity 𝜀 liquid medium 79 

Permittivity 𝜀 aSi 14 

 

The electric field distribution is computed for the applied potential 𝑉 by solving the continuity 

equation: 

∇𝐽 = !"
!"
,     (1.9) 

𝐽 = 𝐽! + 𝐽! =   𝜎𝐸 +   !"
!"

    (1.10) 

𝐸 =   −∇𝑉.     (1.11) 

J is the current density, 𝐽! is the conduction current,  𝐽! is the displacement current, 𝜌 is the 

charge density, 𝐸 is the electric field, 𝑡 is the time, 𝑉 is the electrical potential, and 𝐷 is the 

displacement field. A quasistatic regime is considered for the modelled system owing to the 

fact the electromagnetic wavelength (2250 m, 100 KHz) is much larger compared to the 

system with electromagnetic fields propagating instantaneously. In particular, an electro-

quasistatic system is considered which includes capacitive but not inductive effects. The 

magnet field induced currents in the electrodes are assumed to be negligible due to small 

absolute magnitudes of the current flow. Then the constitutive relation between the 

displacement field 𝐷 and the electric field 𝐸 is given by: 

𝐷 = 𝜀!𝜀!𝐸     (1.12) 
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In Figure 1-7 2D cross-section (31 µm x 50 µm) models of an OET device are shown which 

include a 1 µm thick aSi layer and a 30 µm thick liquid medium layer. The device response is 

modelled for an applied AC signal of 10 V at 100 KHz and aSi conductivity states (dark/light) 

corresponding to 10x objective (see table 1-1). In detail, Figure 1-7a shows the simulated 

voltage distribution in the amorphous silicon layer and the liquid medium. The illuminated 

area, virtual electrode, in the centre of the aSi layer induces a higher voltage switch into the 

liquid layer due to the increased conductivity upon illumination. Figure 1-7b shows the 

simulated voltage switch into the liquid medium along the surface of the aSi layer including 

the virtual electrode. In fact, a voltage drop of 4.5 V takes places in the light activated region 

of increased conductivity while approximately 8 V drop across the aSi layer in the dark state 

regions. The voltage switch is not only influenced by the properties of the aSi layer, the 

conductivity of liquid medium plays a significant role when operating the OET device. An 

increase in the liquid medium increases the voltage drop across the aSi layer and less is 

switched into the medium. Therefore, the medium conductivity is an important experimental 

factor which should be considered when operating OET. An example of an OET device 

response towards increasing medium conductivity is shown in Chapter 3. 

The applied voltage and the induced voltage switch upon illumination create an electric field 

𝐸  distribution in the liquid medium. In Figure 1-7c the magnitude of the resulting electric field 

as the sum of the electric field components in all directions (𝐸 = 𝐸!! + 𝐸!!) is shown. For the 

given conditions an electric field magnitude of up to 1.1 · 106 V/m is simulated. The highest 

magnitudes are confined to the surface of the aSi layer in the area of the virtual electrode 

owing to the non-uniform profile of the field with the strongest gradient close to the edge of 

the virtual electrode as shown in form of streamlines in Figure 1-7d. Component analysis of 

the electric field in x- and y-direction is shown in Figure 1-7e and 1-7f. The lateral component 

of the electric field 𝐸! has the highest magnitude of 8.9 · 105 V/m at the edges of the virtual 

electrode. This strong electrical field in a well localised area with lower field regions close by 

produces a large electrical gradient (strong lateral gradient). The vertical component 𝐸! of 

the electric field shows the highest magnitude of 8.1 · 105 V/m around the centre of the 

vertical electrode.  
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Figure 1-7: 2D cross-section model (31 µm x 50 µm ) of OET device with 1 µm thick aSi layer and 30 
µm  thick liquid medium of 5 mS/m conductivity. The photoconductor is modelled with a 5 µm virtual 
electrode and an AC signal of 10 V at 100 KHz is simulated for the OET device. (a) Simulated voltage 
distribution in the OET device. Change in the conductivity in the aSi layer by an virtual electrode 
reduces the voltage drop across the aSi layer in that region which in turn switches more voltage into 
the liquid medium. (b) Simulated switched voltage in the liquid medium along the aSi surface including 
the virtual electrode. (c) Magnitude of the electric field 𝐸 created by virtual electrode in the liquid 
medium (aSi layer suppressed). (d) Streamline representing electric field lines in the liquid medium 
and demonstrate the non-uniformity of the field with sharp gradient close to the surface and edge of 
the virtual electrode. (e) X-component 𝐸! of the electric field 𝐸. (f) Y-component 𝐸! of the electric field 
𝐸. 

The DEP force is directly proportional to the gradient of the square of the electric field ∇𝐸!. 

In Figure 1-8a a surface plot of ∇𝐸! for the above mentioned conditions is shown. As already 

implied, a strong lateral electric field gradient (𝛻𝐸!! = 1.69   · 10!"  𝑉!/𝑚!) dominates ∇𝐸! 

compared to the vertical component (𝛻𝐸!! = 7.78   · 10!"  𝑉!/𝑚!) and generates high electric 

field magnitudes at the edges of the virtual electrode close to the surface of the aSi. The 

vertical and lateral components of the field decay sharply in all directions. In an experiment 

using the OET device, this results in attraction of particles in proximity to the virtual electrode 
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caused by positive DEP towards the electrode edges or away from that under negative DEP. 

An example for the direction of the DEP force for a particle that is less polarisable than 

surrounding medium is shown in Figure 1-8b. A magnified view of the simulation showing the 

magnitude and the direction of the DEP force is shown in Figure 1-8c. 

	
  
Figure 1-8: (a) Square of the gradient of the electric field 𝛻𝐸! and (b) direction of the DEP force acting 
on an insulating particle which is less polarisable than surrounding medium. (c) Magnified view virtual 
electrode and liquid interface region representing the magnitude and the direction of the DEP force. 
The size of the virtual electrode is 5 µm in the simulations. 
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Based on the simulation it can be concluded that the electric field is well defined to the 

surface of the virtual electrode and rapidly decays towards the bulk of the liquid. Hence, the 

DEP force decays accordingly (Figure 1-8c) and can be considered as small range force 

spatially defined to the virtual electrode. This is important when considering the lateral and 

vertical positions of particles relative to the electrode and the induced polarisation. For 

instance, a particle experiencing negative DEP can be levitated (due to vertical component 

of the electric field) when placed above the virtual electrode and can overcome the influence 

of the field by moving towards low field regions (Figure 1-8b). However, the same particle 

surrounded by virtual electrodes and placed in low field region can be trapped. Alternatively, 

the gap between the electrodes can be decreased to increase the magnitude of the electric 

field in the bulk liquid and hence the magnitude of the DEP force on particles (see Chapter 

3). 
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1.3. Acoustic tweezing 
The principle of acoustic tweezing is introduced in this chapter. An overview of transducer 

concepts for acoustic actuation in microfluidic environment and related applications for 

sound mediated particle manipulation are presented.  

 

1.3.1. Acoustophoretic particle manipulation a.k.a. acoustic tweezing 

Acoustophoresis, also known as acoustic tweezing, describes the manipulation of particles 

using sound waves under acoustic resonance conditions. Early investigations of this 

phenomena date back to 1874 when Kundt and Lehmann investigated the effects of 

travelling sound waves.19 To show that sound is mediated by travelling pressure variations, 

Kundt and Lehmann used an air filled tube modified with a vibrating metal rod as sound 

source and a piston on each end to change its length. The tube was filled with dust particles 

and during the experiments the position of the piston was changed until a regular particle 

accumulation pattern could be observed as the result of interfering travelling sound waves. 

At that point, the rod oscillation matched the resonance frequency of the tube or in other 

words the wavelength of the excited longitudinal sound wave fitted the length of the tube.  

A plane travelling sound wave is defined by the acoustic pressure amplitude 𝑝!", the 

frequency 𝑓 via the angular frequency 𝜔 = 2𝜋𝑓 and the wavelength 𝜆 via the wavenumber 

𝑘 = 2𝜋/𝜆. The variation of the pressure wave in time and space along the propagation 

direction can be described by a sinusoidal function: 

𝑝 𝑦, 𝑡 =   𝑝!"sin  (𝜔𝑡 − 𝑘𝑦)       (1.13) 

At resonance, in Kundt’s experiments, the incoming wave is reflected at the surface of the 

piston and travels in the opposite direction with the same frequency. The interference 

(superposition) of counter propagating waves forms a one dimensional pressure standing 

wave which can be described as: 

𝑝 =   𝑝!" sin 𝜔𝑡 − 𝑘𝑦 + 𝑝!" sin 𝜔𝑡 + 𝑘𝑦 = 2𝑝!" sin 𝜔𝑡 cos  (𝑘𝑦)  (1.14) 

The pressure amplitude of the standing wave varies along the length of the tube. In a 

Kundt’s experiment, particle accumulation takes place at characteristic points separated by 

half a wavelength. The pressure at these points is at minimum while the fluid velocity (fluid 

displacement) is at maximum. These pressure nodal planes are separated by points of 

maximum pressure and minimum fluid velocity, the pressure antinodal planes. Figure 1-9 

shows a schematic of a one-dimensional wave in a closed system like the Kundt’s tube. The 
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particle movement towards pressure nodes or antinodes is called acoustophoresis. It is the 

result of wave scattering on the particle’s surface which imposes a force in the direction of 

wave propagation. In fact, Kundt and Lehmann used the standing wave induced particle 

pattern to measure the speed of sound 𝑐 in the surrounding medium applying equation 1.15. 

𝑐 = 𝜆𝑓          (1.15) 

	
  

	
  
Figure 1-9: Schematic showing one dimensional pressure standing wave created by two counter 
propagating pressure waves in an enclosed system. 

	
  

1.3.2. Primary acoustic radiation force 

In an acoustic standing wave field, particles suspended in a liquid medium experience a 

gradient force along or against the acoustic pressure gradient depending on their 

mechanical properties. The gradient force on the particle is called primary acoustic radiation 

(PAR) force and arises due to a mismatch in the acoustic properties between the particle 

and the surrounding liquid medium. In particular, this results in a local distortion of the 

acoustic field in form of scattering around the particle’s surface. The pressure difference on 

the surface of the particle triggers its motion. 

The (PAR) force is a function of the acoustic properties (density, compressibility) of the 

particle relative to the properties of the liquid medium as well as the generated pressure and 

velocity field in the liquid. First theoretical descriptions of the acoustic radiation pressure on 
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an incompressible sphere in a plane standing wave were derived by King in 1934.107 The 

theory was extended for compressible spheres by Yosioka and Kawasima in 1955108 before 

Gorkov, in 1962, derived the expression for the PAR force on a compressible sphere in a 

arbitrary acoustic field. The time average acoustic radiation force is a gradient of a 

potential:109 

𝐹!"# = −∇U         (1.16) 

where 𝑈 is the acoustic force potential which is given by 

𝑈 = 𝑉 !!
!!!!!!

𝑝! − !!!!!
!

𝑣 !        (1.17) 

with 𝑝 and 𝑣 being the pressure and velocity field in the particle’s surroundings; 𝑉 the 

volume of the particle and 𝜌! and 𝑐! the density and speed of sound in the (e.g. liquid) 

medium. The acoustic properties of the medium and particle join as the compressibility factor 

𝑓! and the density factor 𝑓! which are given as110 

𝑓! = 1 − !
!!!

                    𝑓! =
!!!!
!!!!

       (1.18) 

where 𝛾 and 𝛽 are the speed of sound ratio and density ratio of the particle (𝑐!, 𝜌!) and 

medium (𝑐! , 𝜌!), respectively 

𝛽 =    !!
!!"

                𝛾 = !!
!!

.        (1.19) 

In a miniaturized system for acoustophoretic particle manipulation any resonance results 

from a complex 3D resonance. However, a strong one dimensional coupling effect at single 

frequency excitation is usually observed. Then an approximation of the PAR force to a one 

dimensional plane standing wave can be made by assuming that the chosen frequency 

supports a strong resonance field in only one direction (axial) and that the wavelength is 

much longer than the particle radius. Then the axial component of the PAR force is given 

by:110 

𝐹!!"# = 4𝜋𝛷𝑘!𝑎!𝐸!"𝑠𝑖𝑛(2𝑘!𝑦)      (1.20) 

Where 𝑘! is the wave number (𝑘! = 2𝜋/𝜆); 𝑎 is the radius of the particle; 𝛷 the acoustic 

contrast which is described by:110 

𝛷 = !!!!
!!!!

− !
!!!

         (1.21) 
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and 𝐸!" is the acoustic energy density which is given as:110 

𝐸!" =
!!"!

!!!!!!
         (1.22) 

From equation 1.20, one can see that the force scales with the radius of the particle and 

frequency. The latter one is of great benefit when working with microfluidic systems, as the 

reduced length scale requires smaller wavelengths which are achieved with frequencies in 

the Megahertz range. Moreover, the direction and magnitude of the PAR force is also 

triggered by the acoustic contrast factor which depends on the particles density and 

compressibility in relation to the suspending medium. For example, a solid particle is less 

compressible and has a higher density than the surrounding aqueous media. This results in 

a positive contrast factor which forces particles to move to the pressure nodes. In contrast, a 

gas bubble can have a high density and high compressibility. Then the contrast factor 

becomes negative and the force is directed towards the antinodes. Figure 1-10 shows the 

acoustic force, pressure and velocity field at resonance (fundamental frequency) in a cavity 

(resonator) which supports half a wavelength, a common case in many microfluidic 

applications. The maximum pressure (antinode) is situated at the boundaries while the 

minimum pressure (node) is in the centre. The PAR force on a particle is zero at the 

boundary and maximal at the centre point between the pressure node and antinode. 

Depending on the acoustic contrast factor particles move either to the boundary or the 

centre. 
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Figure 1-10: Schematic showing pressure, velocity and acoustic force fields in a cavity at a resonance 
which supports half a wavelength of the acoustic pressure wave (fundamental frequency). The sign of 
the acoustic contrast factor dictates the direction of the field. A negative sign means particles move 
towards the pressure antinode and vice versa for a positive sign. 

Apart from the axial component of the PAR force which is based on both pressure and 

velocity gradients in the standing wave, it has been shown that large velocity gradients give 

rise to a significant lateral component of the PAR force.111 This effect drives particles 

together generating a two dimensional manipulation effect (pseudo one dimensional 

resonance112). The lateral force component of the PAR force is given by: 111 

𝐹!"# = 𝜋𝜌𝜔!𝑎!𝑠!𝑠!        (1.23) 

Where 𝑠! is the fluid displacement amplitude through the centre of the particle and 𝑠! the 

difference in displacement amplitude at the edge of the particle compared to the centre. The 

lateral force component is not as size dependent as the axial component in equation 8. 

Therefore, a strong lateral force requires large lateral gradients. 
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1.3.3. Secondary acoustic radiation force 

The scattered acoustic field around particles interacts with nearby particles and gives rise to 

a secondary acoustic radiation (SAR) force. When the distance between particles becomes 

smaller, e.g. after particle alignment in the pressure nodal plane, interparticle forces, also 

called Bjerknes forces, influence the particles motion. This force can be expressed as:113 

𝐹! = 4𝜋𝑎! !!!!!
! !!"#!!!!

!!!!!
𝑣! 𝑦 −   !

!!! !!!!!
!!!

𝑝!(𝑦)    (1.24) 

Where 𝑑 is the center to center distance of the particles; 𝛽! and 𝛽! are the compressibility of 

the particles and the liquid medium;  𝜔 is the angular frequency; 𝜃 is the angle between the 

particles and the propagation direction of the incident sound wave. 

The assumptions made in equation 1.24 include that there is a standing wave in y-direction 

and that the particles as well as the distance between them are much smaller than the 

acoustic wave length. The force can either be attractive (negative sign) or repulsive (positive 

sign) depending on the particles orientation with respect to the direction of wave 

propagation. If particles are aligned parallel to the wave propagation direction (𝜃 =   0°) the 

first term of equation 1.24 becomes positive, while at a perpendicular orientation (𝜃 =   90°) it 

becomes negative. At the pressure nodal plane the second term vanishes and particles are 

aligned perpendicular to the wave propagation which leads to an attractive force (Figure 1-

11). The influence of the SAR force is very weak and becomes only important at short 

distances between particles when it dominates over the PAR force (e.g. at the pressure 

nodal plane a chaining of particles can take place).  

 
Figure 1-11: Secondary acoustic radiation force (Bjerknes force) becomes dominant at close particle 
distance. At the pressure nodal plane particles line up and create chain-like structures. 
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1.3.4. Acoustic streaming 

The acoustophoretic movement of particles in microchannels is influenced by the particle 

size. Large particles (e.g. polystyrene beads) > 2 µm move towards the pressure nodal 

plane due to the PAR force. However, smaller particles of less than < 2 µm can be subjected 

to acoustically generated fluid vortex flows in the bulk of the liquid medium. These vortex 

flows are associated with acoustic streaming as a result of the absorption of acoustic energy 

in the medium. The streaming induced drag force dominates over the PAR force for small 

particles. In general three types of streaming can be distinguished:114 Inner and outer 

boundary layer streaming, Eckart streaming and cavitation micro streaming. The boundary 

layer streaming is induced by standing waves between parallel substrates (Figure 1-12). The 

inner boundary layer describes a fluid layer which is characterised by a higher viscosity 

compared to the bulk fluid because of its vicinity to a bounding surface. Acoustic energy 

dissipates into the inner boundary layer along this solid/fluid interface and generates strong 

vortices which drive subsequent bulk fluid vortices in the outer boundary layer. This type of 

streaming is the most common one seen in microfluidic resonator structures and is 

especially pronounced in shallow microchannels where the influence of the submicron thick 

inner boundary layer is stronger. A recent study by Barkholt et al. showed that outer 

boundary layer streaming can be suppressed by increasing the aspect ratio (~2) of the 

microchannel and likewise enhanced by decreasing it.115 In a laminar flow regime streaming 

can be used to mix fluids. The induced bulk fluid vortices have the maximum fluid velocity 

near the top and bottom wall of the resonator while decaying towards the centre of the 

vortex.  

 
Figure 1-12: Schematic showing inner and out streaming rolls (vortex flows) around the pressure 
node in a standing wave. 
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Eckart streaming is the result of acoustic energy absorption in the bulk of a fluid when an 

acoustic wave travels through it. This usually occurs in standing waves at high frequencies 

where the microfluidic channel dimensions are large (several millimetres) as this supports 

sufficient wave attenuation in the bulk liquid. Last but not least, the interaction of oscillating 

gas filled microbubbles with acoustic waves can lead to cavitation microstreaming. Acoustic 

energy losses in the boundary layer of the microbubble combined with the stable oscillation 

generate amplified vortex flows which are several orders of magnitude larger compared to 

those around solid particles.114  

	
  

1.3.5. Acoustic tweezing in microsystems 

The transfer of the acoustic tweezing concept towards microsystems benefits from the fact 

that the PAR force is proportional to the frequency. An increased frequency increases the 

magnitude of the force to a level where efficient manipulation of particles is feasible.111 

Piezoelectric transducers are able to produce pressure waves in the ultrasonic range 

(100kHz – 100MHz) with corresponding wavelengths of millimeter to tens of micrometer and 

so are ideal for microfluidic channels. The forces are typically in the range of 10-12 N to 10-10 

N for particles sizes of 1 µm to 20 µm in diameter.116-118 

It is essential to create an acoustic resonance field and to do so, two main approaches for 

sound wave actuation have been established in the field of microfluidic acoustophoresis. 

These are based on piezoelectric materials and the inverse piezoelectric effect119 and can 

be divided into surface acoustic wave (SAW) and bulk acoustic wave (BAW) transducers. 

Here, pressure waves are produced by applying an oscillating electric field to electrodes on 

the piezoelectric substrate. This causes a mechanical deformation in the material as the 

result of the alignment of molecules with the electric field. Subsequently, a translation into a 

mechanical wave which propagates on the substrate’s surface (SAW) or through the bulk of 

the substrate (BAW) takes place. In the following section, an introduction to 

micromanipulation systems using BAW and SAW transducers is given. 

 

1.3.6. Bulk acoustic wave transducer for acoustic tweezing 

Bulk acoustic wave transducers are typically made from piezo ceramics such as lead 

zirconate titanate (PZT). The transducer’s resonance frequency is inversely proportional to 

the thickness of the piezoelectric material; and hence the device works best at one particular 

frequency. The transducer is modified with electrodes to enable the application of an electric 
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signal which is translated into a mechanical motion and induces a travelling sound wave. 

The wave propagates in form of longitudinal (Figure 1-13a) and transverse waves. BAW 

transducers are usually connected to the microfluidic chip via a coupling layer (e.g. glue, 

water) to enable the transmission of the acoustic wave. The microfluidic chip acts as 

acoustic resonator and its dimensions are chosen to match a certain resonance condition. 

This means a frequency is chosen which generates a plane standing wave across the width 

of the microfluidic channel. The most common resonator designs employ dimensions to 

support half a wavelength where a single pressure nodal plane is generated in the centre of 

the microchannel, while resonances in the vertical direction are suppressed by the 

geometrical mismatch.51, 120-126 This refers to the fundamental frequency of the resonator. 

However multiple pressure nodal planes at higher harmonic frequencies are used as well, 

depending on the application. An often used resonator design120, 127, 128, called transverse 

resonator, is shown in Figure 1-13b. The BAW transducer is attached to the resonator from 

the bottom, although the position can be arbitrarily chosen as long as the frequency matches 

the resonance condition.111 And even two opposing transducers excited at the same 

frequency may be used.129, 130 Nonetheless, in the most common designs, a longitudinal 

pressure standing wave is formed as the result of interfering counter propagating waves 

reflected at the microchannel wall. 

 

Figure 1-13: (a) Schematic (adapted from 131) of longitudinal wave travelling along the bulk of a 
material. (b) Schematic of an acoustic tweezing concept based on BAW transducer attached to a 
microfluidic chip. 
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The geometrical dimensions and the material properties are the key aspects when designing 

the transverse resonator, as they govern the fundamental acoustic forces.51 The material 

should provide the transmission of the acoustic energy into the manipulation medium at low 

loss (low damping) and exhibit good acoustic reflection properties to support a standing 

wave. The Q-factor is an indicator for the energy transmission into a resonator. It describes 

the ratio of the energy stored in the actuated resonator to the energy losses during an 

actuation cycle (damping) at certain resonance frequencies. A high Q-factor device 

resonates with larger amplitudes at the resonance frequency and produces larger acoustic 

forces for smaller power inputs compared to a low Q-factor device. However, low Q-factor 

devices can have a larger bandwidth at which they resonate compared to high Q devices. 

The Q-factor is highly material dependent and the fact that particle manipulation takes 

usually place in aqueous solutions, a sufficient difference in the acoustic impedance 

between the liquid and the resonator material is a good indicator for an appropriate material. 

The acoustic impedance 𝑍 is proportional to the speed of sound 𝑐  and density 𝜌 of the 

material (equation 1.25). 

𝑍 = 𝜌𝑐 .        (1.25) 

The characteristic acoustic impedance of adjacent materials is helpful to estimate the 

pressure reflection coefficient 𝑅! and transmission coefficient 𝑇!using equation 1.25 and 

1.26,111 

𝑅! =
!!!!!
!!!!!

        (1.26) 

𝑇! = 1 − 𝑅!        (1.27) 

where  𝑍! and 𝑍! are the acoustic impedances of the materials. For instance, steel (𝜌 = 7890 

kg/m3, 𝑐 = 5790 m/s) has an acoustic impedance of 46·106 kg/sm2 which is compared to 

water (𝜌 = 1000 kg/m3, 𝑐 = 1450 m/s) which has 1.45·106 kg/sm2, 30 times higher. This will 

result in high reflection and low transmission with a reflection coefficient of 0.93, in particular 

(maximum is 1 and means total reflection). Moreover, it is suggested that flat and parallel 

microchannel walls assist the creation of acoustic standing waves.51 Steel has ideal material 

properties but is hardly used in microfluidic applications as it is difficult to machine at these 

small length scales. Instead, silicon110, 127, 132, 133 and glass120, 134, 135 based microfluidic 

resonators fulfil the above mentioned requirements as well and are widely used. Polymer 

based devices are considered less suited due to their high acoustic losses and low reflection 

coefficients,51 however, despite this, glass-polymer136-138 or pure polymer139, 140 resonators 

have proven to be viable alternatives, which also benefit from easier fabrication (no etching 
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required, no anodic bonding), lower costs and mass production potential (e.g. moulding). 

The actual coupling of the acoustic energy from the piezoelectric transducer into the 

resonator is an additional factor that can be optimised to improve the energy transmission. 

