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ABSTRACT OF THE DISSERTATION 
 

ACOUSTIC MANIPULATION AND ALIGNMENT OF PARTICLES FOR 

APPLICATIONS IN SEPARATION, MICRO-TEMPLATING, AND DEVICE 

FABRICATION 

by 

Kamran Moradi 

Florida International University, 2015 

Miami, Florida 

Professor Bilal El-Zahab, Major Professor 

This dissertation studies the manipulation of particles using acoustic stimulation for 

applications in microfluidics and templating of devices. The term particle is used here to 

denote any solid, liquid or gaseous material that has properties, which are distinct from 

the fluid in which it is suspended. Manipulation means to take over the movements of the 

particles and to position them in specified locations.  

Using devices, microfabricated out of silicon, the behavior of particles under the acoustic 

stimulation was studied with the main purpose of aligning the particles at either low-

pressure zones, known as the nodes or high-pressure zones, known as anti-nodes. By 

aligning particles at the nodes in a flow system, these particles can be focused at the 

center or walls of a microchannel in order to ultimately separate them. These separations 

are of high scientific importance, especially in the biomedical domain, since 

acoustopheresis provides a unique approach to separate based on density and 

compressibility, unparalleled by other techniques. The study of controlling and aligning 
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the particles in various geometries and configurations was successfully achieved by 

controlling the acoustic waves.  

Apart from their use in flow systems, a stationary suspended-particle device was 

developed to provide controllable light transmittance based on acoustic stimuli. Using a 

glass compartment and a carbon-particle suspension in an organic solvent, the device 

responded to acoustic stimulation by aligning the particles. The alignment of light-

absorbing carbon particles afforded an increase in visible light transmittance as high as 

84.5%, and it was controlled by adjusting the frequency and amplitude of the acoustic 

wave. The device also demonstrated alignment memory rendering it energy-efficient. A 

similar device for suspended-particles in a monomer enabled the development of 

electrically conductive films. These films were based on networks of conductive 

particles. Elastomers doped with conductive metal particles were rendered surface 

conductive at particle loadings as low as 1% by weight using acoustic focusing. The 

resulting films were flexible and had transparencies exceeding 80% in the visible 

spectrum (400-800 nm) These films had electrical bulk conductivities exceeding 50 S/cm. 
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1 Introduction   

1.1 Background  

Miniaturization has progressed considerably in the last decade. It has found utility in 

many systems, including mechanical, electrical, biological, and others. The science that 

deals with the flow of fluids and suspensions in channels with less than millimeter-sized 

cross-sections under the influence of external forces is called microfluidics. External 

forces could be acoustic, magnetic, or electric, among others. Microfluidic devices have 

been extensively developed because of their usefulness in analytical sciences and bio-

analysis [1]. The separation and sorting of biological cells is critical to a variety of 

biomedical applications, including diagnostics, therapeutics and fundamental cell biology 

[2]. The microfluidic platform technology has been fast progressing towards the 

miniaturization, integration, and automation of biological and chemical assays [3], [4]. 

One of the representative output technologies in this trend is lab-on-a-chip (LOC) 

devices, also known as micro total analysis systems, which combine lab-scale tasks on a 

single mini-scale chip [5], [6]. They have two main significances, first, they require small 

volume of sample size, which increases the synthesis and analysis process speed, and 

reduces the consumption of reagent and cost. On the other hand, these devices are 

compact, which allows multiple analyses and process parallelization to occur 

simultaneously, yielding high throughput analyses [7], [8].  

1.2 Particle Manipulations Methods 

Manipulating and separating particles is a critical activity in a variety of engineering, 

medical, and biochemical applications. However, LOCs have several advantages over 

traditional large-scale methods, which are often labor intensive and require multiple tags 
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or labels to identify target particles. One of the most traditional and still promising 

methods that is used to separate particles based on their density is centrifugation [9]. 

Centrifugation is a manual and macroscale technique, which requires labor dedication, 

long operation times, large sample sizes, and is prone to contamination [10]. There is 

significant interest in the manipulation of particles using label-free methods that utilize 

their intrinsic properties, such as size, density, shape, and electrical polarizability. 