This often involves acoustic impedance matching and the introduction of a matching or 

coupling layer between the resonator and transducer or in general between two adjacent 

layers to reduce acoustic losses due to reflections. A matching layer should have a lower 

characteristic acoustic impedance compared to the transducer but a higher acoustic 

impedance than the material that surrounds the microfluidic channel.111  

  

1.3.7. Surface acoustic wave transducer for acoustic tweezing 

Surface acoustic waves (SAWs) propagate at the surface of a solid substrate. In 

miniaturized systems, SAW devices generate periodic deformation of a piezoelectric material 

which translates into a coherent travelling SAW with nanometer amplitude.141 The SAW has 

the form of a Rayleigh wave which is characterised by a longitudinal and a transverse 

component (Figure 1-14a).53 The displacements decay exponentially with increasing 

distance from the surface into the substrate. Most of the acoustic energy (~ 95 %) is 

confined within a depth equal to one wavelength.142 A SAW transducer consist of an 

interdigitated electrode (IDT) with a certain number of electrode fingers (Figure 1-14b) 

deposited (e.g. by metal evaporation) onto a single crystal piezoelectric substrate. Common 

piezoelectric materials are lithium niobate (LiNbO3) and lithium tantalite (LiTaO3). The 

application of an alternating electric signal to the IDT produces a SAW perpendicular to the 

electrodes and along the electrode length (aperture) as shown in Figure 1-14b. The signal 

matches the operation frequency of the SAW device which is chosen to match the electrode 

pitch and the gap of the IDT. This means the resonance frequency of the SAW device and 

the resulting wavelength of the propagating Rayleigh wave is governed by the geometry of 

the IDT and the speed of sound of the SAW substrate (e.g. 3965 m/s for LiNbO3, 128° Y-cut, 

propagation in x-direction). The pitch and the gap are typically of λ/4 and by using equation 

1.15 SAW devices of particular working frequencies can be designed. 
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Figure 1-14: (a) Schematic (adapted from 131) of a Rayleigh wave travelling along a solid substrate 
with longitudinal and transverse component (adapted from Wikipedia.org). (b) SAW transducer with 
interdigitated electrodes producing a SAW along the aperture with wavelength λ defined by the pitch 
and gap of the IDT. 

A conventional SAW transducer consist of straight electrodes and works best at a particular 

frequency (Figure 1-15a), though higher harmonics can be excited, too. However, an 

advantage of a SAW transducer compared to a BAW transducer is that the bandwidth can 

be tuned by structuring of the IDT. For instance, a chirped IDT design consists of an 

electrode pitch gradient along the SAW propagation direction and allows SAW generation 

over a wide frequency range (Figure 1-15b).143 The electrode width can also be changed 

perpendicular to the wave propagation along the aperture of the transducer. This type is 

called slanted IDT and creates narrow SAW beams of varying frequency along the electrode 

length (Figure 1-15c).144 
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Figure 1-15: SAW transducer types used for microfluidic actuation. (a) Conventional SAW transducer 
for single frequency actuation defined by straight electrode fingers. Gap and pitch size of the IDT 
defines the wavelength. (b) Chirped IDT with electrode pitch and gap gradient for multiple frequency 
excitation along the IDT aperture. (c) Slanted IDT with chaning electrode pitch and gap along the 
aperture for multiple frequency excitation confined by the local electrode dimensions. 

A single transducer can be applied to actuate fluids (e.g. droplet) on top of the piezoelectric 

substrate. When a travelling SAW comes in contact with the fluid, acoustic energy diffracts 

into it due to a mismatch between the acoustic properties of the of piezoelectric substrate 

and the fluid (Figure 1-16a). Diffraction occurs at a certain angle (Rayleigh angle,𝜃! = 𝑐!/𝑐!) 

defined by the ratio of the sound velocities in the fluid and substrate and gives rise to a 

longitudinal pressure wave front that drives bulk liquid recirculation or acoustic streaming.145 

The energy transfer into the liquid and the creation of a longitudinal pressure wave is used 

for precise particle actuation on the surface of the piezoelectric substrate by means of 

standing surface acoustic waves (SSAW). This requires a pair of identical transducers to 

produce two counter propagating travelling SAWs.53 The interference results in a one-

dimensional SSAW (Figure 1-16b). Along the distance between the SAW transducer pair, 

the SSAW creates a series of nodes and antinodes on the surface. A microfluidic channel, 

usually made from PDMS, is precisely bonded with respect to the node and antinode 

position to bring a sample fluid in contact with the SSAW. It is understood that the pressure 

distribution on the substrate surface dictates the pressure distribution in the liquid. The wall 

of the PDMS channel may reduce the magnitude of the pressure but does not influence 

node or antinode position in form of reflections for instance. The pressure node and antinode 

position in the fluid corresponds to the acoustic field on the substrate.146  
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Figure 1-16: (a) SAW radiates energy into a liquid on the piezoelectric surface in the form of a 
longitudinal pressure wave.  Acoustic attenuation results in acoustic streaming which drives a bulk 
fluid flow. (b) Standing surface acoustic wave (SSAW) produced by a pair of identical SAW transducer 
excited at the same frequency. A PDMS channel precisely placed relative to the pressure nodal 
planes enables particle manipulation by the PAR force.  

SAW transducers for microfluidic applications have several advantages compared to BAW 

transducers. This include a better control of the excitation frequency in a wider range as well 

as high frequency actuation enabling a versatile and flexible approach and allows a more 

precise and controllable manipulation of fluids and suspended particles.53 Furthermore, the 

fact that the acoustic field is confined to the substrate surface makes the use of a cheap 

polymer based microchannel feasible. Last but not least, the versatile nature of SAWs has 

been demonstrated in many applications which not only involve the manipulation of fluids 

and particles using travelling and standing waves but also sensing application to detect 

biological and chemical compounds.147  

However, one can see a disadvantage in the fact that the particle manipulation using SSAW 

needs to be carried out directly on the piezoelectric substrate. This impedes the 

development of disposable units considering the price of piezoelectric materials (e.g. ~ $50 

for a single LiNbO3, y-cut 128°, 3 inch wafer of 0.5mm thickness from 

http://www.pmoptics.com/). The bonding step of the microchannel (e.g. PDMS), has to be 

very precise in respect to the position of nodes and antinodes. This can lead to fabrication 

problems when lateral channel geometries reach scales down to tens of micrometers. The 

sample throughput by means of standing wave based manipulation is low compared to BAW 

approaches. BAW actuation has been shown to process liquids with flow rate of ml/min148, 149 

while SAW based processes work with µl/min rates which is most likely associated with low 
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bonding strength of PDMS to the piezo surface (leakage problems) but also with the fact that 

the acoustic field is confined to the substrate surface making shallow microchannels (20 µm 

– 50 µm)150-153 necessary. 

 

1.3.8. Applications of acoustic forces in microsystems 

Acoustic tweezing is commonly used for focussing, patterning enrichment, sorting and 

trapping of particles. The PAR force is used to precisely define the position of particles and 

cells in a microsystem under static conditions or continuous flow. The transfers of particles 

between fluids or their retention against the fluid are promising strategies to replace common 

benchtop methods used for washing and purification. Moreover, the acoustic properties of 

individual particle types can be addressed to enable sorting and enrichment. Last but not 

least, acoustic streaming induced drag forces can also be applied to achieve sorting of 

particles and the mixing of fluids. The following section focuses on applications in enclosed 

microfluidic channels. However, it should be mentioned that SAW and BAW can be applied 

for open microfluidics where sample liquid droplets with suspended particles (e.g. blood 

samples) are processed by fluid actuation such as mixing,154 concentrating,155 merging144 or 

nebulisation156, although the volume throughput is very low and precise particle handling is 

limited due to the induced streaming effects.52 

On chip microfluidic flow cytometry requires the focusing of particles into a single file for 

precise individual detection. This can be achieved hydrodynamically by sheath flows157 but 

increases the complexity (several laminar flows) of the microsystems and can cause shear 

stress to sensitive particles such as cells. The PAR force has been applied to generate 

precise particle streams in microfluidic channels combined with optical detection using laser 

systems. Piyasena et al. used opposing bulk acoustic transducers attached to a machined 

aluminium frame sandwiched between glass slides to align cells and particles in pressure 

nodal planes.158 The work demonstrated the creation of multiple particle streams (up to 37 

pressure nodes) and their individual probing for particle counting. However, the one 

dimensional nature of the produced pressure nodes impeded the resolution of individual 

particles at higher concentrations. SSAW approaches were developed by several groups 

with a one dimensional single nodal plane151, 159 and even a three dimensional focusing 

strategy was proposed by using non-uniform acoustic fields.146 The latter one has been 

explained by the presence of a weaker but still significant lateral acoustic force which acts 

perpendicular to the axial primary acoustic radiation force. Besides microfluidic cytometer, 

the concept of acoustic focusing has found its way into a conventional benchtop cytometer. 
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An instantaneous movement of MBs was observed once the SAW device was activated. The 

surface acoustic wave was coupled into the microfluidic chamber creating a rather complex 

pressure distribution as a result of wave reflections at interfaces along the device boundary, 

similar to standing waves. This generated a rapid translation of MBs, driven by the PAR 

force, towards areas of maximal pressure changes. However, such a MB movement was 

unwanted in the device and a pulsed ultrasound signal, as is used in most ultrasound 

studies, was applied to study the MB behaviour without lateral movement. In detail we 

applied a sine wave signal (2.8 MHz, 60V) of 12 cycles with a pulse repetition frequency of 

300 ms. This frequency was chosen based on good MB response compared to higher 

frequency (>3 MHz). Figure 7-10 (a-d) shows the response of a trapped MB during constant 

insonation for 86 seconds. The acoustic actuation resulted in the shrinking of the MB until 

complete dissolution. The measured pressure amplitude, using a fibre-optic hydrophone 

(Precision Acoustics, UK), was 100 KPa. During these experiments it was noticed that only a 

constantly insonified MB showed this behaviour, while short exposure times of several 

seconds caused no visible (camera with low framerate) effect. 

	
  
Figure 7-10: Microbubble (7 µm) response after activation of acoustic transducer (2.8 MHz, 60V, burst 
mode, 300ms) where (e) is 0 s, followed by 37 s (f), 73 s (g) and 86 s (h). Scale bar: 20 µm. 

The resonance frequency of a simple gas bubble at low pressure amplitudes (e.g. standard 

atmospheric pressure) can be approximated by the simple harmonic oscillation. An 

expression for determining the resonance frequency of a MB of a certain size was developed 

by Medwin et al..350 However, it has been shown that the acoustic behaviour of structurally 

more complex MBs (e.g. encapsulation) is significantly altered. A shell (e.g. phospholipid) 

causes an increase in resonance frequency due its stiffness and an increase in damping due 

to its viscosity.351 Therefore, the simple analytical expression given by Medwin et al. resulted 

in lower frequency values while in fact higher frequencies should be assumed for SonoVue 

MBs. As mentioned above, SonoVue MBs responded at 2.8 MHz with size changes as 

shown in Figure 7-10. This agrees well with previous studies where similar resonance 

frequencies for populations of SonoVue MBs were found to be 3 MHz and 2.9 MHz.339, 349 

Also, a non-linear MB oscillation mode called ‘compression-only’ has been identified in these 
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studies and could be an explanation for the observed MB shrinkage when constantly 

insonified. A more detailed description of this non-linear behaviour is given below. 

The response to a particular frequency was investigated for MBs of different sizes. A range 

of MBs were selectively trapped, isolated and arranged in an array. It has to be noted that 

the OET chip can be of great benefit for this, as the whole process from injecting the MBs to 

specifically selecting individual MBs can be performed at relatively short time scales of 

around 10 to 15 minutes. In Figure 7-11a, MBs with sizes of 4.0 µm to 9.0 µm were held in 

ring patterns before insonation at 2.8 MHz (60 V). The array arrangement was chosen to 

avoid bubble-bubble interaction. In previous studies it has been shown that the MB response 

to an ultrasound signal was altered in the presence of nearby MBs.352 The MB oscillation 

when ensonified can induce non-inertial cavitation (e.g. microstreaming) and Bjerknes 

forces. These effects may influence single bubble studies when inter-MB distances are small 

(< 40 µm352). The following image sequences (Figure 7-11) show time points during 

insonation. In Figure 7-11b, after 1.21 minutes, the right column of the array is empty 

indicating complete MB dissolution. Subsequently, in Figure 7-11c and 7-11d, the remaining 

MBs disappeared after 1 min 45 s and 3 min 45 s. The size change for every MB was 

measured during insonation. Figure 7-12 shows the change in MB diameter over time. The 

dissolution time of MBs increased with increasing MB diameter. For instance, a 4 µm MB 

was dissolved after 25 s while 230 s were needed to completely dissolve the 9 µm MB. 
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Figure 7-11: (a) Trapping of different sized microbubbles in dielectrophoretic trap at 70 KHz and 10 V. 
(b-d) Insonation (2.8 MHz, 60V, burst mode 12 cycles, 300 ms) of microbubbles  (b) after 1.21 min (c) 
1.45 min and (d) 3.45 min. Scale bar 200 µm. 

	
  

	
  
Figure 7-12: Change in microbubble diameter over time when acoustically actuated at 2.8 MHz using 
60 V. Microbubbles were kept in dielectrophoretic trap at 70 KHz and 10V. 

From the experiments above it can be concluded that the SAW device actuation was able to 

insonify MBs of different sizes using a single frequency and acoustic pressure amplitude. 
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The stimulation led to MB shrinkage until dissolution but sudden impulsion in the form of 

inertial cavitations was not observed. This can be associated to a lack of acoustic energy 

generated by the SAW device and a limited output voltage generated by the amplifier 

resulting in ultrasound pulses with pressures of 100 kPa, which can be considered as a low 

acoustic pressure.349, 353   

 

The shrinkage of the MBs could be attributed to acoustically driven diffusion. The rate of 

diffusion, which is dependent on the shell material as well as concentration gradient of the 

gas, can be significantly affected during insonation because of the changing pressure over 

time and the motion of the gas liquid interface.353 MBs usually undergo forced expansions 

and compressions when insonified. During the expansion phase an increased inward 

diffusion can dominate over the outwards diffusion. However, during the compression phase 

the outwards diffusion can dominate. This phenomenon has been observed in studies by 

Cha and Henry354. A decrease in diameter of a lipid-shelled MB (MP1950) during insonation 

(2.25 MHZ, 240 kPa) has also been observed in a study by Chomas et al.353 Similar to the 

observation in this study, MB shrinkage was only stimulated when the ultrasound was 

switched on. No decrease was observed after insonation showing that the shell of the MB 

was intact and the size changes were because of acoustically driven diffusion. Interestingly, 

a single frequency and pressure amplitude can be applied to destruct MBs of different sizes. 

Chomas et al. used bubbles in the range of 3 µm to 6 µm. Here, destruction of MBs of 4 µm 

to 9 µm in diameter was demonstrated. This indicates that a frequency or pressure 

dependency in regards to the size based MB response was absent under the given 

conditions. In fact, an onset of MB vibration at resonance and off-resonance for certain 

pressures has been shown by Emmer et al.355 An acoustic pressure threshold of 30 kPa to 

120 kPa for different lipid-shelled MB (2 µm to 11 µm) was necessary for stimulated MB 

oscillation.  

 

Alternatively to the concept of forced expansions and compressions with net diffusions out of 

the bubble, a recent study has shown that SonoVue MB undergo a compression-only mode 

when insonified.356  Here the MBs compress more than they expand. This non-linear 

behaviour has been explained by pressure induced buckle and folding of the lipid monolayer 

which results in easier compression than expansion.357 More specificly, it is understood that 

a 3D collapse of the monolayer occurs when the phospholipid monolayer is compressed 

beyond its saturated phospholipid concentration.358 Hence, this could possibly lead to a 

directed diffusion when the gas pressure in the MB increases during the compression phase 

while being at rest between the compression phases. More gas is forced out of the bubble 
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during the compression phase induced by a steep concentration gradient along the 

MB/liquid interface. Moreover, work on the compression-only behaviour by de Jong et al.359 

has shown that there is no clear dependency on the initial bubble radius, the applied 

frequency or the pressure amplitude which corresponds partially to the first results seen in 

this study. However, the explanation has to be handled with care as a model by Marmottant 

et al.360 was successfully used to relate the compression-only behaviour with the change in 

surface tension during the buckling of the monolayer. The phospholipid concentration at the 

gas/liquid interface affects the surface tension. A change in the bubble radius (change in 

lipid concentration) changes the surface tension. The compression-only mode is then 

associated with a reduction of the surface tension due to a decreasing MB radius. But the 

reduced surface tension disagrees with the phenomenon of acoustically driven diffusion 

because in the buckling mode the surface tension is considered to be close to zero which 

counts for the longevity of MBs and counteracts the diffusion out of MBs. 

 

Last but not least, rupturing of the phospholipid shell after many cycles of expansions and 

compression may offer another explanation. When the shell material breaks up, the surface 

of the MB is partially uncovered. This can promote the release of gas out of the MB core. 

 

In summary, the initial experiments using this manipulation platform showed promising 

results in terms of individual MB handling and insonation but also raised lots of interesting 

question in terms of the observed phenomena. Currently, a lack of measurement equipment, 

for optical (e.g. high speed camera system) and acoustical investigations (e.g. transducer for 

attenuation and scattering measurements) inhibit a detailed characterisation but will be 

tackled for future studies which focus on single MBs as well as MB-cell interactions. The 

latter especially might benefit from the enhance MB control given by the proposed 

micromanipulation system. 

	
  
	
  

7.4. Conclusion 
We proposed a novel micromanipulation platform for the parallel characterisation of 

individual or grouped MBs during ultrasound excitation. It was demonstrated that an 

optoelectronic tweezer device can be applied to selectively trap and isolate single MBs of 

different sizes within a heterogeneous sample. Using a voltage of 10 V at 70 KHz, we were 

able to transport MBs of different sizes (2.7 µm to 7.1 µm) with speeds of 2.5 µm/s to 11 

µm/s.  Moreover, insonation of MBs was achieved by coupling a surface acoustic wave from 

a SAW device into the optoelectronic chip. The successful actuation after ultrasound 
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activation was identified through MB size changes. The exposure to the alternating acoustic 

pressure field caused an increased diffusion of SF6 from the MB core into the surrounding 

liquid until total dissolution. Primarily, it was suggested that an acoustically driven diffusion 

out of the bubble during compression cycles is the underlying mechanism. Alternatively, 

shell defects due to the mechanical load can contribute to the diffusion. The diffusion in 

terms of diameter change was shown for MBs of different sizes. The total dissolution time 

was a function of the size of the MB under the applied experimental conditions which agrees 

with the proposed diffusion mechanism. 

The advantage of the proposed system can be summarized as follows. The introduced 

concept provides a microfluidic environment for controlled experiments contained in one 

device with visual inspection through a microscope. Furthermore, the capability of patterning 

light in arbitrary shapes to form non-uniform electric fields enables precise MB control. The 

parameters of the optoelectronic chip can be tuned in terms of field strength or chip 

geometry to be able to work with different sized MBs. The ultrasound transducer works in a 

frequency range relevant for medical concepts and moreover, a wider range of frequencies 

can be applied simply by changing the slanted electrode design. 

At the moment, a disadvantage is that only low acoustic energy is coupled into the chip 

producing low acoustic pressures. It would be desirable to have a tuneable system which is 

able to create high acoustic pressures in order to induce microstreaming, inertial cavitation 

effects and asymmetric bubble collapse. To solve this problem, the first step would be the 

replacement of double sided tape and the use of more rigid material such as SU8 to reduce 

the energy loss due to acoustic absorption. In addition, transducer output can be improved 

by using a different electrode design with an increased number of electrodes creating a 

better coupling efficiency into the piezoelectric substrate and hence into the optoelectronic 

chip. 

The study of single MB behaviour is of course only the first step towards the understanding 

of more complex phenomena. In reality the MB behaviour is influenced by many factors such 

as the presence of nearby MBs which may alter the way the cavitation process takes place. 

Starting from understanding simple systems (single MB studies) followed by a stepwise 

subsequent increase in the complexity (adding MBs) can help to decipher the underlying 

relationships that explain the observed phenomena. In future, we hope that the developed 

system may be used for such an approach as well as for the study of MB and cell 

interactions to aid the development of drug delivery or controlled tissue damage.  
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8.   Summary 
	
  

	
  

Micromanipulations platforms have gained increased attention over the last decades. They 

enable handling of particles in minute samples within microfluidic compartments and 

demonstrate promising routes to enhance procedures in important fields such as analytical 

chemistry and medical diagnosis. Non-contact approaches based on externally applied force 

fields allow researchers to probe and alter particle states in a gentle, precise and controlled 

manner. Among them, especially forces generated by acoustic and electric fields received 

the attention of researchers developing lab on a chip, micro total analysis and point of care 

systems. This is evident by the vast amount of literature dealing with physical phenomena 

such as dielectrophoresis and acoustophoresis applied to miniaturised systems. Each of 

these methods has its merits. Ideally, a system that combines it all (“eierlegende 

Wollmilchsau”) would be of great benefit for the scientific community. 

The thesis introduced a concept for a unified platform that enabled the use of acoustic and 

electric fields for particle manipulations in microfluidic environments. In particular, 

optoelectronic tweezing (OET), also known as light induced dielectrophoresis was fused with 

acoustic tweezing, also known as acoustophoresis, on a versatile system. The system can 

be divided into two individual physical units. The first one represents the OET unit which 

integrated light induced electric fields into a robust microfluidic chip. The OET chip not only 

operated as room for electric field generation but also as transverse resonator to confine 

acoustic fields. These fields were the result of travelling surface acoustic waves excited by a 

piezoelectric transducer which defined the second unit. 

The first experimental chapter focused on the development and characterisation of the OET 

unit. A fabrication protocol was first designed that enabled the integration of OET into a 

robust microfluidic chip. A conventional OET device consists of a photoconductor substrate 

parallel aligned to a second electrode substrate. In this work amorphous silicon (aSi) and 

indium tin oxide (ITO) were used as substrates and assembled to a composite structure 

using SU8 negative photoresist as bonding agent as well as frame to define the microfluidic 

channel. Briefly, SU8 was sandwiched between the electrodes substrate followed by a 

photolithography step to allow cross linking induced bonding and defining of the 

microchannel features. The protocol was adjusted at different fabrication steps to be able to 

alter the depth of the microfluidic channels. Here it was found that changing spin-coating 
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speeds as well as adjusting soft baking and exposure times for a set of SU8 versions (3050, 

3025) yielded SU8 thicknesses in the range of 15 µm to 70 µm. The OET chips were 

characterised by profile measurements and microscope techniques. The latter one included 

scanning electron microscopy (SEM) which enabled detailed investigations of the cross-

sections of fabricated chips. It is mentioned in the literature that an ideal transverse 

resonator contains flat and vertical side walls to create standing waves efficiently.51 

However, SEM imaging revealed curved channels walls and deviations from the lateral mask 

layout dimensions. This has been associated to the unusual sandwiching process in 

combination with refraction issues during the UV-exposure through several adjacent layers 

leading to an increase in the lateral dimension by 5 % to 10 %. Nonetheless, the developed 

fabrication protocol allowed the production of robust channels of high bonding area and 

strengths using materials which are biocompatible and resistant to chemical and physical 

strain. The novel chip fabrication process can be applied to different substrates and may find 

its usage where classical PDMS soft lithography for microfluidics is not applicable. 

However, a critical note has to be made concerning a process step within the fabrication 

protocol which included the developing times of the unexposed SU8 features. The 

developing took place through inlet and outlet holes in the top ITO substrate. The exposure 

to the developer solution was spatially limited and mainly diffusion controlled which 

increased the overall chip fabrication time up to several days for long and narrow microfluidic 

features. An improved protocol may include the use of ultrasound (MHz range) assisted 

developing as suggested in the literature.361  

The performance of fabricated OET chips were experimentally characterised by particle 

manipulation experiments under continuous flow and device simulations in COMSOL. The 

velocity of particles before being trapped at virtual electrodes was used as figure of merit 

and parameter to determine the dielectrophoretic force experienced by the particle. Particle 

velocities and corresponding dielectrophoretic forces in the range of tens of µm/s to 

hundreds of µm/s and several pN to tens of pN were achieved by adjusting device and 

operational parameters including the voltage amplitude, the conductivity of the liquid 

medium, the depth of the microchannel as well as virtual electrode width and transparency 

defined in the image projecting software. 

The performance of the OET chip improved by an increased voltage amplitude, by lowering 

the liquid medium conductivity, by decreasing the substrate gap distance while increasing 

the optical intensity and width of the virtual electrode patterns. Simulations showed that the 

electric field magnitude in the liquid medium rose according to these parameters and that the 
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vertical field components may be responsible for characteristic device behaviour. The latter 

one describes a linear trend observed when increasing the voltage amplitude. The DEP 

force scales with gradient of the electric field squared which is proportional to the applied 

voltages. A square dependence was expected, however, the observed linear relationship 

was associated with a dominating vertical component of the DEP force inducing particle 

lifting over the potential barrier. 

The OET unit as part of the joined micromanipulation platform was individually applied to 

demonstrate useful microfluidic functions. This included the focussing of particles into 

precise single particle streams by oblique virtual electrodes as well as sorting of particle of 

different diameters (3 µm, 6 µm, 10 µm) into channels defined by virtual electrodes. A 

significant sample throughput required higher particle velocity and hence higher amplitudes 

applied to the OET chip to increase the DEP force. However, the voltage increase was 

accompanied with leakage fields in the absence of selective illumination. The 

photoconductor was not an ideal insulator switching voltage into the liquid medium even in 

the dark state. A uniform leakage field in the microchannel centre induced particle-particle 

interactions (pearl chaining). At the microchannel wall, the leakage field was disturbed by the 

presence of the insulating SU8 photoresist. The curved shape of the wall was expected to 

produce a rather non-uniform field and was verified by particle distribution near the channel, 

eventually. The leakage field influences the sorting as larger particles are loaded by smaller 

ones due to mutual DEP. Furthermore, particles in proximity to the wall undergo motions 

towards the wall as result of low field magnitudes near the insulator. Virtual electrode 

projections were not able to address these particles by means of DEP. The leakage field 

needs to be suppressed in future devices to make particle manipulation more reliable when 

using OET. A strategy to do so may involve a thicker photoconductive layer (> 1 µm) which 

increases the voltage drop in the dark state and reduces the field in the liquid medium. An 

attempt has been made to increase the aSi layer thickness but poor adhesion led to cracking 

and peeling of the layer making device fabrication difficult. An optimisation of the aSi 

deposition process needs to be undertaken to increase the layer stability. Amorphous silicon 

layers of more than 1 um thickness have been achieved, preferably on silicon and oxide 

substrates.362 Although ITO seems to be an ideal adhesion layer, exposure to elevated 

temperatures might reduce the surface oxygen363 which can affect the aSi layer stability. 

The second experimental chapter describes the fabrication of the second unit, the surface 

acoustic wave (transducer), before introducing a novel concept where the first unit is applied 

as transverse resonator in form of a superstrate placed on the piezoelectric substrate. A 

SAW transducer consisting of interdigitated electrodes of varying pitch and gaps along the 
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aperture was developed. This kind of transducer is known as slanted IDT and allows the 

excitations of multiple frequencies (one at a time) as narrow SAW beams at specific 

positions in the aperture. The developed transducer design had a fundamental frequency 

response in the range of 3.7 MHz to 5.5 MHz and was used throughout this study.  

The superstrate concept has been tested using disposable glass-polymer-glass composite 

chips, fabricated using the protocol developed in chapter 3. Although the microchannel was 

constructed by a polymer and curved channel walls were obtained a one-dimensional plane 

standing wave was evident at the fundamental resonance of the chip. Sufficient acoustic 

energy could be coupled into the chip enabling acoustophoretic particle manipulation. In fact, 

pressure amplitudes of 0.3 MPa to 3.1 MPa were measured when voltages of 5 V to 40 V 

were applied. The developed superstrate concept addressed the need for disposable 

substrates53 used in conjunction with SAW based particle manipulation. SAW transducer and 

piezoelectric substrates are expensive units due to material and fabrication cost while 

superstrates can be made from cheaper composites or plastic materials. Furthermore, it was 

shown that the superstrate/transverse resonator concept has some benefits compared to 

standing surface acoustic wave (SSAW) manipulation in PDMS channels. These include 

easier device assembling as no precise position, bonding and aligning relative to the 

pressure nodes on the SAW substrates is required while keeping the benefits of SAW 

transducer such as high and wide frequency excitation and a planar device structure. The 

potential of this new concept has been demonstrated showing versatile particle patterning in 

a static fluid and also tuneable pressure node distribution under continuous flow. Moreover, 

the PAR force and acoustic streaming induced drag forces experienced by different particles 

enabled their separation. In particular, the developed strategies for separating trypanosomes 

from blood cells provide a very promising avenue to improve the enrichment of the parasite 

and the diagnosis of the disease associated with it. 

Besides the outlined advantages of the superstrate concept there is plenty of room for 

optimisations and extensions. For instance, an alternative transducer design can be 

developed to try to increase the coupling efficiency into the piezoelectric substrate and the 

superstrate. At the moment relative high voltages are applied which might be inappropriate 

for certain system requirements (battery power devices in low resource environments). 

Moreover, a change to a superstrate completely made of plastics would be desirable which 

would reduce cost and also enables more rapid prototyping, although the acoustic energy 

transfer might be a concern and should be investigated. An advanced application might 

involve the use of several SAW transducers in sequence to allow for multiple microfluidic 

functions such as focussing, separation or merging. In summary, this chapter introduced the 
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superstrate concept and showed individual acoustophoretic applications while also laying the 

foundation of combining acoustic and electric fields in a single microfluidic chip. 

The third experimental chapter presented the combined use of electric and acoustic fields 

under continuous flow. This provided the advantage of performing localized as well as more 

global particle manipulation with virtual electrodes being applied selectively to small 

microchannel sections while acoustic standing wave fields being applied along the channel 

length. Acoustic standing wave fields were well suited to rapidly concentrate particle 

samples into fixed pressure nodal planes before being addressed by virtual electrodes in 

form of selective sorting and guiding into channel outlets, pressure nodes or trapping and 

merging of particle aggregates. The application of locally applied virtual electrodes within a 

microchannel section can be exploited to support a more localised use of the PAR force as 

shown by sorting of different sized beads into virtual channels. However, the chapter 

outlined again that particle-particle interactions arising from leakage fields, patterned electric 

fields and even acoustic standing wave fields influence manipulation processes including 

particle focussing and sorting. A strategy to reduce such unwanted interactions may involve 

the increase in the photoconductor thickness and the introduction of an additional SAW 

transducer. This might reduce the amount of the field leaking into the liquid layer as most of 

the voltage drops across the photoconductor in the dark state which reduces pearl chaining 

effects. An additional acoustic standing wave across the channel height, generated by a 

second SAW, can be helpful to focus beads into one horizontal plane which also counteracts 

dipole-dipole interactions.  

The fourth experimental chapter applies optoelectronic and acoustic tweezing to perform 

lysis of cells under continuous and static flow conditions. The lysis of cells is the first step in 

many bioanalytical investigations where cellular components (e.g. Proteins and DNA) are 

studied or quantified to characterise cell behaviour. Microfluidic approaches are of great 

advantage. The need of low sample requirements, reduced sample loss and contamination 

as well as fast processing can be addressed using on chip handling. In this work a shallow 

microchannel of 15 µm height was used to demonstrate continuous lysis of red blood cells 

by light induced electric fields. Simulation of the OET devices were used to investigate the 

electric field strength and analyse transmembrane potentials induced in red blood cells for 

the given conditions. Simulation results have been confirmed by successful lysis under static 

conditions where time-sensitive experiments showed that electric field exposure times of 

millisecond scales were sufficient to induce irreversible damage to the cells. These findings 

have been adapted to perform lysis under continuous flow. The OET device was acoustically 

actuated to form a single cell band along the pressure nodal plane in the microchannel 
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centre. The combined use of OET and acoustic tweezing enabled cell lysis efficiencies   

close to 100 % for cell concentrations of 60·106 cells/ml. Lysis was improved compared to 

single OET actuation partially because of removing cells from the shielding channel wall and 

possibly also due to exposure to high pressure amplitudes. The latter can cause 

sonoporation of the cell membrane as the result of strong membrane oscillation which can 

cause mechanical strain strong enough to rupture the bilipid layer. However, control 

experiments could not confirm sonoporation effects when cells were exposed to high 

pressure amplitudes and transfection agents. It was speculated that exposure to high 

pressure amplitudes within the standing wave might have been too short to induce 

sonoporation but despite this, minor mechanical strain induced by acoustic fields as well as 

flow induced shear stress could explain an enhanced lysis efficiency. Nonetheless, the 

presented concept showed lysis of dense cell samples in a microfluidic chip. It was 

suggested that even higher concentrated cell samples can be successfully lysed when the 

multi pressure node capability of the SAW device and increased field exposure times are 

utilized in future investigations. 

Also part of this chapter, but in absence of ultrasound, lysis of single cells was 

demonstrated. It was shown that small virtual electrode spots of up to 2.5 µm generated high 

electric fields which allowed irreversible electroporation in red blood cells. The increased 

field strength which enabled successful lysis was linked to the reduced gap between the 

electrode substrates. The precise targeting of cells was carried out in dense population of 

cells. Neighbouring cells stayed intact owing to the fact that the high field regions were 

spatially well defined and dropped significantly with small distances from the spot centre. 

Moreover, this concept has been applied to suspension and adherent cells suspended in 

physiological buffer solutions. The use of high conductivity solutions in the OET chip 

impedes the creation of high field regions, as most of the voltage drops across the aSi layer. 

However, the presence of a cell alters the potential distribution at the interface significantly, 

as long as the cell is very close to the aSi surface. This has been investigated by simulations 

and experimentally verified for red blood cells and MCF7 cells adhered to the aSi surface. It 

is believed that the cell's membrane dominates the impedance at the interface at close 

distance. And that it generates voltage differences between the cell and the surrounding 

liquid sufficient for lysis. The complete lysis was achieved within 1 minute upon exposure to 

the field. 

Although the single lysis concept works only for planar cell arrangements (no 3D tissue cell 

targeting), it may find its application in microfluidic cell culture devices which incorporate 
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molecular analysis (e.g. ELISA) techniques to identify intracellular components subsequent 

to single cell lysis steps.   

The fifth experimental chapter demonstrated the use of the platform for selective handling of 

microbubbles (MB) by OET and MB insonation induced by a pressure field in the 

superstrate. MBs are promising therapeutic tools allowing in vivo delivery of chemical 

compounds (e.g. drugs) to points of need (e.g. tumour) where controlled MB destruction 

releases the compounds. However, the mechanism governing the MB acoustic field 

interaction and the impact of the insonified MB on biological cell are not well understood. For 

instance the influence of the applied insonation frequency on particles of different sizes is of 

interest to find optimise MB destruction parameters. Therefore, novel tools are required 

which allow the study of these mechanisms in controlled environments. Here, we showed 

size dependent MB actuation by non-uniform electric fields upon illumination. MBs were 

selected and isolated from a group to enable individual characterisation. In combination with 

a slanted SAW transducer, acoustic energy was coupled to the microfluidic compartment to 

insonify trapped MBs. The interaction with the sound field led to MB size changes possibly 

induced by acoustically driven diffusion. Although, the acoustic energy was too low to induce 

inertial cavitation and micro streaming effects, it is believed that this setup can be helpful for 

size dependent MB characterisations and MB and cell positioning to study ultrasound 

induced interaction effects (e.g. poration). An improvement in the transferred acoustic 

energy can be achieved by replacing of the polymeric adhesive (double sided tape) and the 

use of more inelastic materials (e.g. SU8). A more powerful wide frequency SAW transducer 

can be considered, too. The broadband frequency response of the SAW device is of 

particular interest, as it is able to probe the resonance point of various MB sizes. 
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9.   Conclusion 

 

The study was set out to develop a new microfluidic platform that integrates two popular 

micromanipulation methods. The combination of optoelectronic and acoustic tweezing aimed 

to overcome individual technological shortcomings and demonstrate the potential of a hybrid 

system for microfluidic functions. Optoelectronic tweezing provides the ability for very 

localised, precise and versatile manipulation while acoustic tweezing offers to manipulate 

cells and particles across large areas very efficiently. 

An essential step towards the creation of a microfluidic platform was made by developing a 

device concept that enabled the introduction of optoelectronic tweezing into a microfluidic 

chip which, in addition, can be used as a microfluidic acoustic resonance cavity. The device 

development described in Chapter 3 is a novel and versatile fabrication process and has the 

potential to be applied in applications beyond this work. An improvement of the fabrication 

time should be investigated in future research to achieve a more efficient work flow. 

The use of optoelectronic tweezing within a continuous microfluidic system was also 

demonstrated in Chapter 3. The characterization of the developed chips has shown that light 

induced dielectrophoresis was not limited to quiescent liquids but can be used for fast (e.g. 5 

mm/s) and complex particle manipulation under pressure driven flow. A particular example 

was presented by a very localised sorting process of a complex particle mixture simply 

through generating a light pattern gradient. The integration concept demonstrated to be a 

very promising approach and improvements regards the photoconductor properties can 

enhance the functionality and may promote a more widespread use. 

The link between the integration of optoelectronic and acoustic tweezing was made by 

introducing the surface acoustic wave technology to the microfluidic chip. Chapter 4 

described the novel arrangement where a surface acoustic wave device was connected to 

the developed microfluidic chip to create the hybrid microfluidic platform. The creation of 

acoustic standing waves and the associated acoustic forces were investigated 

experimentally and theoretically by simulations. The flexibility of surface acoustic wave 

excitation at different frequencies, the simplicity of assembling the system as well as the 

potential of using the microfluidic chip as disposable unit showed some important 

advantages compared to other systems. The sole use of acoustic tweezing for complex 

particle handling was demonstrated by sorting particles and cells with good efficiencies. The 

strategy of using surface acoustic wave devices in conjunction with disposable and custom 
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microfluidic chips can be easily expanded by using a range of surface acoustic wave devices 

in a sequential manner. This would enable localised acoustic manipulation and hence 

localised control of particles within the microchannel chip. 

Both micromanipulation methods were brought together in Chapter 5. It was demonstrated 

that optoelectronic tweezing can benefit from the acoustic actuation in form of acoustic 

standing waves. The rapid concentration of particles along the microchannel length using 

acoustic tweezing complemented the localised and confined manipulation by light induced 

electric fields. On the other side, optoelectronic tweezing can be used to control the localised 

enforcement of the acoustic manipulation of particles by competing with the acoustic force 

as shown by sorting experiments of particle mixtures into virtual microchannels. While the 

versatility of this system was indicated and potential applications were described, 

optimisations should be carried out to suppress unwanted effects such as leakage fields. 

This may include the change of the photoconductor properties as described above and the 

introduction of an additional acoustic transducer to achieve two-dimensional particle 

focussing. 

The exceptional fine control of optoelectronic tweezing in the developed microchip was 

demonstrated in Chapter 6. In particular, a true single cell lysis approach based on small 

light beams was established that can be applied for cells suspended in physiological buffers. 

Lysis is a very important procedure for cellular studies when analysing the content of 

selective cells. Microfluidic approaches are ideal technologies for single cell investigations 

with high throughput. The lysis strategy presented here may be of use for future applications 

that includes a whole process line including sample preparation and content analysis. The 

electric field induced lysis was also combined with acoustic tweezing to demonstrate lysis 

under continuous flow. Again, it was shown that the acoustic actuation complemented the 

electrical actuation by pre-aligning the cell sample along the microchannel before lysis was 

induced locally by light induced electric fields. The acoustic counterpart may be even used 

as an additional way to break up the cell membrane in form of sonoporation once 

improvements in coupling of the acoustic energy more efficiently have been made. 

Last but not least, Chapter 7 addressed challenges that are encountered when handling 

microbubbles. Therapeutic microbubbles are the focus of many studies due to their potential 

as drug delivery system. However, a lack of efficient manipulation systems that enable 

selection, isolation and rearrangement of microbubbles inhibit extensive fundamental 

studies. The microfluidic platform presented in this work was applied for selective 

microbubble handling using optoelectronic tweezing as well as insonation and destruction of 
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microbubbles using surface acoustic waves. The initial results demonstrated that the system 

could represent a valuable route to study bubble-bubble and bubble-cell interaction. 

In summary, the thesis introduced a promising concept in the field of microparticle 

manipulation in microfluidics and will hopefully find the right attention to inspire students and 

researcher to develop new technologies or improve and extend existing ones. 

  



241	
  

	
  

10. References 
	
  

1.	
   Feynman,	
   R.P.	
   in	
   American	
   Physical	
   Society,	
   Vol.	
   23:5	
   (Caltech	
   Engineering	
   and	
   Science,	
  
California	
  Institute	
  of	
  Technology;	
  1960).	
  

2.	
   Manz,	
  A.,	
  Graber,	
  N.	
  &	
  Widmer,	
  H.M.	
  Miniaturized	
  total	
  chemical	
  analysis	
  systems:	
  A	
  novel	
  
concept	
  for	
  chemical	
  sensing.	
  Sensors	
  and	
  Actuators	
  B:	
  Chemical	
  1,	
  244-­‐248	
  (1990).	
  

3.	
   Vanapalli,	
   S.A.,	
   Duits,	
   M.H.G.	
   &	
   Mugele,	
   F.	
   Microfluidics	
   as	
   a	
   functional	
   tool	
   for	
   cell	
  
mechanics.	
  Biomicrofluidics	
  3	
  (2009).	
  

4.	
   Streets,	
   A.M.	
   &	
   Huang,	
   Y.	
  Microfluidics	
   for	
   biological	
   measurements	
   with	
   single-­‐molecule	
  
resolution.	
  Current	
  opinion	
  in	
  biotechnology	
  25,	
  69-­‐77	
  (2014).	
  

5.	
   DeMello,	
   A.J.	
   Control	
   and	
   detection	
   of	
   chemical	
   reactions	
   in	
  microfluidic	
   systems.	
  Nature	
  
442,	
  394-­‐402	
  (2006).	
  

6.	
   Culbertson,	
  C.T.,	
  Mickleburgh,	
  T.G.,	
  Stewart-­‐James,	
  S.A.,	
  Sellens,	
  K.A.	
  &	
  Pressnall,	
  M.	
  Micro	
  
total	
  analysis	
  systems:	
  fundamental	
  advances	
  and	
  biological	
  applications.	
  Anal	
  Chem	
  86,	
  95-­‐
118	
  (2014).	
  

7.	
   Dittrich,	
  P.S.	
  &	
  Manz,	
  A.	
  Lab-­‐on-­‐a-­‐chip:	
  microfluidics	
  in	
  drug	
  discovery.	
  Nat	
  Rev	
  Drug	
  Discov	
  
5,	
  210-­‐218	
  (2006).	
  

8.	
   Di	
   Carlo,	
  D.,	
   Irimia,	
  D.,	
   Tompkins,	
   R.G.	
  &	
   Toner,	
  M.	
   Continuous	
   inertial	
   focusing,	
   ordering,	
  
and	
   separation	
   of	
   particles	
   in	
  microchannels.	
  Proc	
   Natl	
   Acad	
   Sci	
   U	
   S	
   A	
   104,	
   18892-­‐18897	
  
(2007).	
  

9.	
   Spielman,	
   L.	
   &	
   Goren,	
   S.L.	
   Improving	
   resolution	
   in	
   coulter	
   counting	
   by	
   hydrodynamic	
  
focusing.	
  Journal	
  of	
  Colloid	
  and	
  Interface	
  Science	
  26,	
  175-­‐182	
  (1968).	
  

10.	
   Martel,	
   J.M.	
   &	
   Toner,	
   M.	
   Particle	
   Focusing	
   in	
   Curved	
  Microfluidic	
   Channels.	
   Sci	
   Rep-­‐Uk	
   3	
  
(2013).	
  

11.	
   Yamada,	
   M.,	
   Nakashima,	
   M.	
   &	
   Seki,	
   M.	
   Pinched	
   flow	
   fractionation:	
   continuous	
   size	
  
separation	
  of	
  particles	
  utilizing	
  a	
  laminar	
  flow	
  profile	
  in	
  a	
  pinched	
  microchannel.	
  Anal	
  Chem	
  
76,	
  5465-­‐5471	
  (2004).	
  

12.	
   Yamada,	
   M.	
   &	
   Seki,	
   M.	
   Hydrodynamic	
   filtration	
   for	
   on-­‐chip	
   particle	
   concentration	
   and	
  
classification	
  utilizing	
  microfluidics.	
  Lab	
  Chip	
  5,	
  1233-­‐1239	
  (2005).	
  

13.	
   Davis,	
   J.A.	
  et	
  al.	
  Deterministic	
  hydrodynamics:	
  taking	
  blood	
  apart.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  
103,	
  14779-­‐14784	
  (2006).	
  

14.	
   Luo,	
  M.X.,	
  Sweeney,	
  F.,	
  Risbud,	
  S.R.,	
  Drazer,	
  G.	
  &	
  Frechette,	
  J.	
  Irreversibility	
  and	
  pinching	
  in	
  
deterministic	
  particle	
  separation.	
  Applied	
  Physics	
  Letters	
  99	
  (2011).	
  

15.	
   Kuntaegowdanahalli,	
   S.S.,	
   Bhagat,	
   A.A.,	
   Kumar,	
  G.	
  &	
   Papautsky,	
   I.	
   Inertial	
  microfluidics	
   for	
  
continuous	
  particle	
  separation	
  in	
  spiral	
  microchannels.	
  Lab	
  Chip	
  9,	
  2973-­‐2980	
  (2009).	
  

16.	
   Ashkin,	
   A.,	
   Dziedzic,	
   J.M.,	
   Bjorkholm,	
   J.E.	
  &	
   Chu,	
   S.	
  Observation	
   of	
   a	
   single-­‐beam	
  gradient	
  
force	
  optical	
  trap	
  for	
  dielectric	
  particles.	
  Opt	
  Lett	
  11,	
  288	
  (1986).	
  

17.	
   Hatch,	
  G.P.	
  &	
  Stelter,	
  R.E.	
  Magnetic	
  design	
  considerations	
  for	
  devices	
  and	
  particles	
  used	
  for	
  
biological	
   high-­‐gradient	
   magnetic	
   separation	
   (HGMS)	
   systems.	
   J	
   Magn	
   Magn	
   Mater	
   225,	
  
262-­‐276	
  (2001).	
  

18.	
   Pohl,	
  H.A.	
  The	
  Motion	
  and	
  Precipitation	
  of	
  Suspensoids	
   in	
  Divergent	
  Electric	
  Fields.	
  J.	
  Appl.	
  
Phys.	
  22,	
  869-­‐871	
  (1951).	
  

19.	
   Kundt,	
   A.	
   &	
   Lehmann,	
   O.	
   Ueber	
   longitudinale	
   Schwingungen	
   und	
   Klangfiguren	
   in	
  
cylindrischen	
  Flüssigkeitssäulen.	
  Annalen	
  der	
  Physik	
  229,	
  1-­‐12	
  (1874).	
  

20.	
   Molloy,	
   J.E.	
   &	
   Padgett,	
   M.J.	
   Lights,	
   action:	
   optical	
   tweezers.	
   Contemp	
   Phys	
   43,	
   241-­‐258	
  
(2002).	
  

21.	
   Ashkin,	
   A.,	
   Dziedzic,	
   J.M.	
   &	
   Yamane,	
   T.	
   Optical	
   Trapping	
   and	
  Manipulation	
   of	
   Single	
   Cells	
  
Using	
  Infrared-­‐Laser	
  Beams.	
  Nature	
  330,	
  769-­‐771	
  (1987).	
  



242	
  

	
  

22.	
   Bowman,	
   R.W.	
   et	
   al.	
   iTweezers:	
   optical	
  micromanipulation	
   controlled	
   by	
   an	
   Apple	
   iPad.	
   J	
  
Optics-­‐Uk	
  13	
  (2011).	
  

23.	
   Kreysing,	
  M.K.	
  et	
  al.	
  The	
  optical	
  cell	
  rotator.	
  Opt	
  Express	
  16,	
  16984-­‐16992	
  (2008).	
  
24.	
   Guck,	
  J.	
  et	
  al.	
  The	
  optical	
  stretcher:	
  A	
  novel	
  laser	
  tool	
  to	
  micromanipulate	
  cells.	
  Biophysical	
  

Journal	
  81,	
  767-­‐784	
  (2001).	
  
25.	
   Bustamante,	
   C.,	
   Smith,	
   S.B.,	
   Liphardt,	
   J.	
   &	
   Smith,	
   D.	
   Single-­‐molecule	
   studies	
   of	
   DNA	
  

mechanics.	
  Current	
  opinion	
  in	
  structural	
  biology	
  10,	
  279-­‐285	
  (2000).	
  
26.	
   Grier,	
  D.G.	
  A	
  revolution	
  in	
  optical	
  manipulation.	
  Nature	
  424,	
  810-­‐816	
  (2003).	
  
27.	
   Korda,	
  P.T.,	
  Taylor,	
  M.B.	
  &	
  Grier,	
  D.G.	
  Kinetically	
  locked-­‐in	
  colloidal	
  transport	
  in	
  an	
  array	
  of	
  

optical	
  tweezers.	
  Physical	
  review	
  letters	
  89,	
  128301	
  (2002).	
  
28.	
   MacDonald,	
   M.P.,	
   Spalding,	
   G.C.	
   &	
   Dholakia,	
   K.	
   Microfluidic	
   sorting	
   in	
   an	
   optical	
   lattice.	
  

Nature	
  426,	
  421-­‐424	
  (2003).	
  