Extrinsic properties, such as magnetization to execute manipulation or separation from 

fluidic media, are also of interest. Acoustic, optical, magnetic, electrical, inertial, and 

hydrodynamic approaches have been developed and implemented in different biological 

and engineering applications. Some basics and definitions of these methodologies are 

discussed and compared in the next sections. 

1.2.1 Acoustophoresis  

Acoustic waves carry pressure profiles, which generate acoustic forces. Particles exposed 

to this force will be affected and consequently displaced, either to pressure nodes or 

pressure anti-nodes, depending on the physical properties of the particles and the 

suspending medium. The process of manipulating particles using such acoustic forces is 

called acoustophoresis [11], [12]. A very general way of designing an acoustic resonator 

for manipulation purposes includes a cavity or a microchannel in which both walls are 

smooth and parallel to each other to promote efficient focusing. In the simplest design, 

one wall acts as a resonator while the opposite wall acts as a passive/active resonator 

(Figure 1.1).  
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Figure 1.1. Schematic of acoustophoresis phenomena with a single transducer and one 
reflector or two transducers acting in opposite directions. 

A modern microfabrication method is required that will be discussed in the next chapter.  

The acoustic wave is either generated by piezoelectric transducers, which is most 

commonly composed of lead zirconate titanate (PZT), or inter-digitated transducers 

(IDT) [13]–[15]. These transducers should be able to act in different resonance modes, 

depending on the application. However, there is a material limitation in PZT 

manufacturing. The possibility of generating very high frequencies in higher voltages is 

challenging. The standing wave has two main parameters: frequency and amplitude. 

Every standing wave has a node and an anti-node, as shown in Figure 1.2. In order to 

have a single node in the microchannel, the microchannel can be designed to have the 

same width as the length of half a standing-wavelength. This is the main relationship 

between physical and frequency domain. Travelling acoustic waves have two parameters, 

wavelength and frequency. Their multiplication yields the speed of that acoustic wave in 
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that media. Having the width of the cavity or microchannel and the frequency can give us 

the speed of travelling standing wave into suspension.  

 

Figure 1.2. Schematic of standing-wave adaption to a microchannel. 

 

To quantify the acoustic force on the particles in a suspension, a mathematical model was 

developed to justify the physics of the acoustophoresis.  To find the one-dimensional 

transverse, standing, ultrasound, 2/ߣ pressure resonance is defined in Equation 1.1 as: 

Equation 1.1 

ܲ1ሺݖሻ ൌ ܲܽ cos ቀߨ
ݖ

ݓ
ቁሳልሰܲܽ cos ൬

ߨ2

ݓ2
 ൰ݖ

					ߣൌݓ2				
ሳልልልልልሰܲܽ cos ൬

ߨ2

ߣ
൰ݖ

					
ߨ2

ߣ
ൌ݇				

ሳልልልልሰ ܲܽ cosሺ݇ݖሻ 

where w is the width of microchannel and is equal to the half of wavelength (ߣሻ. k is the 

wavenumber which maps the frequency domain (݇ ൌ గ

௪
) to the physical domain (z 

direction 0 ൑ ݖ ൑  (Figure 1.3) .(ݓ
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Figure 1.3. Cross-sectional sketch of a straight, silicon walls (gray) fluid-filled. 
microchannel of width w with a transverse, standing, ultrasound 2/ߣ-pressure resonance 

pin(z)=Pacos(kz), wavenumber k=ݓ/ߨ, in physical (0<z<w)and frequency domain 
(0<z<	ߨሻ.  