29.	
   Pamme,	
  N.	
  Magnetism	
  and	
  microfluidics.	
  Lab	
  Chip	
  6,	
  24-­‐38	
  (2006).	
  
30.	
   Kimura,	
  T.,	
  Yamato,	
  M.	
  &	
  Nara,	
  A.	
  Particle	
  trapping	
  and	
  undulation	
  of	
  a	
  liquid	
  surface	
  using	
  a	
  

microscopically	
  modulated	
  magnetic	
  field.	
  Langmuir	
  20,	
  572-­‐574	
  (2004).	
  
31.	
   Winkleman,	
   A.	
   et	
   al.	
   A	
  magnetic	
   trap	
   for	
   living	
   cells	
   suspended	
   in	
   a	
   paramagnetic	
   buffer.	
  

Applied	
  Physics	
  Letters	
  85,	
  2411-­‐2413	
  (2004).	
  
32.	
   Zborowski,	
  M.,	
  Malchesky,	
  P.S.,	
   Jan,	
  T.F.	
  &	
  Hall,	
  G.S.	
  Quantitative	
  separation	
  of	
  bacteria	
   in	
  

saline	
  solution	
  using	
  lanthanide	
  Er(III)	
  and	
  a	
  magnetic	
  field.	
  Journal	
  of	
  general	
  microbiology	
  
138,	
  63-­‐68	
  (1992).	
  

33.	
   Lee,	
   H.,	
   Purdon,	
   A.M.	
   &	
   Westervelt,	
   R.M.	
   Manipulation	
   of	
   biological	
   cells	
   using	
   a	
  
microelectromagnet	
  matrix.	
  Applied	
  Physics	
  Letters	
  85,	
  1063-­‐1065	
  (2004).	
  

34.	
   Zborowski,	
  M.	
  et	
  al.	
  Red	
  blood	
  cell	
  magnetophoresis.	
  Biophys	
  J	
  84,	
  2638-­‐2645	
  (2003).	
  
35.	
   Miltenyi,	
  S.,	
  Muller,	
  W.,	
  Weichel,	
  W.	
  &	
  Radbruch,	
  A.	
  High	
  gradient	
  magnetic	
  cell	
  separation	
  

with	
  MACS.	
  Cytometry	
  11,	
  231-­‐238	
  (1990).	
  
36.	
   Furdui,	
   V.I.	
   &	
   Harrison,	
   D.J.	
   Immunomagnetic	
   T	
   cell	
   capture	
   from	
   blood	
   for	
   PCR	
   analysis	
  

using	
  microfluidic	
  systems.	
  Lab	
  Chip	
  4,	
  614-­‐618	
  (2004).	
  
37.	
   Rida,	
   A.	
   &	
   Gijs,	
   M.A.	
   Manipulation	
   of	
   self-­‐assembled	
   structures	
   of	
   magnetic	
   beads	
   for	
  

microfluidic	
  mixing	
  and	
  assaying.	
  Anal	
  Chem	
  76,	
  6239-­‐6246	
  (2004).	
  
38.	
   Inglis,	
  D.W.,	
  Riehn,	
  R.,	
  Austin,	
  R.H.	
  &	
  Sturm,	
   J.C.	
  Continuous	
  microfluidic	
   immunomagnetic	
  

cell	
  separation.	
  Applied	
  Physics	
  Letters	
  85,	
  5093-­‐5095	
  (2004).	
  
39.	
   Junho,	
  J.,	
  Shen,	
  J.	
  &	
  Grodzinski,	
  P.	
  Micropumps	
  based	
  on	
  alternating	
  high-­‐gradient	
  magnetic	
  

fields.	
  Magnetics,	
  IEEE	
  Transactions	
  on	
  36,	
  2012-­‐2014	
  (2000).	
  
40.	
   Wirix-­‐Speetjens,	
   R.	
   &	
   De	
   Boeck,	
   J.	
   On-­‐chip	
   magnetic	
   particle	
   transport	
   by	
   alternating	
  

magnetic	
  field	
  gradients.	
  Magnetics,	
  IEEE	
  Transactions	
  on	
  40,	
  1944-­‐1946	
  (2004).	
  
41.	
   Lee,	
   H.,	
   Purdon,	
   A.M.,	
   Chu,	
   V.	
   &	
   Westervelt,	
   R.M.	
   Controlled	
   Assembly	
   of	
   Magnetic	
  

Nanoparticles	
  from	
  Magnetotactic	
  Bacteria	
  Using	
  Microelectromagnets	
  Arrays.	
  Nano	
  Letters	
  
4,	
  995-­‐998	
  (2004).	
  

42.	
   Pamme,	
  N.	
  &	
  Manz,	
  A.	
  On-­‐Chip	
  Free-­‐Flow	
  Magnetophoresis: 	
  Continuous	
  Flow	
  Separation	
  of	
  
Magnetic	
  Particles	
  and	
  Agglomerates.	
  Analytical	
  Chemistry	
  76,	
  7250-­‐7256	
  (2004).	
  

43.	
   Østergaard,	
  S.,	
  Blankenstein,	
  G.,	
  Dirac,	
  H.	
  &	
  Leistiko,	
  O.	
  A	
  novel	
  approach	
  to	
  the	
  automation	
  
of	
  clinical	
  chemistry	
  by	
  controlled	
  manipulation	
  of	
  magnetic	
  particles.	
  J	
  Magn	
  Magn	
  Mater	
  
194,	
  156-­‐162	
  (1999).	
  

44.	
   Robert,	
   D.	
   et	
   al.	
   Cell	
   sorting	
   by	
   endocytotic	
   capacity	
   in	
   a	
   microfluidic	
   magnetophoresis	
  
device.	
  Lab	
  Chip	
  11,	
  1902-­‐1910	
  (2011).	
  

45.	
   Hayes,	
   M.A.,	
   Polson,	
   N.A.,	
   Phayre,	
   A.N.	
   &	
   Garcia,	
   A.A.	
   Flow-­‐Based	
   Microimmunoassay.	
  
Analytical	
  Chemistry	
  73,	
  5896-­‐5902	
  (2001).	
  

46.	
   Kwakye,	
   S.	
   &	
   Baeumner,	
   A.	
   A	
   microfluidic	
   biosensor	
   based	
   on	
   nucleic	
   acid	
   sequence	
  
recognition.	
  Analytical	
  and	
  Bioanalytical	
  Chemistry	
  376,	
  1062-­‐1068	
  (2003).	
  



243	
  

	
  

47.	
   Sun,	
  T.	
  &	
  Morgan,	
  H.	
  in	
  Electrokinetics	
  and	
  Electrohydrodynamics	
  in	
  Microsystems,	
  Vol.	
  530.	
  
(ed.	
  A.	
  Ramos)	
  1-­‐28	
  (Springer	
  Vienna,	
  2011).	
  

48.	
   Khoshmanesh,	
   K.,	
   Nahavandi,	
   S.,	
   Baratchi,	
   S.,	
   Mitchell,	
   A.	
   &	
   Kalantar-­‐Zadeh,	
   K.	
  
Dielectrophoretic	
  platforms	
  for	
  bio-­‐microfluidic	
  systems.	
  Biosens	
  Bioelectron	
  26,	
  1800-­‐1814	
  
(2011).	
  

49.	
   Pethig,	
   R.	
   Dielectrophoresis:	
   Status	
   of	
   the	
   theory,	
   technology,	
   and	
   applications.	
  
Biomicrofluidics	
  4,	
  022811-­‐022835	
  (2010).	
  

50.	
   Lenshof,	
  A.	
  &	
  Laurell,	
  T.	
  Continuous	
  separation	
  of	
  cells	
  and	
  particles	
  in	
  microfluidic	
  systems.	
  
Chem	
  Soc	
  Rev	
  39,	
  1203-­‐1217	
  (2010).	
  

51.	
   Laurell,	
  T.,	
  Petersson,	
  F.	
  &	
  Nilsson,	
  A.	
  Chip	
  integrated	
  strategies	
  for	
  acoustic	
  separation	
  and	
  
manipulation	
  of	
  cells	
  and	
  particles.	
  Chem	
  Soc	
  Rev	
  36,	
  492-­‐506	
  (2007).	
  

52.	
   Lin,	
   S.C.,	
   Mao,	
   X.	
   &	
   Huang,	
   T.J.	
   Surface	
   acoustic	
   wave	
   (SAW)	
   acoustophoresis:	
   now	
   and	
  
beyond.	
  Lab	
  Chip	
  12,	
  2766-­‐2770	
  (2012).	
  

53.	
   Ding,	
  X.	
  et	
  al.	
  Surface	
  acoustic	
  wave	
  microfluidics.	
  Lab	
  Chip	
  13,	
  3626-­‐3649	
  (2013).	
  
54.	
   Hayward,	
  R.C.,	
  Saville,	
  D.A.	
  &	
  Aksay,	
   I.A.	
  Electrophoretic	
  assembly	
  of	
  colloidal	
  crystals	
  with	
  

optically	
  tunable	
  micropatterns.	
  Nature	
  404,	
  56-­‐59	
  (2000).	
  
55.	
   Chiou,	
   P.Y.,	
   Ohta,	
   A.T.	
   &	
   Wu,	
   M.C.	
   Massively	
   parallel	
   manipulation	
   of	
   single	
   cells	
   and	
  

microparticles	
  using	
  optical	
  images.	
  Nature	
  436,	
  370-­‐372	
  (2005).	
  
56.	
   Valley,	
  J.K.,	
  Jamshidi,	
  A.,	
  Ohta,	
  A.T.,	
  Hsu,	
  H.-­‐Y.	
  &	
  Wu,	
  M.C.	
  Operational	
  Regimes	
  and	
  Physics	
  

Present	
  in	
  Optoelectronic	
  Tweezers.	
  J	
  Microelectromech	
  Syst	
  17,	
  342-­‐350	
  (2008).	
  
57.	
   Adachi,	
   S.	
  Optical	
  properties	
  of	
   crystalline	
  and	
  amorphous	
   semiconductors	
   :	
  materials	
   and	
  

fundamental	
  principles.	
  (Kluwer	
  Academic	
  Publishers,	
  Boston;	
  1999).	
  
58.	
   Jamshidi,	
  A.	
  in	
  Electrical	
  Engineering	
  and	
  Computer	
  Sciences,	
  Vol.	
  Dissertation	
  (University	
  of	
  

California,,	
  Berkeley;	
  2009).	
  
59.	
   Schwarz,	
   R.,	
  Wang,	
   F.	
   &	
   Reissner,	
  M.	
   Fermi-­‐Level	
   Dependence	
   of	
   the	
   Ambipolar	
   Diffusion	
  

Length	
   in	
   Amorphous-­‐Silicon	
   Thin-­‐Film	
   Transistors.	
   Applied	
   Physics	
   Letters	
   63,	
   1083-­‐1085	
  
(1993).	
  

60.	
   Lipson,	
  A.,	
   Lipson,	
  S.G.	
  &	
  Lipson,	
  H.	
  Optical	
  physics,	
  Edn.	
  4th.	
   (Cambridge	
  University	
  Press,	
  
Cambridge	
  ;	
  New	
  York;	
  2011).	
  

61.	
   Cheng,	
   I.F.,	
   Liu,	
   S.-­‐L.,	
   Chung,	
   C.-­‐C.	
   &	
   Chang,	
   H.-­‐C.,	
   Vol.	
   12	
   95-­‐105	
   (Springer	
   Berlin	
   /	
  
Heidelberg,	
  2012).	
  

62.	
   Choi,	
  W.,	
  Nam,	
  S.-­‐W.,	
  Hwang,	
  H.,	
  Park,	
  S.	
  &	
  Park,	
  J.-­‐K.	
  Programmable	
  manipulation	
  of	
  motile	
  
cells	
  in	
  optoelectronic	
  tweezers	
  using	
  a	
  grayscale	
  image.	
  Appl.	
  Phys.	
  Lett.	
  93,	
  143901-­‐143903	
  
(2008).	
  

63.	
   Lee,	
  S.,	
  Park,	
  H.J.,	
  Yoon,	
  J.S.	
  &	
  Kang,	
  K.H.	
  Optoelectrofluidic	
  field	
  separation	
  based	
  on	
  light-­‐
intensity	
  gradients.	
  Biomicrofluidics	
  4	
  (2010).	
  

64.	
   Lin,	
  W.-­‐Y.,	
  Lin,	
  Y.-­‐H.	
  &	
  Lee,	
  G.-­‐B.	
  Separation	
  of	
  micro-­‐particles	
  utilizing	
  spatial	
  difference	
  of	
  
optically	
  induced	
  dielectrophoretic	
  forces.	
  Microfluidics	
  and	
  Nanofluidics	
  8,	
  217-­‐229	
  (2010).	
  

65.	
   Zhu,	
  X.,	
  Yi,	
  H.	
  &	
  Ni,	
  Z.	
  Frequency-­‐dependent	
  behaviors	
  of	
  individual	
  microscopic	
  particles	
  in	
  
an	
  optically	
  induced	
  dielectrophoresis	
  device.	
  Biomicrofluidics	
  4,	
  13202-­‐13202	
  (2010).	
  

66.	
   Ohta,	
   A.T.	
   et	
   al.	
   Dynamic	
   Cell	
   and	
   Microparticle	
   Control	
   via	
   Optoelectronic	
   Tweezers.	
  
Microelectromechanical	
  Systems,	
  Journal	
  of	
  DOI	
  -­‐	
  10.1109/JMEMS.2007.896717	
  16,	
  491-­‐499	
  
(2007).	
  

67.	
   Ohta,	
  A.T.	
  et	
  al.	
  Optically	
  Controlled	
  Cell	
  Discrimination	
  and	
  Trapping	
  Using	
  Optoelectronic	
  
Tweezers.	
   Selected	
   Topics	
   in	
   Quantum	
   Electronics,	
   IEEE	
   Journal	
   of	
   DOI	
   -­‐	
  
10.1109/JSTQE.2007.893558	
  13,	
  235-­‐243	
  (2007).	
  

68.	
   Chau,	
  L.H.	
  et	
  al.	
  Self-­‐rotation	
  of	
  cells	
   in	
  an	
   irrotational	
  AC	
  E-­‐field	
   in	
  an	
  opto-­‐electrokinetics	
  
chip.	
  PLoS	
  One	
  8,	
  e51577	
  (2013).	
  

69.	
   Hwang,	
   H.	
   &	
   Park,	
   J.-­‐K.	
   Rapid	
   and	
   selective	
   concentration	
   of	
   microparticles	
   in	
   an	
  
optoelectrofluidic	
  platform.	
  Lab	
  Chip	
  9,	
  199-­‐206	
  (2009).	
  



244	
  

	
  

70.	
   Ohta,	
   A.T.	
   et	
   al.	
   Trapping	
   and	
   Transport	
   of	
   Silicon	
   Nanowires	
   Using	
   Lateral-­‐Field	
  
Optoelectronic	
  Tweezers.	
  2007	
  Conference	
  on	
  Lasers	
  &	
  Electro-­‐Optics/Quantum	
  Electronics	
  
and	
  Laser	
  Science	
  Conference	
  (Cleo/Qels	
  2007),	
  Vols	
  1-­‐5,	
  1451-­‐1452	
  (2007).	
  

71.	
   Pauzauskie,	
   P.J.,	
   Jamshidi,	
   A.,	
   Valley,	
   J.K.,	
   Satcher,	
   J.J.H.	
   &	
   Wu,	
   M.C.	
   Parallel	
   trapping	
   of	
  
multiwalled	
   carbon	
  nanotubes	
  with	
  optoelectronic	
   tweezers.	
  Appl.	
   Phys.	
   Lett.	
  95,	
   113104-­‐
113103	
  (2009).	
  

72.	
   Hwang,	
   H.	
   et	
   al.	
   Reduction	
   of	
   nonspecific	
   surface-­‐particle	
   interactions	
   in	
   optoelectronic	
  
tweezers.	
  Appl.	
  Phys.	
  Lett.	
  92,	
  024108-­‐024103	
  (2008).	
  

73.	
   Park,	
   S.Y.,	
   Kalim,	
   S.,	
   Callahan,	
   C.,	
   Teitell,	
   M.A.	
   &	
   Chiou,	
   E.P.Y.	
   A	
   light-­‐induced	
  
dielectrophoretic	
  droplet	
  manipulation	
  platform.	
  Lab	
  on	
  a	
  chip	
  9,	
  3228-­‐3235	
  (2009).	
  

74.	
   Hsu,	
   H.-­‐y.	
   et	
   al.	
   Phototransistor-­‐based	
   optoelectronic	
   tweezers	
   for	
   dynamic	
   cell	
  
manipulation	
  in	
  cell	
  culture	
  media.	
  Lab	
  Chip	
  10,	
  165-­‐172	
  (2010).	
  

75.	
   Wang,	
   W.,	
   Lin,	
   Y.-­‐H.,	
   Wen,	
   T.-­‐C.,	
   Guo,	
   T.-­‐F.	
   &	
   Lee,	
   G.-­‐B.	
   Selective	
   manipulation	
   of	
  
microparticles	
  using	
  polymer-­‐based	
  optically	
   induced	
  dielectrophoretic	
  devices.	
  Appl.	
  Phys.	
  
Lett.	
  96,	
  113302-­‐113303	
  (2010).	
  

76.	
   Yang,	
  S.M.	
  et	
  al.	
  Dynamic	
  manipulation	
  and	
  patterning	
  of	
  microparticles	
  and	
  cells	
  by	
  using	
  
TiOPc-­‐based	
  optoelectronic	
  dielectrophoresis.	
  Opt	
  Lett	
  35,	
  1959-­‐1961	
  (2010).	
  

77.	
   Neale,	
   S.L.	
   et	
  al.	
   Trap	
  profiles	
  of	
  projector	
  based	
  optoelectronic	
   tweezers	
   (OET)	
  with	
  HeLa	
  
cells.	
  Opt	
  Express	
  17,	
  5232-­‐5239	
  (2009).	
  

78.	
   Hwang,	
  H.	
  et	
  al.	
  Interactive	
  manipulation	
  of	
  blood	
  cells	
  using	
  a	
  lens-­‐integrated	
  liquid	
  crystal	
  
display	
  based	
  optoelectronic	
  tweezers	
  system.	
  Electrophoresis	
  29,	
  1203-­‐1212	
  (2008).	
  

79.	
   Choi,	
  W.,	
  Kim,	
  S.-­‐H.,	
  Jang,	
  J.	
  &	
  Park,	
  J.-­‐K.	
  Lab-­‐on-­‐a-­‐display:	
  a	
  new	
  microparticle	
  manipulation	
  
platform	
   using	
   a	
   liquid	
   crystal	
   display	
   (LCD).	
   Microfluidics	
   and	
   Nanofluidics	
   3,	
   217-­‐225	
  
(2007).	
  

80.	
   Jeorrett,	
   A.H.	
   et	
   al.	
   Optoelectronic	
   tweezers	
   system	
   for	
   single	
   cell	
   manipulation	
   and	
  
fluorescence	
  imaging	
  of	
  live	
  immune	
  cells.	
  Opt	
  Express	
  22,	
  1372-­‐1380	
  (2014).	
  

81.	
   Zarowna-­‐Dabrowska,	
   A.	
   et	
   al.	
   Miniaturized	
   optoelectronic	
   tweezers	
   controlled	
   by	
   GaN	
  
micro-­‐pixel	
  light	
  emitting	
  diode	
  arrays.	
  Opt.	
  Express	
  19,	
  2720-­‐2728	
  (2011).	
  

82.	
   Neale,	
  S.L.,	
  Witte,	
  C.	
  &	
  Cooper,	
  J.M.	
   in	
  European	
  Optical	
  Society	
  Annual	
  MeetingAberdeen,	
  
UK;	
  2012).	
  

83.	
   Hughes,	
   M.P.	
   Nanoelectromechanics	
   in	
   engineering	
   and	
   biology.	
   (CRC,	
   Boca	
   Raton,	
   Fla.;	
  
2003).	
  

84.	
   Jones,	
   T.B.	
   Electromechanics	
   of	
   particles,	
   Edn.	
   Digitally	
   printed	
   1st	
   pbk.	
   (Cambridge	
  
University	
  Press,	
  Cambridge	
  ;	
  New	
  York;	
  2005).	
  

85.	
   Huang,	
  Y.,	
  Holzel,	
  R.,	
  Pethig,	
  R.	
  &	
  Wang,	
  X.B.	
  Differences	
  in	
  the	
  AC	
  electrodynamics	
  of	
  viable	
  
and	
   non-­‐viable	
   yeast	
   cells	
   determined	
   through	
   combined	
   dielectrophoresis	
   and	
  
electrorotation	
  studies.	
  Physics	
  in	
  medicine	
  and	
  biology	
  37,	
  1499-­‐1517	
  (1992).	
  

86.	
   Becker,	
   F.F.	
   et	
   al.	
   Separation	
   of	
   human	
   breast	
   cancer	
   cells	
   from	
   blood	
   by	
   differential	
  
dielectric	
  affinity.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  92,	
  860-­‐864	
  (1995).	
  

87.	
   Yang,	
   J.	
   et	
   al.	
   Dielectric	
   properties	
   of	
   human	
   leukocyte	
   subpopulations	
   determined	
   by	
  
electrorotation	
  as	
  a	
  cell	
  separation	
  criterion.	
  Biophys	
  J	
  76,	
  3307-­‐3314	
  (1999).	
  

88.	
   Gimsa,	
   J.,	
   Muller,	
   T.,	
   Schnelle,	
   T.	
   &	
   Fuhr,	
   G.	
   Dielectric	
   spectroscopy	
   of	
   single	
   human	
  
erythrocytes	
  at	
  physiological	
   ionic	
  strength:	
  dispersion	
  of	
  the	
  cytoplasm.	
  Biophys	
  J	
  71,	
  495-­‐
506	
  (1996).	
  

89.	
   Menachery,	
   A.	
   et	
   al.	
   Counterflow	
   Dielectrophoresis	
   for	
   Trypanosome	
   Enrichment	
   and	
  
Detection	
  in	
  Blood.	
  Sci	
  Rep-­‐Uk	
  2	
  (2012).	
  

90.	
   Ha,	
  C.,	
  Ou-­‐Yang,	
  H.D.	
  &	
  Pak,	
  H.K.,	
  Vol.	
  7507	
  750702-­‐750702-­‐7507082009).	
  
91.	
   Lau,	
   A.N.K.	
   et	
   al.	
   Antifouling	
   coatings	
   for	
   optoelectronic	
   tweezers.	
   Lab	
   Chip	
   9,	
   2952-­‐2957	
  

(2009).	
  



245	
  

	
  

92.	
   Yang,	
   S.-­‐M.	
   et	
   al.	
   Light-­‐driven	
   manipulation	
   of	
   picobubbles	
   on	
   a	
   titanium	
   oxide	
  
phthalocyanine-­‐based	
  optoelectronic	
  chip.	
  Appl.	
  Phys.	
  Lett.	
  98,	
  153512-­‐153513	
  (2011).	
  

93.	
   Hoeb,	
   M.,	
   Rädler,	
   J.O.,	
   Klein,	
   S.,	
   Stutzmann,	
   M.	
   &	
   Brandt,	
   M.S.	
   Light-­‐induced	
  
dielectrophoretic	
  manipulation	
  of	
  DNA.	
  Biophys	
  J	
  93,	
  1032-­‐1038	
  (2007).	
  

94.	
   Lin,	
   Y.-­‐H.	
   &	
   Lee,	
   G.-­‐B.	
   Optically	
   induced	
   flow	
   cytometry	
   for	
   continuous	
   microparticle	
  
counting	
  and	
  sorting.	
  Biosens	
  Bioelectron	
  24,	
  572-­‐578	
  (2008).	
  

95.	
   Chiou,	
  P.Y.,	
  Ohta,	
  A.T.	
  &	
  Wu,	
  M.C.	
  Continuous	
  optical	
  sorting	
  of	
  HeLa	
  cells	
  and	
  microparticles	
  
using	
  optoelectronic	
   tweezers.	
   IEEE/LEOS	
  Optical	
  MEMs	
  2005:	
   International	
  Conference	
  on	
  
Optical	
  MEMs	
  and	
  Their	
  Applications,	
  83-­‐84	
  (2005).	
  

96.	
   Hung,	
  S.H.,	
  Lin,	
  Y.H.	
  &	
  Lee,	
  G.B.	
  A	
  microfluidic	
  platform	
  for	
  manipulation	
  and	
  separation	
  of	
  
oil-­‐in-­‐water	
   emulsion	
   droplets	
   using	
   optically	
   induced	
   dielectrophoresis.	
   Journal	
   of	
  
Micromechanics	
  and	
  Microengineering	
  20	
  (2010).	
  

97.	
   Ohta,	
  A.T.	
  et	
  al.	
  Motile	
  and	
  non-­‐motile	
  sperm	
  diagnostic	
  manipulation	
  using	
  optoelectronic	
  
tweezers.	
  Lab	
  Chip	
  10,	
  3213-­‐3217	
  (2010).	
  

98.	
   Valley,	
   J.K.	
   et	
   al.	
   Preimplantation	
   mouse	
   embryo	
   selection	
   guided	
   by	
   light-­‐induced	
  
dielectrophoresis.	
  PLoS	
  One	
  5,	
  e10160-­‐e10160	
  (2010).	
  

99.	
   Lin,	
  Y.H.	
  et	
  al.	
  The	
  application	
  of	
  an	
  optically	
  switched	
  dielectrophoretic	
  (ODEP)	
  force	
  for	
  the	
  
manipulation	
   and	
   assembly	
   of	
   cell-­‐encapsulating	
   alginate	
   microbeads	
   in	
   a	
   microfluidic	
  
perfusion	
  cell	
  culture	
  system	
  for	
  bottom-­‐up	
  tissue	
  engineering.	
  Lab	
  on	
  a	
  chip	
  12,	
  1164-­‐1173	
  
(2012).	
  

100.	
   Hwang,	
   H.,	
   Park,	
   Y.H.	
   &	
   Park,	
   J.K.	
   Optoelectrofluidic	
   control	
   of	
   colloidal	
   assembly	
   in	
   an	
  
optically	
  induced	
  electric	
  field.	
  Langmuir	
  25,	
  6010-­‐6014	
  (2009).	
  

101.	
   Hwang,	
   H.	
   &	
   Park,	
   J.-­‐K.	
   Measurement	
   of	
   molecular	
   diffusion	
   based	
   on	
   optoelectrofluidic	
  
fluorescence	
  microscopy.	
  Anal	
  Chem	
  81,	
  9163-­‐9167	
  (2009).	
  

102.	
   Hwang,	
  H.	
  &	
  Park,	
  J.-­‐K.	
  Dynamic	
  light-­‐activated	
  control	
  of	
   local	
  chemical	
  concentration	
  in	
  a	
  
fluid.	
  Anal	
  Chem	
  81,	
  5865-­‐5870	
  (2009).	
  

103.	
   Chiou,	
  P.Y.,	
  Ohta,	
  A.T.,	
  Jamshidi,	
  A.,	
  Hsu,	
  H.Y.	
  &	
  Wu,	
  M.C.	
  Light-­‐actuated	
  ac	
  electroosmosis	
  
for	
  nanoparticle	
  manipulation.	
  J	
  Microelectromech	
  S	
  17,	
  525-­‐531	
  (2008).	
  

104.	
   Valley,	
   J.K.	
   et	
   al.	
   Parallel	
   single-­‐cell	
   light-­‐induced	
   electroporation	
   and	
   dielectrophoretic	
  
manipulation.	
  Lab	
  Chip	
  9,	
  1714-­‐1720	
  (2009).	
  

105.	
   Lin,	
   Y.-­‐H.	
   &	
   Lee,	
   G.-­‐B.	
   An	
   optically	
   induced	
   cell	
   lysis	
   device	
   using	
   dielectrophoresis.	
  Appl.	
  
Phys.	
  Lett.	
  94,	
  033901-­‐033903	
  (2009).	
  

106.	
   Kremer,	
   C.	
   et	
   al.	
   Shape-­‐Dependent	
   Optoelectronic	
   Cell	
   Lysis.	
   Angewandte	
   Chemie	
  
International	
  Edition	
  53,	
  842-­‐846	
  (2014).	
  

107.	
   King,	
  L.V.	
  On	
  the	
  Acoustic	
  Radiation	
  Pressure	
  on	
  Spheres.	
  Proceedings	
  of	
  the	
  Royal	
  Society	
  of	
  
London.	
  Series	
  A	
  -­‐	
  Mathematical	
  and	
  Physical	
  Sciences	
  147,	
  212-­‐240	
  (1934).	
  

108.	
   Yosioka,	
  K.	
  &	
  Kawasima,	
  Y.	
  Acoustic	
  radiation	
  pressure	
  on	
  a	
  compressible	
  sphere.	
  Acustica	
  5,	
  
167-­‐173	
  (1955).	
  

109.	
   Gorkov,	
  L.P.	
  On	
  the	
  Forces	
  Acting	
  on	
  a	
  Small	
  Particle	
  in	
  an	
  Acoustical	
  Field	
  in	
  an	
  Ideal	
  Fluid.	
  
Sov.	
  Phys.	
  Dokl.	
  6,	
  773-­‐773	
  (1962).	
  

110.	
   Barnkob,	
  R.,	
  Augustsson,	
  P.,	
  Laurell,	
  T.	
  &	
  Bruus,	
  H.	
  Measuring	
  the	
  local	
  pressure	
  amplitude	
  in	
  
microchannel	
  acoustophoresis.	
  Lab	
  Chip	
  10,	
  563-­‐570	
  (2010).	
  

111.	
   Lenshof,	
   A.,	
   Evander,	
   M.,	
   Laurell,	
   T.	
   &	
   Nilsson,	
   J.	
   Acoustofluidics	
   5:	
   Building	
   microfluidic	
  
acoustic	
  resonators.	
  Lab	
  on	
  a	
  chip	
  12,	
  684-­‐695	
  (2012).	
  

112.	
   Manneberg,	
   O.,	
   Svennebring,	
   J.,	
   Hertz,	
   H.M.	
   &	
  Wiklund,	
  M.	
  Wedge	
   transducer	
   design	
   for	
  
two-­‐dimensional	
   ultrasonic	
  manipulation	
   in	
   a	
  microfluidic	
   chip.	
   Journal	
   of	
  Micromechanics	
  
and	
  Microengineering	
  18,	
  095025-­‐095025	
  (2008).	
  

113.	
   Groschl,	
  M.	
  Ultrasonic	
  separation	
  of	
  suspended	
  particles	
  -­‐	
  Part	
  I:	
  Fundamentals.	
  Acustica	
  84,	
  
432-­‐447	
  (1998).	
  



246	
  

	
  

114.	
   Wiklund,	
  M.,	
  Green,	
  R.	
  &	
  Ohlin,	
  M.	
  Acoustofluidics	
  14:	
  Applications	
  of	
  acoustic	
  streaming	
  in	
  
microfluidic	
  devices.	
  Lab	
  Chip	
  12,	
  2438-­‐2451	
  (2012).	
  

115.	
   Muller,	
   P.B.,	
   Barnkob,	
   R.,	
   Jensen,	
   M.J.	
   &	
   Bruus,	
   H.	
   A	
   numerical	
   study	
   of	
   microparticle	
  
acoustophoresis	
  driven	
  by	
  acoustic	
  radiation	
  forces	
  and	
  streaming-­‐induced	
  drag	
  forces.	
  Lab	
  
Chip	
  12,	
  4617-­‐4627	
  (2012).	
  

116.	
   Evander,	
  M.	
  et	
  al.	
  Noninvasive	
  acoustic	
  cell	
   trapping	
   in	
  a	
  microfluidic	
  perfusion	
  system	
  for	
  
online	
  bioassays.	
  Anal	
  Chem	
  79,	
  2984-­‐2991	
  (2007).	
  

117.	
   Manneberg,	
  O.	
  et	
  al.	
  A	
   three-­‐dimensional	
  ultrasonic	
  cage	
   for	
  characterization	
  of	
   individual	
  
cells.	
  Appl.	
  Phys.	
  Lett.	
  93,	
  063901-­‐063903	
  (2008).	
  

118.	
   Shi,	
   J.,	
  Huang,	
  H.,	
   Stratton,	
   Z.,	
  Huang,	
   Y.	
  &	
  Huang,	
   T.J.	
   Continuous	
  particle	
   separation	
   in	
   a	
  
microfluidic	
   channel	
   via	
   standing	
   surface	
   acoustic	
   waves	
   (SSAW).	
   Lab	
   Chip	
   9,	
   3354-­‐3359	
  
(2009).	
  

119.	
   Lippmann,	
  G.	
  Principe	
  de	
   la	
  conservation	
  de	
   l'électricité.	
  Annales	
  de	
  chimie	
  et	
  de	
  physique	
  
24,	
  145-­‐145	
  (1881).	
  

120.	
   Evander,	
  M.,	
  Lenshof,	
  A.,	
  Laurell,	
  T.	
  &	
  Nilsson,	
  J.	
  Acoustophoresis	
  in	
  wet-­‐etched	
  glass	
  chips.	
  
Anal	
  Chem	
  80,	
  5178-­‐5185	
  (2008).	
  

121.	
   Jönsson,	
  H.	
  et	
  al.	
  Particle	
  separation	
  using	
  ultrasound	
  can	
  radically	
   reduce	
  embolic	
   load	
  to	
  
brain	
  after	
  cardiac	
  surgery.	
  Ann	
  Thorac	
  Surg	
  78,	
  1572-­‐1577	
  (2004).	
  

122.	
   Jönsson,	
   H.,	
   Nilsson,	
   A.,	
   Petersson,	
   F.,	
   Allers,	
   M.	
   &	
   Laurell,	
   T.	
   Particle	
   separation	
   using	
  
ultrasound	
  can	
  be	
  used	
  with	
  human	
  shed	
  mediastinal	
  blood.	
  Perfusion	
  20,	
  39-­‐43	
  (2005).	
  

123.	
   Petersson,	
   F.,	
   Aberg,	
   L.,	
   Swärd-­‐Nilsson,	
   A.-­‐M.	
   &	
   Laurell,	
   T.	
   Free	
   flow	
   acoustophoresis:	
  
microfluidic-­‐based	
  mode	
  of	
  particle	
  and	
  cell	
  separation.	
  Anal	
  Chem	
  79,	
  5117-­‐5123	
  (2007).	
  

124.	
   Petersson,	
  F.,	
  Nilsson,	
  A.,	
  Holm,	
  C.,	
   Jonsson,	
  H.	
  &	
  Laurell,	
  T.	
  Continuous	
  separation	
  of	
   lipid	
  
particles	
  from	
  erythrocytes	
  by	
  means	
  of	
  laminar	
  flow	
  and	
  acoustic	
  standing	
  wave	
  forces.	
  Lab	
  
Chip	
  5,	
  20-­‐22	
  (2005).	
  

125.	
   Petersson,	
   F.,	
   Nilsson,	
   A.,	
   Jönsson,	
   H.	
   &	
   Laurell,	
   T.	
   Carrier	
   medium	
   exchange	
   through	
  
ultrasonic	
  particle	
  switching	
  in	
  microfluidic	
  channels.	
  Anal	
  Chem	
  77,	
  1216-­‐1221	
  (2005).	
  

126.	
   Burguillos,	
  M.A.	
  et	
  al.	
  Microchannel	
  acoustophoresis	
  does	
  not	
  impact	
  survival	
  or	
  function	
  of	
  
microglia,	
  leukocytes	
  or	
  tumor	
  cells.	
  PLoS	
  One	
  8,	
  e64233	
  (2013).	
  

127.	
   Augustsson,	
   P.,	
   Barnkob,	
   R.,	
   Wereley,	
   S.T.,	
   Bruus,	
   H.	
   &	
   Laurell,	
   T.	
   Automated	
   and	
  
temperature-­‐controlled	
   micro-­‐PIV	
   measurements	
   enabling	
   long-­‐term-­‐stable	
   microchannel	
  
acoustophoresis	
  characterization.	
  Lab	
  on	
  a	
  chip	
  11,	
  4152-­‐4164	
  (2011).	
  

128.	
   Persson,	
   J.,	
  Augustsson,	
  P.,	
   Laurell,	
   T.	
  &	
  Ohlin,	
  M.	
  Acoustic	
  microfluidic	
   chip	
   technology	
   to	
  
facilitate	
  automation	
  of	
  phage	
  display	
  selection.	
  FEBS	
  J	
  275,	
  5657-­‐5666	
  (2008).	
  

129.	
   Yasuda,	
  K.	
  et	
  al.	
  Using	
  acoustic	
  radiation	
  force	
  as	
  a	
  concentration	
  method	
  for	
  erythrocytes.	
  J.	
  
Acoust.	
  Soc.	
  Am.	
  102,	
  642-­‐645	
  (1997).	
  

130.	
   Kapishnikov,	
   S.	
   Continuous	
   particle	
   size	
   separation	
   and	
   size	
   sorting	
   using	
   ultrasound	
   in	
   a	
  
microchannel.	
   Journal	
   of	
   Statistical	
   Mechanics:	
   Theory	
   and	
   Experiment	
   2006,	
   P01012-­‐-­‐-­‐
P01012	
  (2006).	
  

131.	
   Brown,	
  G.C.	
  &	
  Mussett,	
  A.E.	
  The	
  inaccessible	
  earth.	
  (Allen	
  &	
  Unwin,	
  London	
  ;	
  Boston;	
  1981).	
  
132.	
   Liu,	
  Y.	
  &	
  Lim,	
  K.-­‐M.	
  Particle	
  separation	
  in	
  microfluidics	
  using	
  a	
  switching	
  ultrasonic	
  field.	
  Lab	
  

Chip	
  11,	
  3167-­‐3173	
  (2011).	
  
133.	
   Jung,	
   B.,	
   Fisher,	
   K.,	
   Ness,	
   K.D.,	
   Rose,	
   K.A.	
   &	
   Mariella,	
   J.R.P.	
   Acoustic	
   particle	
   filter	
   with	
  

adjustable	
  effective	
  pore	
  size	
  for	
  automated	
  sample	
  preparation.	
  Anal	
  Chem	
  80,	
  8447-­‐8452	
  
(2008).	
  

134.	
   Hammarström,	
  B.	
  et	
  al.	
  Non-­‐contact	
  acoustic	
  cell	
  trapping	
  in	
  disposable	
  glass	
  capillaries.	
  Lab	
  
Chip	
  10,	
  2251-­‐2257	
  (2010).	
  

135.	
   Hammarstrom,	
  B.,	
  Laurell,	
  T.	
  &	
  Nilsson,	
  J.	
  Seed	
  particle-­‐enabled	
  acoustic	
  trapping	
  of	
  bacteria	
  
and	
  nanoparticles	
  in	
  continuous	
  flow	
  systems.	
  Lab	
  on	
  a	
  chip	
  12,	
  4296-­‐4304	
  (2012).	
  



247	
  

	
  

136.	
   Lilliehorn,	
   T.	
   et	
   al.	
   Trapping	
  of	
  microparticles	
   in	
   the	
  near	
   field	
  of	
   an	
  ultrasonic	
   transducer.	
  
Ultrasonics	
  43,	
  293-­‐303	
  (2005).	
  

137.	
   Guo,	
   S.S.	
   et	
   al.	
   Ultrasonic	
   particle	
   trapping	
   in	
   microfluidic	
   devices	
   using	
   soft	
   lithography.	
  
Appl.	
  Phys.	
  Lett.	
  92,	
  213901-­‐213903	
  (2008).	
  

138.	
   Ratier,	
   C.	
   &	
   Hoyos,	
   M.	
   Acoustic	
   programming	
   in	
   step-­‐split-­‐flow	
   lateral-­‐transport	
   thin	
  
fractionation.	
  Anal	
  Chem	
  82,	
  1318-­‐1325	
  (2010).	
  

139.	
   Harris,	
   N.R.,	
   Hill,	
  M.,	
   Keating,	
   A.	
  &	
   Baclet-­‐Choulet,	
   P.	
   A	
   lateral	
  mode	
   flow-­‐through	
   PMMA	
  
ultrasonic	
  separator.	
  International	
  Journal	
  of	
  Applied	
  Biomedical	
  Engineering	
  5,	
  8pp	
  (2012).	
  

140.	
   Gonzalez,	
  I.	
  et	
  al.	
  A	
  polymeric	
  chip	
  for	
  micromanipulation	
  and	
  particle	
  sorting	
  by	
  ultrasounds	
  
based	
  on	
  a	
  multilayer	
  configuration.	
  Sensor	
  Actuat	
  B-­‐Chem	
  144,	
  310-­‐317	
  (2010).	
  

141.	
   Wixforth,	
   A.	
   Acoustically	
   driven	
  microfluidic	
   applications	
   for	
   on-­‐chip	
   laboratories.	
   778-­‐783	
  
(2009).	
  

142.	
   Hribšek,	
   M.,	
   Tošić,	
   D.	
   &	
   Radosavljević,	
   M.	
   Surface	
   Acoustic	
   Wave	
   Sensors	
   in	
   Mechanical	
  
Engineering.	
  FME	
  Transactions	
  38,	
  7	
  (2010).	
  

143.	
   Ding,	
   X.	
   et	
   al.	
   On-­‐chip	
   manipulation	
   of	
   single	
   microparticles,	
   cells,	
   and	
   organisms	
   using	
  
surface	
  acoustic	
  waves.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  109,	
  11105-­‐11109	
  (2012).	
  

144.	
   Bourquin,	
  Y.,	
  Reboud,	
  J.,	
  Wilson,	
  R.	
  &	
  Cooper,	
  J.M.	
  Tuneable	
  surface	
  acoustic	
  waves	
  for	
  fluid	
  
and	
  particle	
  manipulations	
  on	
  disposable	
  chips.	
  Lab	
  Chip	
  10,	
  1898-­‐1901	
  (2010).	
  

145.	
   Yeo,	
  L.Y.	
  &	
  Friend,	
  J.R.	
  Ultrafast	
  microfluidics	
  using	
  surface	
  acoustic	
  waves.	
  Biomicrofluidics	
  
3,	
  12002	
  (2009).	
  

146.	
   Shi,	
   J.	
   et	
   al.	
   Three-­‐dimensional	
   continuous	
   particle	
   focusing	
   in	
   a	
   microfluidic	
   channel	
   via	
  
standing	
  surface	
  acoustic	
  waves	
  (SSAW).	
  Lab	
  Chip	
  11,	
  2319-­‐2324	
  (2011).	
  

147.	
   Gronewold,	
  T.M.	
  Surface	
  acoustic	
  wave	
  sensors	
  in	
  the	
  bioanalytical	
  field:	
  recent	
  trends	
  and	
  
challenges.	
  Anal	
  Chim	
  Acta	
  603,	
  119-­‐128	
  (2007).	
  

148.	
   Jonathan,	
   D.A.	
   et	
   al.	
   High-­‐throughput,	
   temperature-­‐controlled	
   microchannel	
  
acoustophoresis	
   device	
   made	
   with	
   rapid	
   prototyping.	
   Journal	
   of	
   Micromechanics	
   and	
  
Microengineering	
  22,	
  075017	
  (2012).	
  

149.	
   Nordin,	
  M.	
  &	
   Laurell,	
   T.	
   Two-­‐hundredfold	
   volume	
   concentration	
   of	
   dilute	
   cell	
   and	
   particle	
  
suspensions	
   using	
   chip	
   integrated	
   multistage	
   acoustophoresis.	
   Lab	
   Chip	
   12,	
   4610-­‐4616	
  
(2012).	
  

150.	
   Nam,	
  J.,	
  Lee,	
  Y.	
  &	
  Shin,	
  S.	
  Size-­‐dependent	
  microparticles	
  separation	
  through	
  standing	
  surface	
  
acoustic	
  waves.	
  Microfluidics	
  and	
  Nanofluidics,	
  1-­‐10	
  (2011).	
  

151.	
   Zeng,	
   Q.,	
   Chan,	
   H.W.L.,	
   Zhao,	
   X.Z.	
   &	
   Chen,	
   Y.	
   Enhanced	
   particle	
   focusing	
   in	
   microfluidic	
  
channels	
  with	
   standing	
   surface	
   acoustic	
  waves.	
  Microelectronic	
   Engineering	
   /05	
  87,	
   1204-­‐
1206	
  (2010).	
  

152.	
   Johansson,	
  L.,	
  Enlund,	
   J.,	
   Johansson,	
  S.,	
  Katardjiev,	
   I.	
  &	
  Yantchev,	
  V.	
  Surface	
  acoustic	
  wave	
  
induced	
   particle	
   manipulation	
   in	
   a	
   PDMS	
   channel-­‐principle	
   concepts	
   for	
   continuous	
   flow	
  
applications.	
  Biomed	
  Microdevices	
  (2011).	
  

153.	
   Johansson,	
   L.	
   et	
   al.	
   Surface	
   acoustic	
   wave-­‐induced	
   precise	
   particle	
   manipulation	
   in	
   a	
  
trapezoidal	
  glass	
  microfluidic	
  channel.	
   Journal	
  of	
  Micromechanics	
  and	
  Microengineering	
  22	
  
(2012).	
  

154.	
   Friend,	
   J.	
   &	
   Yeo,	
   L.Y.	
   Microscale	
   acoustofluidics:	
   Microfluidics	
   driven	
   via	
   acoustics	
   and	
  
ultrasonics.	
  Rev.	
  Mod.	
  Phys.	
  83,	
  647-­‐704	
  (2011).	
  

155.	
   Reboud,	
   J.	
   et	
   al.	
   Shaping	
   acoustic	
   fields	
   as	
   a	
   toolset	
   for	
   microfluidic	
   manipulations	
   in	
  
diagnostic	
  technologies.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  109,	
  15162-­‐15167	
  (2012).	
  

156.	
   Wilson,	
   R.	
   et	
   al.	
   Phononic	
   crystal	
   structures	
   for	
   acoustically	
   driven	
   microfluidic	
  
manipulations.	
  Lab	
  Chip	
  11,	
  323-­‐328	
  (2011).	
  

157.	
   Piyasena,	
   M.E.	
   &	
   Graves,	
   S.W.	
   The	
   intersection	
   of	
   flow	
   cytometry	
   with	
   microfluidics	
   and	
  
microfabrication.	
  Lab	
  on	
  a	
  chip	
  14,	
  1044-­‐1059	
  (2014).	
  



248	
  

	
  

158.	
   Piyasena,	
  M.E.	
   et	
   al.	
  Multinode	
  Acoustic	
   Focusing	
   for	
   Parallel	
   Flow	
  Cytometry.	
  Anal	
   Chem	
  
(2012).	
  

159.	
   Shi,	
  J.,	
  Mao,	
  X.,	
  Ahmed,	
  D.,	
  Colletti,	
  A.	
  &	
  Huang,	
  T.J.	
  Focusing	
  microparticles	
  in	
  a	
  microfluidic	
  
channel	
  with	
  standing	
  surface	
  acoustic	
  waves	
  (SSAW).	
  Lab	
  Chip	
  8,	
  221-­‐223	
  (2008).	
  

160.	
   Wood,	
   C.D.	
   et	
   al.	
   Formation	
   and	
  manipulation	
   of	
   two-­‐dimensional	
   arrays	
   of	
   micron-­‐scale	
  
particles	
   in	
   microfluidic	
   systems	
   by	
   surface	
   acoustic	
   waves.	
   Applied	
   Physics	
   Letters	
   94,	
   -­‐	
  
(2009).	
  

161.	
   Shi,	
   J.	
   et	
   al.	
   Acoustic	
   tweezers:	
   patterning	
   cells	
   and	
  microparticles	
   using	
   standing	
   surface	
  
acoustic	
  waves	
  (SSAW).	
  Lab	
  Chip	
  9,	
  2890-­‐2895	
  (2009).	
  

162.	
   Ding,	
  X.	
  et	
  al.	
  Tunable	
  patterning	
  of	
  microparticles	
  and	
  cells	
  using	
  standing	
  surface	
  acoustic	
  
waves.	
  Lab	
  Chip,	
  -­‐-­‐	
  (2012).	
  

163.	
   Neild,	
   A.,	
   Oberti,	
   S.,	
   Radziwill,	
   G.	
   &	
   Dual,	
   J.	
   Simultaneous	
   positioning	
   of	
   cells	
   into	
   two-­‐
dimensional	
  arrays	
  using	
  ultrasound.	
  Biotechnol	
  Bioeng	
  97,	
  1335-­‐1339	
  (2007).	
  

164.	
   Bernassau,	
  A.L.	
  et	
  al.	
  Two-­‐dimensional	
  manipulation	
  of	
  micro	
  particles	
  by	
  acoustic	
  radiation	
  
pressure	
   in	
   a	
   heptagon	
   cell.	
   IEEE	
   transactions	
   on	
   ultrasonics,	
   ferroelectrics,	
   and	
   frequency	
  
control	
  58,	
  2132-­‐2138	
  (2011).	
  

165.	
   Bernassau,	
  A.L.,	
  Courtney,	
  C.R.P.,	
  Beeley,	
  J.,	
  Drinkwater,	
  B.W.	
  &	
  Cumming,	
  D.R.S.	
  Interactive	
  
manipulation	
  of	
  microparticles	
   in	
  an	
  octagonal	
   sonotweezer.	
  Applied	
  Physics	
   Letters	
  102,	
   -­‐	
  
(2013).	
  

166.	
   Courtney,	
   C.R.P.	
   et	
   al.	
   Dexterous	
   manipulation	
   of	
   microparticles	
   using	
   Bessel-­‐function	
  
acoustic	
  pressure	
  fields.	
  Applied	
  Physics	
  Letters	
  102,	
  -­‐	
  (2013).	
  