 

The first order incoming acoustic field are given by: 

Equation 1.2 
߮݅݊ሺݖ, ሻݐ ൌ ܲܽ cosሺ݇ݖሻ

cosሺ߱ݐሻ
߱݋ߩ

 

Acoustic pressure:  

Equation 1.3 
ܲ݅݊ሺݖ, ሻݐ ൌ ܲܽ cosሺ݇ݖሻ sinሺ߱ݐሻ 

Density field:  

Equation 1.4 
,ݖሺ݊݅ߩ ሻݐ ൌ

ܲܽ
ܿ0
2 cosሺ݇ݖሻ sinሺ߱ݐሻ 

Velocity field: 

Equation 1.5 
ܸ݅݊ሺݖ, ሻݐ ൌ െ

ܲܽ
0ܿ0ߩ

sinሺ݇ݖሻ cosሺ�ݐሻ݁ݖ 

From these equations, the time average of the functions can be calculated, as shown 

below: 
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Equation 1.6 

൏ cosଶሺ߱ݐሻ ൐ ൌ ൏
1
2
ሺ1 ൅ cosሺ2߱ݐሻሻ ൐	

ൌ 	
1
2
൅	൏

1
2
ሺcosሺ2߱ݐሻሻ ൐	

ൌ 		
1
2

൅
1
ݐ∆2

න cosሺ2߱ݐሻ ݐ݀ ൌ 	
1
2

గ

଴
 

 

Equation 1.7 

൏ sinଶሺ߱ݐሻ ൐ ൌ ൏
1
2
ሺ1 െ cosሺ2߱ݐሻሻ ൐	

ൌ 	
1
2
െ	൏

1
2
ሺcosሺ2߱ݐሻሻ ൐	

ൌ 	
1
2
	

െ
1
ݐ∆2

න cosሺ2߱ݐሻ ݐ݀ ൌ 	
1
2

గ

଴
 

Based on the time average values, it can be concluded that: 

Equation 1.8 

〈ܲ݅݊
2 〉 ൌ 〈ሺܲܽ cosሺ݇ݖሻ sinሺ߱ݐሻሻ

2〉

ൌ 	 ሺܲܽ cosሺ݇ݖሻሻ2〈sin2ሺ߱ݐሻ〉

ൌ
1

2
ሺܲܽ cosሺ݇ݖሻሻ2 

 

Equation 1.9 

〈ܸ݅݊
2 〉 ൌ 〈ሺ

ܲܽ
0ܿߩ

sinሺ݇ݖሻ cosሺ߱ݐሻሻ2〉

ൌ 	 ൬
ܲܽ
0ܿߩ

sinሺ݇ݖሻ൰
2

〈cos2ሺ߱ݐሻ〉

ൌ
1

2
൬
ܲܽ
0ܿߩ

sinሺ݇ݖሻ൰
2
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For a small, spherical particles (a<<λ), acoustic radiation potential will be: 

Equation 1.10 ܷ݀ܽݎ ൌ
ߨ4

3
ܽ3 ൤݂1

1

2
݊݅ܲ〉0ߢ

2 〉 െ ݂2
3

4
ܸ݊݅〉0ߩ

2 〉൨ 

 

ܷ௥௔ௗ ൌ
ߨ4
3
ܽଷ ቈ ଵ݂

1
2
଴ߢ ൬

1
2
ሺ ௔ܲ cosሺ݇ݖሻሻଶ		൰ 		െ ଶ݂

3
4
଴ߩ ቆ

1
2
൬ ௔ܲ

଴ܿߩ
sinሺ݇ݖሻ൰

ଶ

ቇ቉ 

ܷ௥௔ௗ ൌ ଷܽߨ ௔ܲ
ଶ ቈ ଵ݂

3
଴ߢ cosଶሺ݇ݖሻ 		െ

ଶ݂

଴ܿߩ2
ଶ sin

ଶሺ݇ݖሻ቉ 

Equation 1.11 								0ߢൌ
1

0ܿ0ߩ
2								

ሳልልልልልልልልልሰ ݀ܽݎܷ ൌ 3ܲܽܽߨ
0ߢ2 ൤

݂1
3
cos2ሺ݇ݖሻ 		െ

݂2
2
sin2ሺ݇ݖሻ൨ 

The subsequent radiation force Frad on a small, spherical particle (a<<λ) in a fluid is the 

gradient of an acoustic potential Urad, 

Equation 1.12 
݀ܽݎܨ ൌ െ݀ܽݎܷ׏ 

All terms of acoustic potential Urad are independent of the z-direction, but the 

trigonometric terms are dependent. Therefore, deriving the trigonometric terms in the z 

direction (Equation 1.11) and applying proper trigonometric conversions will result in a 

common term [sin(2kz)] that allows the super-positioning in  Equation 1.15.  