167.	
   Courtney,	
   C.R.P.	
   et	
   al.	
   Independent	
   trapping	
   and	
   manipulation	
   of	
   microparticles	
   using	
  
dexterous	
  acoustic	
  tweezers.	
  Applied	
  Physics	
  Letters	
  104,	
  -­‐	
  (2014).	
  

168.	
   Bernassau,	
   A.L.,	
   Gesellchen,	
   F.,	
   Macpherson,	
   P.G.,	
   Riehle,	
   M.	
   &	
   Cumming,	
   D.R.	
   Direct	
  
patterning	
   of	
  mammalian	
   cells	
   in	
   an	
   ultrasonic	
   heptagon	
   stencil.	
  Biomed	
  Microdevices	
  14,	
  
559-­‐564	
  (2012).	
  

169.	
   Bernassau,	
  A.L.,	
  Macpherson,	
  P.G.,	
  Beeley,	
  J.,	
  Drinkwater,	
  B.W.	
  &	
  Cumming,	
  D.R.	
  Patterning	
  
of	
  microspheres	
   and	
  microbubbles	
   in	
   an	
   acoustic	
   tweezers.	
  Biomed	
  Microdevices	
  15,	
   289-­‐
297	
  (2013).	
  

170.	
   Gesellchen,	
   F.,	
   Bernassau,	
  A.L.,	
  Dejardin,	
   T.,	
   Cumming,	
  D.R.	
  &	
  Riehle,	
  M.O.	
   Cell	
   patterning	
  
with	
  a	
  heptagon	
  acoustic	
  tweezer-­‐-­‐application	
  in	
  neurite	
  guidance.	
  Lab	
  Chip	
  14,	
  2266-­‐2275	
  
(2014).	
  

171.	
   Adams,	
   J.D.	
  &	
   Soh,	
  H.T.	
   Tunable	
   acoustophoretic	
   band-­‐pass	
   particle	
   sorter.	
  Appl	
   Phys	
   Lett	
  
97,	
  064103-­‐064103	
  (2010).	
  

172.	
   Liu,	
   Y.,	
  Hartono,	
  D.	
  &	
   Lim,	
   K.-­‐M.	
   Cell	
   separation	
   and	
   transportation	
  between	
   two	
  miscible	
  
fluid	
  streams	
  using	
  ultrasound.	
  Biomicrofluidics	
  6,	
  12802-­‐1280214	
  (2012).	
  

173.	
   Kumar,	
   M.,	
   Feke,	
   D.L.	
   &	
   Belovich,	
   J.M.	
   Fractionation	
   of	
   cell	
   mixtures	
   using	
   acoustic	
   and	
  
laminar	
  flow	
  fields.	
  Biotechnol	
  Bioeng	
  89,	
  129-­‐137	
  (2005).	
  

174.	
   Ai,	
  Y.,	
  Sanders,	
  C.K.	
  &	
  Marrone,	
  B.L.	
  Separation	
  of	
  Escherichia	
  coli	
  bacteria	
  from	
  peripheral	
  
blood	
  mononuclear	
   cells	
   using	
   standing	
   surface	
  acoustic	
  waves.	
  Anal	
  Chem	
  85,	
   9126-­‐9134	
  
(2013).	
  

175.	
   Nam,	
  J.,	
  Lim,	
  H.,	
  Kim,	
  D.	
  &	
  Shin,	
  S.	
  Separation	
  of	
  platelets	
  from	
  whole	
  blood	
  using	
  standing	
  
surface	
  acoustic	
  waves	
  in	
  a	
  microchannel.	
  Lab	
  Chip	
  11,	
  3361-­‐3364	
  (2011).	
  

176.	
   Jo,	
   M.C.	
   &	
   Guldiken,	
   R.	
   Active	
   density-­‐based	
   separation	
   using	
   standing	
   surface	
   acoustic	
  
waves.	
  Sensors	
  and	
  Actuators	
  A:	
  Physical	
  187,	
  22-­‐28	
  (2012).	
  

177.	
   Nam,	
   J.,	
   Lim,	
   H.,	
   Kim,	
   C.,	
   Yoon	
   Kang,	
   J.	
   &	
   Shin,	
   S.	
   Density-­‐dependent	
   separation	
   of	
  
encapsulated	
   cells	
   in	
   a	
   microfluidic	
   channel	
   by	
   using	
   a	
   standing	
   surface	
   acoustic	
   wave.	
  
Biomicrofluidics	
  6,	
  24120-­‐2412010	
  (2012).	
  

178.	
   Bengtsson,	
  M.	
  &	
   Laurell,	
   T.	
  Ultrasonic	
   agitation	
   in	
  microchannels.	
  Anal	
  Bioanal	
   Chem	
  378,	
  
1716-­‐1721	
  (2004).	
  



249	
  

	
  

179.	
   Jo,	
   M.C.	
   &	
   Guldiken,	
   R.	
   Dual	
   surface	
   acoustic	
   wave-­‐based	
   active	
   mixing	
   in	
   a	
   microfluidic	
  
channel.	
  Sensors	
  and	
  Actuators	
  A:	
  Physical	
  196,	
  1-­‐7	
  (2013).	
  

180.	
   Franke,	
   T.,	
   Braunmüller,	
   S.,	
   Schmid,	
   L.,	
   Wixforth,	
   A.	
   &	
  Weitz,	
   D.A.	
   Surface	
   acoustic	
   wave	
  
actuated	
  cell	
  sorting	
  (SAWACS).	
  Lab	
  Chip	
  10,	
  789-­‐794	
  (2010).	
  

181.	
   Franke,	
   T.,	
   Abate,	
   A.R.,	
   Weitz,	
   D.A.	
   &	
  Wixforth,	
   A.	
   Surface	
   acoustic	
   wave	
   (SAW)	
   directed	
  
droplet	
  flow	
  in	
  microfluidics	
  for	
  PDMS	
  devices.	
  Lab	
  Chip	
  9,	
  2625-­‐2627	
  (2009).	
  

182.	
   Huang,	
   K.W.,	
   Su,	
   T.W.,	
   Ozcan,	
   A.	
   &	
   Chiou,	
   P.Y.	
   Optoelectronic	
   tweezers	
   integrated	
   with	
  
lensfree	
  holographic	
  microscopy	
  for	
  wide-­‐field	
  interactive	
  cell	
  and	
  particle	
  manipulation	
  on	
  a	
  
chip.	
  Lab	
  Chip	
  13,	
  2278-­‐2284	
  (2013).	
  

183.	
   Thalhammer,	
  G.	
  et	
  al.	
  Combined	
  acoustic	
  and	
  optical	
  trapping.	
  Biomedical	
  optics	
  express	
  2,	
  
2859-­‐2870	
  (2011).	
  

184.	
   Bassindale,	
  P.G.,	
  Phillips,	
  D.B.,	
  Barnes,	
  A.C.	
  &	
  Drinkwater,	
  B.W.	
  Measurements	
  of	
  the	
  force	
  
fields	
  within	
  an	
  acoustic	
  standing	
  wave	
  using	
  holographic	
  optical	
   tweezers.	
  Applied	
  Physics	
  
Letters	
  104,	
  -­‐	
  (2014).	
  

185.	
   Prentice,	
  P.,	
  Cuschieri,	
  A.,	
  Dholakia,	
  K.,	
  Prausnitz,	
  M.	
  &	
  Campbell,	
  P.	
  Membrane	
  disruption	
  by	
  
optically	
  controlled	
  microbubble	
  cavitation.	
  Nat	
  Phys	
  1,	
  107-­‐110	
  (2005).	
  

186.	
   Chung,	
   Y.-­‐C.,	
   Chen,	
   P.-­‐W.,	
   Fu,	
   C.-­‐M.	
  &	
  Wu,	
   J.-­‐M.	
   Particles	
   sorting	
   in	
  micro-­‐channel	
   system	
  
utilizing	
  magnetic	
  tweezers	
  and	
  optical	
  tweezers.	
  J	
  Magn	
  Magn	
  Mater	
  333,	
  87-­‐92	
  (2013).	
  

187.	
   Adams,	
  J.D.,	
  Thévoz,	
  P.,	
  Bruus,	
  H.	
  &	
  Soh,	
  H.T.	
  Integrated	
  acoustic	
  and	
  magnetic	
  separation	
  in	
  
microfluidic	
  channels.	
  Appl	
  Phys	
  Lett	
  95,	
  254103-­‐254103	
  (2009).	
  

188.	
   Glynne-­‐Jones,	
  P.	
  &	
  Hill,	
  M.	
  Acoustofluidics	
  23:	
  acoustic	
  manipulation	
  combined	
  with	
  other	
  
force	
  fields.	
  Lab	
  Chip	
  13,	
  1003-­‐1010	
  (2013).	
  

189.	
   Wiklund,	
   M.	
   et	
   al.	
   Ultrasonic	
   standing	
   wave	
   manipulation	
   technology	
   integrated	
   into	
   a	
  
dielectrophoretic	
  chip.	
  Lab	
  Chip	
  6,	
  1537-­‐1544	
  (2006).	
  

190.	
   White,	
   R.M.	
   &	
   Voltmer,	
   F.W.	
   DIRECT	
   PIEZOELECTRIC	
   COUPLING	
   TO	
   SURFACE	
   ELASTIC	
  
WAVES.	
  Appl.	
  Phys.	
  Lett.	
  7,	
  314-­‐316	
  (1965).	
  

191.	
   Hwang,	
  H.,	
  Lee,	
  D.-­‐H.,	
  Choi,	
  W.	
  &	
  Park,	
  J.-­‐K.	
  Enhanced	
  discrimination	
  of	
  normal	
  oocytes	
  using	
  
optically	
  induced	
  pulling-­‐up	
  dielectrophoretic	
  force.	
  Biomicrofluidics	
  3,	
  14103-­‐14103	
  (2009).	
  

192.	
   Lin,	
  Y.-­‐H.	
  &	
  Lee,	
  G.-­‐B.	
  An	
   integrated	
  cell	
   counting	
  and	
  continuous	
  cell	
   lysis	
  device	
  using	
  an	
  
optically	
  induced	
  electric	
  field.	
  Sensors	
  and	
  Actuators	
  B:	
  Chemical	
  145,	
  854-­‐860	
  (2010).	
  

193.	
   Huang,	
   K.W.,	
   Wu,	
   T.H.,	
   Zhong,	
   J.F.	
   &	
   Chiou,	
   P.Y.	
   in	
   Solid-­‐State	
   Sensors,	
   Actuators	
   and	
  
Microsystems	
   Conference,	
   2009.	
   TRANSDUCERS	
   2009.	
   International	
   DOI	
   -­‐	
  
10.1109/SENSOR.2009.5285793	
  1594-­‐1597.	
  

194.	
   Yang,	
   S.-­‐M.,	
   Yu,	
   T.-­‐M.,	
   Liu,	
   M.-­‐H.,	
   Hsu,	
   L.	
   &	
   Liu,	
   C.-­‐H.	
   Moldless	
   PEGDA-­‐Based	
  
Optoelectrofluidic	
   Platform	
   for<p>Microparticle	
   Selection.	
   Advances	
   in	
   OptoElectronics	
  
2011,	
  8-­‐8	
  (2011).	
  

195.	
   Huang,	
   K.W.,	
   Sattar,	
   S.	
   &	
   Chiou,	
   P.Y.	
   in	
   Solid-­‐State	
   Sensors,	
   Actuators	
   and	
   Microsystems	
  
Conference	
   (TRANSDUCERS),	
   2011	
   16th	
   International	
   DOI	
   -­‐	
  
10.1109/TRANSDUCERS.2011.5969436	
  1300-­‐1303.	
  

196.	
   del	
   Campo,	
   A.	
   &	
   Greiner,	
   C.	
   SU-­‐8:	
   a	
   photoresist	
   for	
   high-­‐aspect-­‐ratio	
   and	
   3D	
   submicron	
  
lithography.	
  Journal	
  of	
  Micromechanics	
  and	
  Microengineering	
  17,	
  R81-­‐R81	
  (2007).	
  

197.	
   Voskerician,	
   G.	
   et	
   al.	
   Biocompatibility	
   and	
   biofouling	
   of	
   MEMS	
   drug	
   delivery	
   devices.	
  
Biomaterials	
  24,	
  1959-­‐1967	
  (2003).	
  

198.	
   Nemani,	
  K.V.,	
  Moodie,	
  K.L.,	
  Brennick,	
  J.B.,	
  Su,	
  A.	
  &	
  Gimi,	
  B.	
  In	
  vitro	
  and	
  in	
  vivo	
  evaluation	
  of	
  
SU-­‐8	
  biocompatibility.	
  Mat	
  Sci	
  Eng	
  C-­‐Mater	
  33,	
  4453-­‐4459	
  (2013).	
  

199.	
   Iz,	
  S.G.,	
  Ertugrul,	
  F.,	
  Eden,	
  E.	
  &	
  Gurhan,	
  S.I.	
  Biocompatibility	
  of	
  glass	
  ionomer	
  cements	
  with	
  
and	
  without	
  chlorhexidine.	
  European	
  journal	
  of	
  dentistry	
  7,	
  S89-­‐93	
  (2013).	
  

200.	
   Hwang,	
   I.-­‐T.,	
   Ahn,	
  M.-­‐Y.,	
   Jung,	
   C.-­‐H.,	
   Choi,	
   J.-­‐H.	
  &	
   Shin,	
   K.	
  Micropatterning	
   of	
  Mammalian	
  
Cells	
   on	
   Indium	
   Tin	
   Oxide	
   Substrates	
   Using	
   Ion	
   Implantation.	
   Journal	
   of	
   Biomedical	
  
Nanotechnology	
  9,	
  819-­‐824	
  (2013).	
  



250	
  

	
  

201.	
   Rushe,	
  N.	
  et	
  al.	
  Cytocompatibility	
  of	
  novel	
  tin	
  oxide	
  thin	
  films.	
  Journal	
  of	
  materials	
  science.	
  
Materials	
  in	
  medicine	
  16,	
  247-­‐252	
  (2005).	
  

202.	
   Dahmen,	
   C.	
   et	
   al.	
   Surface	
   functionalization	
   of	
   amorphous	
   silicon	
   and	
   silicon	
   suboxides	
   for	
  
biological	
  applications.	
  Thin	
  Solid	
  Films	
  427,	
  201-­‐207	
  (2003).	
  

203.	
   Kotzar,	
   G.	
   et	
   al.	
   Evaluation	
   of	
   MEMS	
   materials	
   of	
   construction	
   for	
   implantable	
   medical	
  
devices.	
  Biomaterials	
  23,	
  2737-­‐2750	
  (2002).	
  

204.	
   Williams,	
  J.D.	
  &	
  Wang,	
  W.	
  Using	
  megasonic	
  development	
  of	
  SU-­‐8	
  to	
  yield	
  ultra-­‐high	
  aspect	
  
ratio	
  microstructures	
  with	
  UV	
  lithography.	
  Microsystem	
  Technologies	
  10,	
  694-­‐698	
  (2004).	
  

205.	
   Li,	
  D.	
  Encyclopedia	
  of	
  microfluidics	
  and	
  nanofluidics.	
  (Springer,	
  New	
  York;	
  2008).	
  
206.	
   Lin,	
  C.H.,	
  Lee,	
  G.B.,	
  Fu,	
  L.M.	
  &	
  Hwey,	
  B.H.	
  Vertical	
  focusing	
  device	
  utilizing	
  dielectrophoretic	
  

force	
  and	
  its	
  application	
  on	
  microflow	
  cytometer.	
  J	
  Microelectromech	
  S	
  13,	
  923-­‐932	
  (2004).	
  
207.	
   Holmes,	
   D.,	
   Morgan,	
   H.	
   &	
   Green,	
   N.G.	
   High	
   throughput	
   particle	
   analysis:	
   Combining	
  

dielectrophoretic	
   particle	
   focussing	
   with	
   confocal	
   optical	
   detection.	
   Biosensors	
   &	
  
Bioelectronics	
  21,	
  1621-­‐1630	
  (2006).	
  

208.	
   Khoshmanesh,	
   K.	
   et	
   al.	
   Dielectrophoretic	
   manipulation	
   and	
   separation	
   of	
   microparticles	
  
using	
  curved	
  microelectrodes.	
  Electrophoresis	
  30,	
  3707-­‐3717	
  (2009).	
  

209.	
   Huh,	
   D.,	
   Gu,	
   W.,	
   Kamotani,	
   Y.,	
   Grotberg,	
   J.B.	
   &	
   Takayama,	
   S.	
   Microfluidics	
   for	
   flow	
  
cytometric	
  analysis	
  of	
  cells	
  and	
  particles.	
  Physiological	
  measurement	
  26,	
  R73-­‐98	
  (2005).	
  

210.	
   Godin,	
   J.	
   et	
   al.	
   Microfluidics	
   and	
   photonics	
   for	
   Bio-­‐System-­‐on-­‐a-­‐Chip:	
   A	
   review	
   of	
  
advancements	
   in	
   technology	
   towards	
   a	
  microfluidic	
   flow	
  cytometry	
   chip.	
   J	
  Biophotonics	
  1,	
  
355-­‐376	
  (2008).	
  

211.	
   Xuan,	
  X.C.,	
  Zhu,	
   J.J.	
  &	
  Church,	
  C.	
  Particle	
   focusing	
   in	
  microfluidic	
  devices.	
  Microfluidics	
  and	
  
Nanofluidics	
  9,	
  1-­‐16	
  (2010).	
  

212.	
   Hu,	
   X.Y.	
   et	
   al.	
  Marker-­‐specific	
   sorting	
  of	
   rare	
   cells	
   using	
  dielectrophoresis.	
  P	
  Natl	
  Acad	
   Sci	
  
USA	
  102,	
  15757-­‐15761	
  (2005).	
  

213.	
   Sochol,	
  R.D.,	
  Li,	
  S.,	
  Lee,	
  L.P.	
  &	
  Lin,	
  L.W.	
  Continuous	
  flow	
  multi-­‐stage	
  microfluidic	
  reactors	
  via	
  
hydrodynamic	
  microparticle	
  railing.	
  Lab	
  on	
  a	
  chip	
  12,	
  4168-­‐4177	
  (2012).	
  

214.	
   Kim,	
  U.,	
  Qian,	
   J.R.,	
   Kenrick,	
   S.A.,	
  Daugherty,	
   P.S.	
  &	
   Soh,	
  H.T.	
  Multitarget	
  Dielectrophoresis	
  
Activated	
  Cell	
  Sorter.	
  Analytical	
  Chemistry	
  80,	
  8656-­‐8661	
  (2008).	
  

215.	
   Brzobohaty,	
  O.	
  et	
  al.	
  Experimental	
  and	
   theoretical	
  determination	
  of	
  optical	
  binding	
   forces.	
  
Opt	
  Express	
  18,	
  25389-­‐25402	
  (2010).	
  

216.	
   Kang,	
  K.H.	
  &	
  Li,	
  D.Q.	
  Dielectric	
  force	
  and	
  relative	
  motion	
  between	
  two	
  spherical	
  particles	
  in	
  
electrophoresis.	
  Langmuir	
  22,	
  1602-­‐1608	
  (2006).	
  

217.	
   Kovach,	
   K.M.,	
   Capadona,	
   J.R.,	
   Gupta,	
   A.S.	
  &	
   Potkay,	
   J.A.	
   The	
   effects	
   of	
   PEG-­‐based	
   surface	
  
modification	
  of	
  PDMS	
  microchannels	
  on	
  long-­‐term	
  hemocompatibility.	
  Journal	
  of	
  biomedical	
  
materials	
  research.	
  Part	
  A	
  102,	
  4195-­‐4205	
  (2014).	
  

218.	
   Bruus,	
   H.	
   Acoustofluidics	
   7:	
   The	
   acoustic	
   radiation	
   force	
   on	
   small	
   particles.	
   Lab	
   Chip	
   12,	
  
1014-­‐1021	
  (2012).	
  

219.	
   Weiser,	
   M.A.H.	
   &	
   Apfel,	
   R.E.	
   Extension	
   of	
   acoustic	
   levitation	
   to	
   include	
   the	
   study	
   of	
  
micron-­‐size	
  particles	
  in	
  a	
  more	
  compressible	
  host	
  liquid.	
  The	
  Journal	
  of	
  the	
  Acoustical	
  Society	
  
of	
  America	
  71,	
  1261-­‐1268	
  (1982).	
  

220.	
   Vanherberghen,	
  B.	
  et	
  al.	
  Ultrasound-­‐controlled	
  cell	
  aggregation	
  in	
  a	
  multi-­‐well	
  chip.	
  Lab	
  Chip	
  
10,	
  2727-­‐2732	
  (2010).	
  

221.	
   Woodside,	
   S.M.,	
   Bowen,	
   B.D.	
   &	
   Piret,	
   J.M.	
   Measurement	
   of	
   ultrasonic	
   forces	
   for	
  
particleâ�“liquid	
  separations.	
  AIChE	
  J.	
  43,	
  1727-­‐1736	
  (1997).	
  

222.	
   Wiklund,	
   M.,	
   Spégel,	
   P.,	
   Nilsson,	
   S.	
   &	
   Hertz,	
   H.M.	
   Ultrasonic-­‐trap-­‐enhanced	
   selectivity	
   in	
  
capillary	
  electrophoresis.	
  Ultrasonics	
  41,	
  329-­‐333	
  (2003).	
  

223.	
   Johansson,	
  L.,	
  Johansson,	
  S.,	
  Nikolajeff,	
  F.	
  &	
  Thorslund,	
  S.	
  Effective	
  mixing	
  of	
  laminar	
  flows	
  at	
  
a	
  density	
  interface	
  by	
  an	
  integrated	
  ultrasonic	
  transducer.	
  Lab	
  Chip	
  9,	
  297-­‐304	
  (2009).	
  



251	
  

	
  

224.	
   Manneberg,	
  O.,	
  Vanherberghen,	
  B.,	
  Onfelt,	
  B.	
  &	
  Wiklund,	
  M.	
  Flow-­‐free	
  transport	
  of	
  cells	
   in	
  
microchannels	
  by	
  frequency-­‐modulated	
  ultrasound.	
  Lab	
  Chip	
  9,	
  833-­‐837	
  (2009).	
  

225.	
   Wiklund,	
  M.,	
   Toivonen,	
   J.,	
   Tirri,	
  M.,	
   Hanninen,	
   P.	
   &	
   Hertz,	
   H.M.	
   Ultrasonic	
   enrichment	
   of	
  
microspheres	
   for	
   ultrasensitive	
  biomedical	
   analysis	
   in	
   confocal	
   laser-­‐scanning	
   fluorescence	
  
detection.	
  J.	
  Appl.	
  Phys.	
  96,	
  1242-­‐1248	
  (2004).	
  

226.	
   Saito,	
   M.,	
   Kitamura,	
   N.	
   &	
   Terauchi,	
   M.	
   Ultrasonic	
   manipulation	
   of	
   locomotive	
  
microorganisms	
  and	
  evaluation	
  of	
  their	
  activity.	
  J.	
  Appl.	
  Phys.	
  92,	
  7581-­‐7586	
  (2002).	
  

227.	
   Coakley,	
  W.T.	
  et	
  al.	
  Cell-­‐cell	
  contact	
  and	
  membrane	
  spreading	
  in	
  an	
  ultrasound	
  trap.	
  Colloids	
  
Surf	
  B	
  Biointerfaces	
  34,	
  221-­‐230	
  (2004).	
  

228.	
   Hodgson,	
  R.P.,	
  Tan,	
  M.,	
  Yeo,	
  L.	
  &	
  Friend,	
  J.	
  Transmitting	
  high	
  power	
  rf	
  acoustic	
  radiation	
  via	
  
fluid	
   couplants	
   into	
   superstrates	
   for	
   microfluidics.	
   Appl.	
   Phys.	
   Lett.	
   94,	
   024102-­‐024103	
  
(2009).	
  

229.	
   Seemann,	
  K.M.,	
  Ebbecke,	
  J.	
  &	
  Wixfort,	
  A.	
  Alignment	
  of	
  carbon	
  nanotubes	
  on	
  pre-­‐structured	
  
silicon	
  by	
  surface	
  acoustic	
  waves.	
  Nanotechnology	
  17,	
  4529-­‐-­‐-­‐4529	
  (2006).	
  

230.	
   Johansson,	
  L.,	
  Enlund,	
   J.,	
   Johansson,	
  S.,	
  Katardjiev,	
   I.	
  &	
  Yantchev,	
  V.	
  Surface	
  acoustic	
  wave	
  
induced	
   particle	
   manipulation	
   in	
   a	
   PDMS	
   channel-­‐principle	
   concepts	
   for	
   continuous	
   flow	
  
applications.	
  Biomedical	
  Microdevices	
  14,	
  279-­‐289	
  (2012).	
  

231.	
   Yantchev,	
  V.	
  A	
  micromachined	
  Stoneley	
  acoustic	
  wave	
  system	
   for	
  continuous	
   flow	
  particle	
  
manipulation	
  in	
  microfluidic	
  channels.	
  Journal	
  of	
  Micromechanics	
  and	
  Microengineering	
  20,	
  
035031-­‐-­‐-­‐035031	
  (2010).	
  

232.	
   Tan,	
  M.K.,	
  Yeo,	
  L.Y.	
  &	
  Friend,	
  J.R.	
  Rapid	
  fluid	
  flow	
  and	
  mixing	
  induced	
  in	
  microchannels	
  using	
  
surface	
  acoustic	
  waves.	
  Epl-­‐Europhys	
  Lett	
  87	
  (2009).	
  

233.	
   Bruus,	
  H.	
  Acoustofluidics	
  7:	
  The	
  acoustic	
  radiation	
  force	
  on	
  small	
  particles.	
  Lab	
  on	
  a	
  chip	
  12,	
  
1014-­‐1021	
  (2012).	
  

234.	
   COMSOL	
  in	
  COMSOL	
  Mulitphysics	
  Modelling	
  Guide	
  -­‐	
  Acoustics,	
  Edn.	
  3.3	
  US;	
  2006).	
  
235.	
   Bruus,	
  H.	
  Acoustofluidics	
  2:	
  Perturbation	
  theory	
  and	
  ultrasound	
  resonance	
  modes.	
  Lab	
  on	
  a	
  

chip	
  12,	
  20-­‐28	
  (2012).	
  
236.	
   Wang,	
   S.X.	
   et	
   al.	
   Stiffness	
   controlled	
   SU-­‐8-­‐based	
   nanocomposites:	
   application	
   for	
   1	
   GHz	
  

matching	
   layer	
  conception.	
  2008	
   Ieee	
  Ultrasonics	
  Symposium,	
  Vols	
  1-­‐4	
  and	
  Appendix,	
  678-­‐
681	
  (2008).	
  

237.	
   Dual,	
   J.	
   &	
   Schwarz,	
   T.	
   Acoustofluidics	
   3:	
   Continuum	
   mechanics	
   for	
   ultrasonic	
   particle	
  
manipulation.	
  Lab	
  on	
  a	
  chip	
  12,	
  244-­‐252	
  (2012).	
  

238.	
   Schmid,	
  L.,	
  Wixforth,	
  A.,	
  Weitz,	
  D.A.	
  &	
  Franke,	
  T.	
  Novel	
  surface	
  acoustic	
  wave	
  (SAW)-­‐driven	
  
closed	
  PDMS	
  flow	
  chamber.	
  Microfluidics	
  and	
  Nanofluidics	
  12,	
  229-­‐235	
  (2012).	
  

239.	
   Hagsater,	
   S.M.	
   et	
   al.	
   Acoustic	
   resonances	
   in	
   straight	
   micro	
   channels:	
   Beyond	
   the	
   1D-­‐
approximation.	
  Lab	
  on	
  a	
  chip	
  8,	
  1178-­‐1184	
  (2008).	
  

240.	
   Manneberg,	
  O.	
  et	
  al.	
  Spatial	
  confinement	
  of	
  ultrasonic	
  force	
  fields	
   in	
  microfluidic	
  channels.	
  
Ultrasonics	
  49,	
  112-­‐119	
  (2009).	
  

241.	
   Mitchell,	
   R.F.	
  &	
  Read,	
   E.	
   Suppression	
  of	
  Bulk	
  Wave	
  Radiation	
   from	
  Surface	
  Acoustic	
  Wave	
  
Devices.	
  Sonics	
  and	
  Ultrasonics,	
  IEEE	
  Transactions	
  on	
  22,	
  264-­‐269	
  (1975).	
  

242.	
   Kakio,	
   S.,	
   Hishinuma,	
   K.	
   &	
   Nakagawa,	
   Y.	
   Suppression	
   of	
   bulk	
   wave	
   radiation	
   from	
   leaky	
  
surface	
   acoustic	
   waves	
   by	
   loading	
   with	
   thin	
   dielectric	
   films.	
   J	
   Appl	
   Phys	
   87,	
   1440-­‐1447	
  
(2000).	
  

243.	
   Koskela,	
   J.,	
   Plessky,	
   V.P.	
   &	
   Salomaa,	
  M.T.	
   Suppression	
   of	
   the	
   leaky	
   SAW	
   attenuation	
  with	
  
heavy	
  mechanical	
  loading.	
  Ieee	
  T	
  Ultrason	
  Ferr	
  45,	
  439-­‐449	
  (1998).	
  

244.	
   Li,	
   R.C.M.	
  &	
  Alusow,	
   J.A.	
   Suppression	
   of	
   Bulk-­‐Scattering	
   Loss	
   at	
   Saw-­‐Resonator	
   Reflectors.	
  
Electron	
  Lett	
  13,	
  580-­‐581	
  (1977).	
  

245.	
   Ebata,	
  Y.	
  in	
  Ultrasonics	
  Symposium,	
  1988.	
  Proceedings.,	
  IEEE	
  1988	
  91-­‐96	
  vol.911988).	
  
246.	
   Panda,	
  P.K.	
  Review:	
  environmental	
  friendly	
  lead-­‐free	
  piezoelectric	
  materials.	
  J	
  Mater	
  Sci	
  44,	
  

5049-­‐5062	
  (2009).	
  



252	
  

	
  

247.	
   Dual,	
   J.	
  &	
  Moller,	
  D.	
  Acoustofluidics	
   4:	
   Piezoelectricity	
   and	
   application	
   in	
   the	
  excitation	
  of	
  
acoustic	
  fields	
  for	
  ultrasonic	
  particle	
  manipulation.	
  Lab	
  on	
  a	
  chip	
  12,	
  506-­‐514	
  (2012).	
  

248.	
   Lighthill,	
  J.	
  Acoustic	
  Streaming.	
  J	
  Sound	
  Vib	
  61,	
  391-­‐418	
  (1978).	
  
249.	
   Nelson,	
  C.M.	
  &	
  Chen,	
  C.S.	
  Cell-­‐cell	
  signaling	
  by	
  direct	
  contact	
  increases	
  cell	
  proliferation	
  via	
  a	
  

PI3K-­‐dependent	
  signal.	
  FEBS	
  letters	
  514,	
  238-­‐242	
  (2002).	
  
250.	
   Tang,	
  J.,	
  Peng,	
  R.	
  &	
  Ding,	
  J.	
  The	
  regulation	
  of	
  stem	
  cell	
  differentiation	
  by	
  cell-­‐cell	
  contact	
  on	
  

micropatterned	
  material	
  surfaces.	
  Biomaterials	
  31,	
  2470-­‐2476	
  (2010).	
  
251.	
   Garcia,	
  A.J.,	
  Vega,	
  M.D.	
  &	
  Boettiger,	
  D.	
  Modulation	
  of	
   cell	
  proliferation	
  and	
  differentiation	
  

through	
  substrate-­‐dependent	
  changes	
  in	
  fibronectin	
  conformation.	
  Molecular	
  biology	
  of	
  the	
  
cell	
  10,	
  785-­‐798	
  (1999).	
  

252.	
   Xu,	
  T.,	
  Jin,	
  J.,	
  Gregory,	
  C.,	
  Hickman,	
  J.J.	
  &	
  Boland,	
  T.	
  Inkjet	
  printing	
  of	
  viable	
  mammalian	
  cells.	
  
Biomaterials	
  26,	
  93-­‐99	
  (2005).	
  

253.	
   Schiele,	
   N.R.	
   et	
   al.	
   Laser-­‐based	
   direct-­‐write	
   techniques	
   for	
   cell	
   printing.	
   Biofabrication	
   2,	
  
032001	
  (2010).	
  

254.	
   Torisawa,	
   Y.S.,	
   Mosadegh,	
   B.,	
   Cavnar,	
   S.P.,	
   Ho,	
   M.	
   &	
   Takayama,	
   S.	
   Transwells	
   with	
  
Microstamped	
   Membranes	
   Produce	
   Micropatterned	
   Two-­‐Dimensional	
   and	
   Three-­‐
Dimensional	
  Co-­‐Cultures.	
  Tissue	
  engineering.	
  Part	
  C,	
  Methods	
  (2010).	
  

255.	
   Krasovitski,	
  B.,	
  Frenkel,	
  V.,	
  Shoham,	
  S.	
  &	
  Kimmel,	
  E.	
  Intramembrane	
  cavitation	
  as	
  a	
  unifying	
  
mechanism	
  for	
  ultrasound-­‐induced	
  bioeffects.	
  P	
  Natl	
  Acad	
  Sci	
  USA	
  108,	
  3258-­‐3263	
  (2011).	
  

256.	
   Ankrett,	
   D.N.	
   et	
   al.	
   The	
   effect	
   of	
   ultrasound-­‐related	
   stimuli	
   on	
   cell	
   viability	
   in	
  microfluidic	
  
channels.	
  Journal	
  of	
  nanobiotechnology	
  11,	
  20	
  (2013).	
  

257.	
   Carugo,	
  D.	
  et	
  al.	
  Contrast	
  agent-­‐free	
  sonoporation:	
  The	
  use	
  of	
  an	
  ultrasonic	
  standing	
  wave	
  
microfluidic	
   system	
   for	
   the	
   delivery	
   of	
   pharmaceutical	
   agents.	
   Biomicrofluidics	
   5,	
   44108-­‐
4410815	
  (2011).	
  

258.	
   Rodamporn,	
   S.,	
   Harris,	
   N.R.,	
   Beeby,	
   S.P.,	
   Boltryk,	
   R.J.	
   &	
   Sanchez-­‐Elsner,	
   T.	
   HeLa	
   cell	
  
transfection	
   using	
   a	
   novel	
   sonoporation	
   system.	
   IEEE	
   transactions	
   on	
   bio-­‐medical	
  
engineering	
  58,	
  927-­‐934	
  (2011).	
  

259.	
   Stich,	
  A.,	
  Abel,	
  P.M.	
  &	
  Krishna,	
  S.	
  Human	
  African	
  trypanosomiasis.	
  BMJ	
  325,	
  203-­‐206	
  (2002).	
  
260.	
   Moore,	
  S.,	
  Shrestha,	
  S.,	
  Tomlinson,	
  K.W.	
  &	
  Vuong,	
  H.	
  Predicting	
  the	
  effect	
  of	
  climate	
  change	
  

on	
   African	
   trypanosomiasis:	
   integrating	
   epidemiology	
   with	
   parasite	
   and	
   vector	
   biology.	
  
Journal	
  of	
  the	
  Royal	
  Society,	
  Interface	
  /	
  the	
  Royal	
  Society	
  9,	
  817-­‐830	
  (2012).	
  

261.	
   Biéler,	
   S.	
   et	
   al.	
   Improved	
   detection	
   of	
   Trypanosoma	
   brucei	
   by	
   lysis	
   of	
   red	
   blood	
   cells,	
  
concentration	
  and	
  LED	
  fluorescence	
  microscopy.	
  Acta	
  Tropica	
  121,	
  135-­‐140	
  (2012).	
  

262.	
   Mitashi,	
   P.	
   et	
   al.	
   Human	
   african	
   trypanosomiasis	
   diagnosis	
   in	
   first-­‐line	
   health	
   services	
   of	
  
endemic	
  countries,	
  a	
  systematic	
  review.	
  PLoS	
  neglected	
  tropical	
  diseases	
  6,	
  e1919	
  (2012).	
  

263.	
   Lenshof,	
  A.,	
  Magnusson,	
  C.	
  &	
  Laurell,	
  T.	
  Acoustofluidics	
  8:	
  Applications	
  of	
  acoustophoresis	
  in	
  
continuous	
  flow	
  microsystems.	
  Lab	
  on	
  a	
  chip	
  12,	
  1210-­‐1223	
  (2012).	
  

264.	
   Thévoz,	
  P.,	
  Adams,	
  J.D.,	
  Shea,	
  H.,	
  Bruus,	
  H.	
  &	
  Soh,	
  H.T.	
  Acoustophoretic	
  synchronization	
  of	
  
mammalian	
  cells	
  in	
  microchannels.	
  Anal	
  Chem	
  82,	
  3094-­‐3098	
  (2010).	
  

265.	
   Ravula,	
   S.K.	
   et	
   al.	
   A	
  microfluidic	
   system	
   combining	
   acoustic	
   and	
   dielectrophoretic	
   particle	
  
preconcentration	
  and	
  focusing.	
  Sensors	
  and	
  Actuators	
  B:	
  Chemical	
  130,	
  645-­‐652	
  (2008).	
  

266.	
   Walling,	
  M.A.	
  &	
  Shepard,	
   J.R.	
  Cellular	
  heterogeneity	
  and	
   live	
  cell	
  arrays.	
  Chem	
  Soc	
  Rev	
  40,	
  
4049-­‐4076	
  (2011).	
  

267.	
   Smith,	
   Q.	
   &	
   Gerecht,	
   S.	
   Going	
   with	
   the	
   flow:	
   microfluidic	
   platforms	
   in	
   vascular	
   tissue	
  
engineering.	
  Current	
  opinion	
  in	
  chemical	
  engineering	
  3,	
  42-­‐50	
  (2014).	
  

268.	
   Manz,	
   A.	
   et	
   al.	
   Planar	
   chips	
   technology	
   for	
   miniaturization	
   and	
   integration	
   of	
   separation	
  
techniques	
   into	
   monitoring	
   systems:	
   Capillary	
   electrophoresis	
   on	
   a	
   chip.	
   Journal	
   of	
  
Chromatography	
  A	
  593,	
  253-­‐258	
  (1992).	
  

269.	
   Sims,	
  C.E.	
  &	
  Allbritton,	
  N.L.	
  Analysis	
  of	
  single	
  mammalian	
  cells	
  on-­‐chip.	
  Lab	
  Chip	
  7,	
  423-­‐440	
  
(2007).	
  



253	
  

	
  

270.	
   Rau,	
  K.R.,	
  Quinto-­‐Su,	
  P.A.,	
  Hellman,	
  A.N.	
  &	
  Venugopalan,	
  V.	
  Pulsed	
  laser	
  microbeam-­‐induced	
  
cell	
  lysis:	
  time-­‐resolved	
  imaging	
  and	
  analysis	
  of	
  hydrodynamic	
  effects.	
  Biophys	
  J	
  91,	
  317-­‐329	
  
(2006).	
  

271.	
   Quinto-­‐Su,	
   P.A.	
   et	
   al.	
   Examination	
   of	
   laser	
   microbeam	
   cell	
   lysis	
   in	
   a	
   PDMS	
   microfluidic	
  
channel	
  using	
  time-­‐resolved	
  imaging.	
  Lab	
  Chip	
  8,	
  408-­‐414	
  (2008).	
  

272.	
   Marentis,	
   T.C.	
   et	
   al.	
  Microfluidic	
   sonicator	
   for	
   real-­‐time	
   disruption	
   of	
   eukaryotic	
   cells	
   and	
  
bacterial	
  spores	
  for	
  DNA	
  analysis.	
  Ultrasound	
  in	
  medicine	
  &	
  biology	
  31,	
  1265-­‐1277	
  (2005).	
  

273.	
   Tandiono,	
  T.	
  et	
  al.	
  Sonolysis	
  of	
  Escherichia	
  coli	
  and	
  Pichia	
  pastoris	
  in	
  microfluidics.	
  Lab	
  Chip	
  
12,	
  780-­‐786	
  (2012).	
  

274.	
   Kim,	
  Y.C.,	
  Kang,	
  J.H.,	
  Park,	
  S.-­‐J.,	
  Yoon,	
  E.-­‐S.	
  &	
  Park,	
  J.-­‐K.	
  Microfluidic	
  biomechanical	
  device	
  for	
  
compressive	
   cell	
   stimulation	
   and	
   lysis.	
   Sensors	
   and	
   Actuators	
   B:	
   Chemical	
   128,	
   108-­‐116	
  
(2007).	
  

275.	
   Di	
  Carlo,	
  D.,	
   Jeong,	
  K.H.	
  &	
  Lee,	
  L.P.	
  Reagentless	
  mechanical	
  cell	
   lysis	
  by	
  nanoscale	
  barbs	
   in	
  
microchannels	
  for	
  sample	
  preparation.	
  Lab	
  on	
  a	
  chip	
  3,	
  287-­‐291	
  (2003).	
  

276.	
   Kim,	
   J.,	
   Johnson,	
   M.,	
   Hill,	
   P.	
   &	
   Gale,	
   B.K.	
   Microfluidic	
   sample	
   preparation:	
   cell	
   lysis	
   and	
  
nucleic	
  acid	
  purification.	
  Integrative	
  biology	
  :	
  quantitative	
  biosciences	
  from	
  nano	
  to	
  macro	
  1,	
  
574-­‐586	
  (2009).	
  

277.	
   Schilling,	
   E.A.,	
   Kamholz,	
   A.E.	
   &	
   Yager,	
   P.	
   Cell	
   lysis	
   and	
   protein	
   extraction	
   in	
   a	
  microfluidic	
  
device	
  with	
  detection	
  by	
  a	
  fluorogenic	
  enzyme	
  assay.	
  Anal	
  Chem	
  74,	
  1798-­‐1804	
  (2002).	
  

278.	
   Heo,	
   J.,	
   Thomas,	
   K.J.,	
   Seong,	
   G.H.	
   &	
   Crooks,	
   R.M.	
   A	
   microfluidic	
   bioreactor	
   based	
   on	
  
hydrogel-­‐entrapped	
  E.	
  coli:	
  cell	
  viability,	
  lysis,	
  and	
  intracellular	
  enzyme	
  reactions.	
  Anal	
  Chem	
  
75,	
  22-­‐26	
  (2003).	
  

279.	
   Kim,	
  S.H.,	
  Yamamoto,	
  T.,	
  Fourmy,	
  D.	
  &	
  Fujii,	
  T.	
  An	
  electroactive	
  microwell	
  array	
  for	
  trapping	
  
and	
  lysing	
  single-­‐bacterial	
  cells.	
  Biomicrofluidics	
  5,	
  24114	
  (2011).	
  

280.	
   Lu,	
  H.,	
  Schmidt,	
  M.A.	
  &	
  Jensen,	
  K.F.	
  A	
  microfluidic	
  electroporation	
  device	
   for	
  cell	
   lysis.	
  Lab	
  
Chip	
  5,	
  23-­‐29	
  (2005).	
  

281.	
   Mernier,	
   G.,	
   Piacentini,	
   N.,	
   Braschler,	
   T.,	
   Demierre,	
   N.	
   &	
   Renaud,	
   P.	
   Continuous-­‐flow	
  
electrical	
   lysis	
  device	
  with	
   integrated	
  control	
  by	
  dielectrophoretic	
  cell	
   sorting.	
  Lab	
  Chip	
  10,	
  
2077-­‐2082	
  (2010).	
  

282.	
   Tsong,	
  T.Y.	
  Electroporation	
  of	
  cell	
  membranes.	
  Biophys	
  J	
  60,	
  297-­‐306	
  (1991).	
  
283.	
   Weaver,	
   J.C.	
   Electroporation	
  of	
   cells	
   and	
   tissues.	
  Plasma	
  Science,	
   IEEE	
   Transactions	
  on	
  28,	
  

24-­‐33	
  (2000).	
  
284.	
   Weaver,	
   J.C.	
   Electroporation:	
   a	
   general	
   phenomenon	
   for	
   manipulating	
   cells	
   and	
   tissues.	
  

Journal	
  of	
  cellular	
  biochemistry	
  51,	
  426-­‐435	
  (1993).	
  
285.	
   Weaver,	
   J.C.	
  &	
  Chizmadzhev,	
  Y.A.	
  Theory	
  of	
  electroporation:	
  A	
   review.	
  Bioelectrochemistry	
  

and	
  Bioenergetics	
  41,	
  135-­‐160	
  (1996).	
  
286.	
   Weaver,	
  J.C.	
  &	
  Mintzer,	
  R.A.	
  Decreased	
  Bilayer	
  Stability	
  Due	
  to	
  Transmembrane	
  Potentials.	
  

Phys	
  Lett	
  A	
  86,	
  57-­‐59	
  (1981).	
  
287.	
   Tarek,	
  M.	
  Membrane	
  electroporation:	
  A	
  molecular	
  dynamics	
  simulation.	
  Biophysical	
  Journal	
  

88,	
  4045-­‐4053	
  (2005).	
  
288.	
   Teissie,	
  J.,	
  Golzio,	
  M.	
  &	
  Rols,	
  M.P.	
  Mechanisms	
  of	
  cell	
  membrane	
  electropermeabilization:	
  A	
  

minireview	
  of	
  our	
  present	
  (lack	
  of	
  ?)	
  knowledge.	
  Bba-­‐Gen	
  Subjects	
  1724,	
  270-­‐280	
  (2005).	
  
289.	
   Tekle,	
  E.,	
  Astumian,	
  R.D.	
  &	
  Chock,	
  P.B.	
  Selective	
  and	
  Asymmetric	
  Molecular-­‐Transport	
  across	
  

Electroporated	
  Cell-­‐Membranes.	
  P	
  Natl	
  Acad	
  Sci	
  USA	
  91,	
  11512-­‐11516	
  (1994).	
  
290.	
   Klenchin,	
   V.A.,	
   Sukharev,	
   S.I.,	
   Serov,	
   S.M.,	
   Chernomordik,	
   L.V.	
   &	
   Chizmadzhev,	
   Y.A.	
   DNA	
  

Electrophoresis	
   Plays	
   a	
   Significant	
   Role	
   in	
   Electrostimulated	
   DNA	
   Translocation.	
   Biol	
  
Membrany	
  8,	
  769-­‐777	
  (1991).	
  

291.	
   Neumann,	
  E.,	
  Kakorin,	
  S.	
  &	
  Toensing,	
  K.	
  Fundamentals	
  of	
  electroporative	
  delivery	
  of	
  drugs	
  
and	
  genes.	
  Bioelectrochemistry	
  and	
  Bioenergetics	
  48,	
  3-­‐16	
  (1999).	
  



254	
  

	
  

292.	
   Valero,	
   A.	
   et	
   al.	
   Gene	
   transfer	
   and	
   protein	
   dynamics	
   in	
   stem	
   cells	
   using	
   single	
   cell	
  
electroporation	
  in	
  a	
  microfluidic	
  device.	
  Lab	
  on	
  a	
  chip	
  8,	
  62-­‐67	
  (2008).	
  

293.	
   Faurie,	
  C.,	
  Golzio,	
  M.,	
  Phez,	
  E.,	
  Teissie,	
   J.	
  &	
  Rols,	
  M.P.	
  Electric	
   field-­‐induced	
  cell	
  membrane	
  
permeabilization	
  and	
  gene	
  transfer:	
  Theory	
  and	
  experiments.	
  Eng	
  Life	
  Sci	
  5,	
  179-­‐186	
  (2005).	
  

294.	
   Wang,	
   H.Y.	
   &	
   Lu,	
   C.	
   Electroporation	
   of	
   mammalian	
   cells	
   in	
   a	
   microfluidic	
   channel	
   with	
  
geometric	
  variation.	
  Analytical	
  Chemistry	
  78,	
  5158-­‐5164	
  (2006).	
  

295.	
   Diez-­‐Silva,	
   M.,	
   Dao,	
   M.,	
   Han,	
   J.,	
   Lim,	
   C.T.	
   &	
   Suresh,	
   S.	
   Shape	
   and	
   Biomechanical	
  
Characteristics	
   of	
   Human	
   Red	
   Blood	
   Cells	
   in	
   Health	
   and	
  Disease.	
  MRS	
   bulletin	
   /	
  Materials	
  
Research	
  Society	
  35,	
  382-­‐388	
  (2010).	
  

296.	
   Kinosita,	
   K.,	
   Jr.	
   &	
   Tsong,	
   T.Y.	
   Voltage-­‐induced	
   pore	
   formation	
   and	
   hemolysis	
   of	
   human	
  
erythrocytes.	
  Biochimica	
  et	
  biophysica	
  acta	
  471,	
  227-­‐242	
  (1977).	
  

297.	
   Abiror,	
   I.G.	
   et	
   al.	
   246	
   -­‐	
   Electric	
   breakdown	
   of	
   bilayer	
   lipid	
   membranes	
   I.	
   The	
   main	
  
experimental	
  facts	
  and	
  their	
  qualitative	
  discussion.	
  Bioelectrochemistry	
  and	
  Bioenergetics	
  6,	
  
37-­‐52	
  (1979).	
  

298.	
   Chernomordik,	
   L.V.	
   et	
   al.	
   The	
   electrical	
   breakdown	
   of	
   cell	
   and	
   lipid	
   membranes:	
   the	
  
similarity	
  of	
  phenomenologies.	
  Biochimica	
  et	
  biophysica	
  acta	
  902,	
  360-­‐373	
  (1987).	
  