Equation 1.13 

߲ሾcos2ሺ݇ݖሻሿ

ݖ߲
ൌ െ݇ሺ2 sinሺ݇ݔሻ cosሺ݇ݖሻሻ

ൌ െ݇݊݅ݏሺ2݇ݖሻ 

 

Equation 1.14 

߲ሾsin2ሺ݇ݖሻሿ

ݖ߲
ൌ ݇ሺ2 cosሺ݇ݔሻ sinሺ݇ݖሻሻ

ൌ  ሻݖሺ2݇݊݅ݏ݇
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 Equation 1.15 

݀ܽݎܨ ൌ െ݀ܽݎܷ׏

ൌ 	െ	
߲ ൜3ܲܽܽߨ

0ߢ2 ൤
݂1
3 cos2ሺ݇ݖሻ 		െ

݂2
2 sin2ሺ݇ݖሻ൨ൠ

ݖ߲
 

݀ܽݎܨ ൌ െ3ܲܽܽߨ
0ߢ2 ൤

݂1
3
ሾെ݇݊݅ݏሺ2݇ݖሻሿ െ

݂2
2
ሾ݇݊݅ݏሺ2݇ݖሻሿ൨ 

 

Equation 1.16 ݀ܽݎܨ ൌ ܲܽ
ܽߨ0ߢ2

3ሾ݇݊݅ݏሺ2݇ݖሻሿ ൤
݂1
3
൅
݂2
2
൨ 

Defining acoustic energy density as 	ܧ௔௖ ൌ ௔ܲ
ଶߢ଴/4 and substituting it in Equation 1.16 

will result in Equation 1.17. 

Equation 1.17 
				 ൌܲܽܿܽܧ

0/4ߢ2
ሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ሮ ݀ܽݎܨ ൌ ܽߨܿܽܧ

3ሾ݇݊݅ݏሺ2݇ݖሻሿ		൤
݂1
3
൅
݂2
2
൨ 

Separating the terms representing relative density (ߩ෤ሻ and relative compressibility	ሺ̃ߢ), 

and showing their relationship known as acoustic contrast factor Φሺ̃ߢ,  ෤ሻ, will simplifyߩ

the acoustic radiation force in Equation 1.18.   

Equation 1.18 ∴ 	
Φሺߢ෤,ߩ෤ሻൌ൤

݂1
3
൅
݂2
2
൨

ሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ሮ ݀ܽݎܨ ൌ ܽߨܿܽܧ
3ሾ݇݊݅ݏሺ2݇ݖሻሿΦ 

The monopole coefficient ଵ݂ is related to the relative compressibility of particles and the 

fluid medium (Equation 1.19). The dipole coefficient ଶ݂  is related to the transitional 

motion of the particle in the media, which represents the relative density relationship 

between particles and fluid medium (Equation 1.20). 

Equation 1.19 
݂1ሺߢ෤ሻ ൌ 1 െ ෤ߢ ൌ 1 െ

݌ߢ
0ߢ
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Equation 1.20 
݂2ሺߩ෤ሻ ൌ

2ሺߩ෤ െ 1ሻ
෤ߩ2 ൅ 1

ൌ
2 ൬

݌ߩ
0ߩ

െ 1൰

2
݌ߩ
0ߩ

൅ 1
 

Substituting the monopole and dipole coefficients in the acoustic contract factor results in 

Equation 1.21 to Equation 1.24.  The value of the acoustic contrast factor defines the 

direction of acoustic radiation force (Equation 1.25). If the sign of the acoustic contrast 

factor is negative, the force will be towards anti-node and the particles will migrate to 

walls. However, if the sign is positive, the acoustic force will be positive and the particles 

will focus in the center of the microchannel.  