299.	
   Serpersu,	
   E.H.,	
   Kinosita,	
   K.,	
   Jr.	
   &	
   Tsong,	
   T.Y.	
   Reversible	
   and	
   irreversible	
   modification	
   of	
  
erythrocyte	
  membrane	
  permeability	
  by	
  electric	
  field.	
  Biochimica	
  et	
  biophysica	
  acta	
  812,	
  779-­‐
785	
  (1985).	
  

300.	
   Ward,	
  M.,	
  Wu,	
   J.	
  &	
  Chiu,	
   J.F.	
  Ultrasound-­‐induced	
   cell	
   lysis	
   and	
   sonoporation	
  enhanced	
  by	
  
contrast	
  agents.	
  The	
  Journal	
  of	
  the	
  Acoustical	
  Society	
  of	
  America	
  105,	
  2951-­‐2957	
  (1999).	
  

301.	
   Khanna,	
  S.,	
  Amso,	
  N.N.,	
  Paynter,	
  S.J.	
  &	
  Coakley,	
  W.T.	
  Contrast	
  agent	
  bubble	
  and	
  erythrocyte	
  
behavior	
  in	
  a	
  1.5-­‐MHz	
  standing	
  ultrasound	
  wave.	
  Ultrasound	
  in	
  medicine	
  &	
  biology	
  29,	
  1463-­‐
1470	
  (2003).	
  

302.	
   Lee,	
  Y.H.	
  &	
  Peng,	
  C.A.	
  Enhanced	
  retroviral	
  gene	
  delivery	
   in	
  ultrasonic	
  standing	
  wave	
  fields.	
  
Gene	
  therapy	
  12,	
  625-­‐633	
  (2005).	
  

303.	
   Lindström,	
   S.	
   &	
   Andersson-­‐Svahn,	
   H.	
   Overview	
   of	
   single-­‐cell	
   analyses:	
   microdevices	
   and	
  
applications.	
  Lab	
  Chip	
  10,	
  3363-­‐3372	
  (2010).	
  

304.	
   Ryan,	
  D.,	
  Ren,	
  K.	
  &	
  Wu,	
  H.	
  Single-­‐cell	
  assays.	
  Biomicrofluidics	
  5,	
  21501	
  (2011).	
  
305.	
   Zong,	
  C.,	
  Lu,	
  S.,	
  Chapman,	
  A.R.	
  &	
  Xie,	
  X.S.	
  Genome-­‐wide	
  detection	
  of	
  single-­‐nucleotide	
  and	
  

copy-­‐number	
  variations	
  of	
  a	
  single	
  human	
  cell.	
  Science	
  338,	
  1622-­‐1626	
  (2012).	
  
306.	
   Flatz,	
   L.	
   et	
   al.	
   Single-­‐cell	
   gene-­‐expression	
  profiling	
   reveals	
   qualitatively	
   distinct	
   CD8	
   T	
   cells	
  

elicited	
  by	
  different	
  gene-­‐based	
  vaccines.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  108,	
  5724-­‐5729	
  (2011).	
  
307.	
   Amantonico,	
  A.,	
  Urban,	
  P.L.	
  &	
  Zenobi,	
  R.	
  Analytical	
  techniques	
  for	
  single-­‐cell	
  metabolomics:	
  

state	
  of	
  the	
  art	
  and	
  trends.	
  Anal	
  Bioanal	
  Chem	
  398,	
  2493-­‐2504	
  (2010).	
  
308.	
   Lin,	
   Z.	
   &	
   Cai,	
   Z.	
   Cell	
   lysis	
   methods	
   for	
   high-­‐throughput	
   screening	
   or	
   miniaturized	
   assays.	
  

Biotechnology	
  journal	
  4,	
  210-­‐215	
  (2009).	
  
309.	
   Di	
   Carlo,	
   D.,	
   Ionescu-­‐Zanetti,	
   C.,	
   Zhang,	
   Y.,	
   Hung,	
   P.	
   &	
   Lee,	
   L.P.	
   On-­‐chip	
   cell	
   lysis	
   by	
   local	
  

hydroxide	
  generation.	
  Lab	
  Chip	
  5,	
  171-­‐178	
  (2005).	
  
310.	
   Church,	
  C.,	
  Zhu,	
  J.,	
  Huang,	
  G.,	
  Tzeng,	
  T.R.	
  &	
  Xuan,	
  X.	
  Integrated	
  electrical	
  concentration	
  and	
  

lysis	
  of	
  cells	
  in	
  a	
  microfluidic	
  chip.	
  Biomicrofluidics	
  4,	
  44101	
  (2010).	
  
311.	
   Han,	
  F.	
  et	
  al.	
  Fast	
  electrical	
   lysis	
  of	
  cells	
   for	
  capillary	
  electrophoresis.	
  Anal	
  Chem	
  75,	
  3688-­‐

3696	
  (2003).	
  
312.	
   Kemmerling,	
   S.	
   et	
   al.	
   Single-­‐cell	
   lysis	
   for	
   visual	
   analysis	
   by	
   electron	
  microscopy.	
   Journal	
   of	
  

structural	
  biology	
  183,	
  467-­‐473	
  (2013).	
  
313.	
   Nashimoto,	
   Y.	
   et	
   al.	
   Measurement	
   of	
   gene	
   expression	
   from	
   single	
   adherent	
   cells	
   and	
  

spheroids	
  collected	
  using	
  fast	
  electrical	
  lysis.	
  Anal	
  Chem	
  79,	
  6823-­‐6830	
  (2007).	
  
314.	
   Brown,	
  R.B.	
  &	
  Audet,	
  J.	
  Current	
  techniques	
  for	
  single-­‐cell	
  lysis.	
  Journal	
  of	
  the	
  Royal	
  Society,	
  

Interface	
  /	
  the	
  Royal	
  Society	
  5	
  Suppl	
  2,	
  S131-­‐138	
  (2008).	
  



255	
  

	
  

315.	
   Nan,	
  L.,	
  Jiang,	
  Z.	
  &	
  Wei,	
  X.	
  Emerging	
  microfluidic	
  devices	
  for	
  cell	
  lysis:	
  a	
  review.	
  Lab	
  Chip	
  14,	
  
1060-­‐1073	
  (2014).	
  

316.	
   Nevill,	
   J.T.,	
   Cooper,	
   R.,	
   Dueck,	
   M.,	
   Breslauer,	
   D.N.	
   &	
   Lee,	
   L.P.	
   Integrated	
   microfluidic	
   cell	
  
culture	
  and	
  lysis	
  on	
  a	
  chip.	
  Lab	
  Chip	
  7,	
  1689-­‐1695	
  (2007).	
  

317.	
   Giaever,	
   I.	
   &	
   Keese,	
   C.R.	
  Monitoring	
   fibroblast	
   behavior	
   in	
   tissue	
   culture	
   with	
   an	
   applied	
  
electric	
  field.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  81,	
  3761-­‐3764	
  (1984).	
  

318.	
   Hong,	
   J.,	
   Kandasamy,	
   K.,	
   Marimuthu,	
   M.,	
   Choi,	
   C.S.	
   &	
   Kim,	
   S.	
   Electrical	
   cell-­‐substrate	
  
impedance	
   sensing	
   as	
   a	
   non-­‐invasive	
   tool	
   for	
   cancer	
   cell	
   study.	
   The	
   Analyst	
  136,	
   237-­‐245	
  
(2011).	
  

319.	
   Trommler,	
  A.,	
  Gingell,	
  D.	
  &	
  Wolf,	
  H.	
  Red	
  blood	
  cells	
  experience	
  electrostatic	
   repulsion	
  but	
  
make	
  molecular	
  adhesions	
  with	
  glass.	
  Biophys	
  J	
  48,	
  835-­‐841	
  (1985).	
  

320.	
   Seidl,	
   J.,	
  Knuechel,	
  R.	
  &	
  Kunz-­‐Schughart,	
  L.A.	
  Evaluation	
  of	
  membrane	
  physiology	
   following	
  
fluorescence	
  activated	
  or	
  magnetic	
  cell	
  separation.	
  Cytometry	
  36,	
  102-­‐111	
  (1999).	
  

321.	
   Calliada,	
  F.,	
  Campani,	
  R.,	
  Bottinelli,	
  O.,	
  Bozzini,	
  A.	
  &	
  Sommaruga,	
  M.G.	
  Ultrasound	
  contrast	
  
agents:	
  basic	
  principles.	
  European	
  journal	
  of	
  radiology	
  27	
  Suppl	
  2,	
  S157-­‐160	
  (1998).	
  

322.	
   Ibsen,	
  S.,	
  Schutt,	
  C.E.	
  &	
  Esener,	
  S.	
  Microbubble-­‐mediated	
  ultrasound	
  therapy:	
  a	
  review	
  of	
  its	
  
potential	
  in	
  cancer	
  treatment.	
  Drug	
  design,	
  development	
  and	
  therapy	
  7,	
  375-­‐388	
  (2013).	
  

323.	
   Dayton,	
   P.A.	
   et	
   al.	
   Optical	
   and	
   acoustical	
   dynamics	
   of	
  microbubble	
   contrast	
   agents	
   inside	
  
neutrophils.	
  Biophys	
  J	
  80,	
  1547-­‐1556	
  (2001).	
  

324.	
   Collis,	
   J.	
   et	
   al.	
   Cavitation	
   microstreaming	
   and	
   stress	
   fields	
   created	
   by	
   microbubbles.	
  
Ultrasonics	
  50,	
  273-­‐279	
  (2010).	
  

325.	
   Bouakaz,	
   A.,	
   Versluis,	
  M.	
  &	
   de	
   Jong,	
   N.	
   High-­‐speed	
   optical	
   observations	
   of	
   contrast	
   agent	
  
destruction.	
  Ultrasound	
  in	
  medicine	
  &	
  biology	
  31,	
  391-­‐399	
  (2005).	
  

326.	
   Miller,	
  M.W.,	
  Miller,	
  D.L.	
  &	
  Brayman,	
  A.A.	
  A	
  review	
  of	
  in	
  vitro	
  bioeffects	
  of	
  inertial	
  ultrasonic	
  
cavitation	
  from	
  a	
  mechanistic	
  perspective.	
  Ultrasound	
  in	
  medicine	
  &	
  biology	
  22,	
  1131-­‐1154	
  
(1996).	
  

327.	
   Koch,	
  S.,	
  Pohl,	
  P.,	
  Cobet,	
  U.	
  &	
  Rainov,	
  N.G.	
  Ultrasound	
  enhancement	
  of	
  liposome-­‐mediated	
  
cell	
   transfection	
   is	
   caused	
  by	
   cavitation	
  effects.	
  Ultrasound	
   in	
  medicine	
  &	
  biology	
  26,	
   897-­‐
903	
  (2000).	
  

328.	
   Zhao,	
  Y.Z.	
  et	
  al.	
  Phospholipids-­‐based	
  microbubbles	
  sonoporation	
  pore	
  size	
  and	
  reseal	
  of	
  cell	
  
membrane	
  cultured	
  in	
  vitro.	
  Journal	
  of	
  drug	
  targeting	
  16,	
  18-­‐25	
  (2008).	
  

329.	
   Christiansen,	
   J.P.,	
   French,	
   B.A.,	
   Klibanov,	
   A.L.,	
   Kaul,	
   S.	
   &	
   Lindner,	
   J.R.	
   Targeted	
   tissue	
  
transfection	
   with	
   ultrasound	
   destruction	
   of	
   plasmid-­‐bearing	
   cationic	
   microbubbles.	
  
Ultrasound	
  in	
  medicine	
  &	
  biology	
  29,	
  1759-­‐1767	
  (2003).	
  

330.	
   Schlachetzki,	
   F.	
   et	
   al.	
   Observation	
   on	
   the	
   integrity	
   of	
   the	
   blood-­‐brain	
   barrier	
   after	
  
microbubble	
   destruction	
   by	
   diagnostic	
   transcranial	
   color-­‐coded	
   sonography.	
   Journal	
   of	
  
ultrasound	
  in	
  medicine	
  :	
  official	
   journal	
  of	
  the	
  American	
  Institute	
  of	
  Ultrasound	
  in	
  Medicine	
  
21,	
  419-­‐429	
  (2002).	
  

331.	
   Kheirolomoom,	
   A.	
   et	
   al.	
   Acoustically-­‐active	
   microbubbles	
   conjugated	
   to	
   liposomes:	
  
characterization	
  of	
  a	
  proposed	
  drug	
  delivery	
  vehicle.	
   Journal	
  of	
   controlled	
   release	
   :	
  official	
  
journal	
  of	
  the	
  Controlled	
  Release	
  Society	
  118,	
  275-­‐284	
  (2007).	
  

332.	
   Huang,	
  S.L.	
  Liposomes	
  in	
  ultrasonic	
  drug	
  and	
  gene	
  delivery.	
  Advanced	
  drug	
  delivery	
  reviews	
  
60,	
  1167-­‐1176	
  (2008).	
  

333.	
   Porter,	
   T.R.,	
   LeVeen,	
   R.F.,	
   Fox,	
   R.,	
   Kricsfeld,	
   A.	
   &	
   Xie,	
   F.	
   Thrombolytic	
   enhancement	
   with	
  
perfluorocarbon-­‐exposed	
  sonicated	
  dextrose	
  albumin	
  microbubbles.	
  American	
  heart	
  journal	
  
132,	
  964-­‐968	
  (1996).	
  

334.	
   Molina,	
   C.A.	
   et	
   al.	
   Microbubble	
   administration	
   accelerates	
   clot	
   lysis	
   during	
   continuous	
   2-­‐
MHz	
  ultrasound	
  monitoring	
   in	
  stroke	
  patients	
  treated	
  with	
   intravenous	
  tissue	
  plasminogen	
  
activator.	
  Stroke;	
  a	
  journal	
  of	
  cerebral	
  circulation	
  37,	
  425-­‐429	
  (2006).	
  



256	
  

	
  

335.	
   van	
   der	
   Meer,	
   S.M.	
   et	
   al.	
   Microbubble	
   spectroscopy	
   of	
   ultrasound	
   contrast	
   agents.	
   The	
  
Journal	
  of	
  the	
  Acoustical	
  Society	
  of	
  America	
  121,	
  648-­‐656	
  (2007).	
  

336.	
   Tang,	
  M.X.	
  &	
  Eckersley,	
  R.J.	
  Frequency	
  and	
  pressure	
  dependent	
  attenuation	
  and	
  scattering	
  
by	
  microbubbles.	
  Ultrasound	
  in	
  medicine	
  &	
  biology	
  33,	
  164-­‐168	
  (2007).	
  

337.	
   Emmer,	
   M.	
   et	
   al.	
   Pressure-­‐dependent	
   attenuation	
   and	
   scattering	
   of	
   phospholipid-­‐coated	
  
microbubbles	
   at	
   low	
   acoustic	
   pressures.	
   Ultrasound	
   in	
   medicine	
   &	
   biology	
   35,	
   102-­‐111	
  
(2009).	
  

338.	
   Kimmel,	
   E.,	
   Krasovitski,	
   B.,	
   Hoogi,	
   A.,	
   Razansky,	
   D.	
   &	
   Adam,	
   D.	
   Subharmonic	
   response	
   of	
  
encapsulated	
   microbubbles:	
   conditions	
   for	
   existence	
   and	
   amplification.	
   Ultrasound	
   in	
  
medicine	
  &	
  biology	
  33,	
  1767-­‐1776	
  (2007).	
  

339.	
   de	
   Jong,	
   N.,	
   Emmer,	
   M.,	
   van	
   Wamel,	
   A.	
   &	
   Versluis,	
   M.	
   Ultrasonic	
   characterization	
   of	
  
ultrasound	
   contrast	
   agents.	
   Medical	
   &	
   biological	
   engineering	
   &	
   computing	
   47,	
   861-­‐873	
  
(2009).	
  

340.	
   Sijl,	
  J.	
  et	
  al.	
  Combined	
  optical	
  and	
  acoustical	
  detection	
  of	
  single	
  microbubble	
  dynamics.	
  The	
  
Journal	
  of	
  the	
  Acoustical	
  Society	
  of	
  America	
  130,	
  3271-­‐3281	
  (2011).	
  

341.	
   Thomas,	
   D.H.	
   et	
   al.	
   Single	
   microbubble	
   response	
   using	
   pulse	
   sequences:	
   initial	
   results.	
  
Ultrasound	
  in	
  medicine	
  &	
  biology	
  35,	
  112-­‐119	
  (2009).	
  

342.	
   Morgan,	
  K.E.	
  et	
  al.	
  Experimental	
  and	
  theoretical	
  evaluation	
  of	
  microbubble	
  behavior:	
  effect	
  
of	
   transmitted	
   phase	
   and	
   bubble	
   size.	
   IEEE	
   transactions	
   on	
   ultrasonics,	
   ferroelectrics,	
   and	
  
frequency	
  control	
  47,	
  1494-­‐1509	
  (2000).	
  

343.	
   Zhou,	
  Y.,	
  Yang,	
  K.,	
  Cui,	
   J.,	
  Ye,	
   J.Y.	
  &	
  Deng,	
  C.X.	
  Controlled	
  permeation	
  of	
  cell	
  membrane	
  by	
  
single	
  bubble	
  acoustic	
  cavitation.	
  Journal	
  of	
  Controlled	
  Release	
  157,	
  103-­‐111	
  (2012).	
  

344.	
   Sankin,	
  G.N.,	
  Yuan,	
  F.	
  &	
  Zhong,	
  P.	
  Pulsating	
  tandem	
  microbubble	
  for	
  localized	
  and	
  directional	
  
single-­‐cell	
  membrane	
  poration.	
  Physical	
  review	
  letters	
  105,	
  078101	
  (2010).	
  

345.	
   Lim,	
  K.Y.	
  et	
  al.	
  Nonspherical	
  laser-­‐induced	
  cavitation	
  bubbles.	
  Physical	
  review.	
  E,	
  Statistical,	
  
nonlinear,	
  and	
  soft	
  matter	
  physics	
  81,	
  016308	
  (2010).	
  

346.	
   Pawar,	
  S.D.,	
  Murugavel,	
  P.	
  &	
  Lal,	
  D.M.	
  Effect	
  of	
  relative	
  humidity	
  and	
  sea	
  level	
  pressure	
  on	
  
electrical	
  conductivity	
  of	
  air	
  over	
  Indian	
  Ocean.	
  J	
  Geophys	
  Res-­‐Atmos	
  114	
  (2009).	
  

347.	
   Shih,	
   R.	
   et	
   al.	
   Flow-­‐focusing	
   regimes	
   for	
   accelerated	
   production	
   of	
   monodisperse	
   drug-­‐
loadable	
  microbubbles	
  toward	
  clinical-­‐scale	
  applications.	
  Lab	
  Chip	
  13,	
  4816-­‐4826	
  (2013).	
  

348.	
   van	
   Liew,	
   H.D.	
   &	
   Burkard,	
   M.E.	
   Behavior	
   of	
   bubbles	
   of	
   slowly	
   permeating	
   gas	
   used	
   for	
  
ultrasonic	
  imaging	
  contrast.	
  Investigative	
  radiology	
  30,	
  315-­‐321	
  (1995).	
  

349.	
   van	
  der	
  Meer,	
  S.M.	
  et	
  al.	
  Highly	
  non-­‐linear	
  contrast	
  agent	
  oscillations:	
  the	
  compression-­‐only	
  
behavior.	
  Ultrason,	
  974-­‐976	
  (2005).	
  

350.	
   Medwin,	
  H.	
  Counting	
  Bubbles	
  Acoustically	
  -­‐	
  Review.	
  Ultrasonics	
  15,	
  7-­‐13	
  (1977).	
  
351.	
   Dejong,	
  N.,	
  Hoff,	
  L.,	
  Skotland,	
  T.	
  &	
  Bom,	
  N.	
  Absorption	
  and	
  Scatter	
  of	
  Encapsulated	
  Gas	
  Filled	
  

Microspheres	
  -­‐	
  Theoretical	
  Considerations	
  and	
  Some	
  Measurements.	
  Ultrasonics	
  30,	
  95-­‐103	
  
(1992).	
  

352.	
   Schutt,	
   C.E.,	
   Ibsen,	
   S.D.,	
   Thrift,	
   W.	
   &	
   Esener,	
   S.C.	
   The	
   influence	
   of	
   distance	
   between	
  
microbubbles	
   on	
   the	
   fluid	
   flow	
   produced	
   during	
   ultrasound	
   exposure.	
   The	
   Journal	
   of	
   the	
  
Acoustical	
  Society	
  of	
  America	
  136,	
  3422-­‐3430	
  (2014).	
  

353.	
   Chomas,	
  J.E.,	
  Dayton,	
  P.,	
  Allen,	
  J.,	
  Morgan,	
  K.	
  &	
  Ferrara,	
  K.W.	
  Mechanisms	
  of	
  contrast	
  agent	
  
destruction.	
  Ieee	
  T	
  Ultrason	
  Ferr	
  48,	
  232-­‐248	
  (2001).	
  

354.	
   Cha,	
   Y.S.	
   &	
   Henry,	
   R.E.	
   Bubble-­‐Growth	
   during	
   Decompression	
   of	
   a	
   Liquid.	
   J	
   Heat	
   Trans-­‐T	
  
Asme	
  103,	
  56-­‐60	
  (1981).	
  

355.	
   Emmer,	
  M.,	
  van	
  Wamel,	
  A.,	
  Goertz,	
  D.E.	
  &	
  de	
  Jong,	
  N.	
  The	
  onset	
  of	
  microbubble	
  vibration.	
  
Ultrasound	
  in	
  medicine	
  &	
  biology	
  33,	
  941-­‐949	
  (2007).	
  

356.	
   De	
   Jong,	
   N.	
   et	
   al.	
   "Compression-­‐only"	
   behavior	
   of	
   phospholipid-­‐coated	
   contrast	
   bubbles.	
  
Ultrasound	
  in	
  Medicine	
  and	
  Biology	
  33,	
  653-­‐656	
  (2007).	
  



257	
  

	
  

357.	
   Lipp,	
   M.M.,	
   Lee,	
   K.Y.C.,	
   Takamoto,	
   D.Y.,	
   Zasadzinski,	
   J.A.	
   &	
   Waring,	
   A.J.	
   Coexistence	
   of	
  
buckled	
  and	
  flat	
  monolayers.	
  Physical	
  review	
  letters	
  81,	
  1650-­‐1653	
  (1998).	
  

358.	
   Sijl,	
  J.	
  et	
  al.	
  "Compression-­‐only"	
  behavior:	
  a	
  second-­‐order	
  nonlinear	
  response	
  of	
  ultrasound	
  
contrast	
   agent	
  microbubbles.	
   The	
   Journal	
   of	
   the	
   Acoustical	
   Society	
   of	
   America	
  129,	
   1729-­‐
1739	
  (2011).	
  

359.	
   de	
   Jong,	
   N.	
   et	
   al.	
   "Compression-­‐only"	
   behavior	
   of	
   phospholipid-­‐coated	
   contrast	
   bubbles.	
  
Ultrasound	
  in	
  medicine	
  &	
  biology	
  33,	
  653-­‐656	
  (2007).	
  

360.	
   Marmottant,	
  P.	
  et	
  al.	
  A	
  model	
  for	
  large	
  amplitude	
  oscillations	
  of	
  coated	
  bubbles	
  accounting	
  
for	
  buckling	
  and	
  rupture.	
  Journal	
  of	
  the	
  Acoustical	
  Society	
  of	
  America	
  118,	
  3499-­‐3505	
  (2005).	
  

361.	
   del	
   Campo,	
   A.	
   &	
   Greiner,	
   C.	
   SU-­‐8:	
   a	
   photoresist	
   for	
   high-­‐aspect-­‐ratio	
   and	
   3D	
   submicron	
  
lithography.	
  Journal	
  of	
  Micromechanics	
  and	
  Microengineering	
  17,	
  R81-­‐R95	
  (2007).	
  

362.	
   Chung,	
  C.K.,	
  Tsai,	
  M.Q.,	
  Tsai,	
  P.H.	
  &	
  Lee,	
  C.	
  Fabrication	
  and	
  characterization	
  of	
  amorphous	
  Si	
  
films	
   by	
   PECVD	
   for	
  MEMS.	
   Journal	
   of	
   Micromechanics	
   and	
  Microengineering	
   15,	
   136-­‐142	
  
(2005).	
  

363.	
   Mason,	
   M.G.	
   et	
   al.	
   Characterization	
   of	
   treated	
   indium-­‐tin-­‐oxide	
   surfaces	
   used	
   in	
  
electroluminescent	
  devices.	
  J	
  Appl	
  Phys	
  86,	
  1688-­‐1692	
  (1999).	
  

	
  

	
  

	
  

	
  