Equation 1.21 

Φሺ̃ߢ, ෤ሻߩ ൌ ൤ ଵ݂

3
൅ ଶ݂

2
൨ ൌ

1
3
൤ ଵ݂ ൅

3 ଶ݂

2
൨

ൌ
1
3
ቈ1 െ ߢ̃ ൅

3
2
ൈ
2ሺߩ෤ െ 1ሻ

෤ߩ2 ൅ 1
቉ 

 

Equation 1.22 
Φሺ̃ߢ, ෤ሻߩ ൌ

1
3
൤
෤ߩ5 െ 2
෤ߩ2 ൅ 1

െ  ൨ߢ̃

          

Equation 1.23 

෤ߩ ൌ
݌ߩ
0ߩ

෤ߢ ൌ
݌ߢ
0ۙߢ
ۖ
ۘ

ۖ
ۗ

	⟹ 	Φሺߢ෤, ෤ሻߩ ൌ
1

3
൦	
5
݌ߩ
0ߩ

െ 2

2
݌ߩ
0ߩ

൅ 1
െ
݌ߢ
0ߢ
൪ 

             

Equation 1.24 
∴ Φ ൌ

1
3
ቈ
௣ߩ5 െ ଴ߩ2
௣ߩ2 ൅ ଴ߩ

െ
௣ߢ
଴ߢ
቉ 
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In summary, the acoustic one-dimensional transverse, standing, ultrasound 2/ߣ acoustic 

force, the acoustic contrast factor, and the acoustic energy density are shown in Equation 

1.26.  

 

∴

ە
ۖ
ۖ
۔

ۖ
ۖ
ۓ

௥௔ௗܨ ൌ ሻΦݖሺ2݇݊݅ݏଷ݇ܽߨ௔௖ܧ Acoustic radiation force 				

Φ ൌ
1
3
ቈ	
௣ߩ5 െ ଴ߩ2
௣ߩ2 ൅ ଴ߩ

െ
௣ߢ
଴ߢ
቉ 							ݎ݋ݐ݂ܿܽ	ݐݏܽݎݐ݊݋ܿ	ܿ݅ݐݏݑ݋ܿܣ																							

௔௖ܧ								 ൌ
௔ܲ
ଶߢ଴
4

ൌ ௔ܲ
ଶ

଴ܿ଴ߩ4
ଶ 								ݕ݃ݎ݁݊݁	݊݋݅ݐܽ݅݀ܽݎ	ܿ݅ݐݏݑ݋ܿܣ																	

	

 

Equation 1.25

 

 

Equation 1.26

 

Equation 1.25 shows the amount of the acoustic radiation force, which depends on the 

geometry of particles, geometry of microchannel, physics of the acoustic wave 

(frequency, amplitude and wavelength) and physical properties of medium and particles 

(density and compressibility). Some facts that can be derived from the Equation 1.24, 

Equation 1.25, and Equation 1.26 are as followings: 

 Increasing (decreasing) the size of particles will significantly increase (decrease) 

the acoustic radiation force with the order of 3 (ܨ௥௔ௗ ∝ 	ܽଷ). 

 Decreasing (increasing) of media fluid density will increase (decrease) the 

acoustic energy density ሺE௔௖ ∝ ଴ߩ	
ିଵሻ. 

 Increasing (decreasing) the acoustic amplitude of the wave will increase 

(decrease) the acoustic energy density with order of 2.	ሺE௔௖ ∝ 	 ଴ܲ
ଶሻ. 

 If density of particles ሺߩ௣ሻ	 are chosen less than 0.4 times of fluid media 

density	ሺߩ଴ሻ, the acoustic contrast factor will be negative and the particles will go 

to the walls ሺߩ௣ ൏  .଴ሻߩ	0.4
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 If the density of media and particles are almost identical, so acoustic contrast 

factor can be reduced to Φ ൌ ଵ

ଷ
ቂ	1 െ

఑೛
఑బ
ቃ. 

 If the particles and fluid media are considered as incompressible, so acoustic 

contrast factor can be simplified to Φ ൌ ൤	
ఘ೛ିఘబ
ଶఘ೛ାఘబ

൨. 

 If the particles and fluid media are considered as incompressible and the density 

of media is greater (smaller) than the density of particles, Φ	will be negative 

(positive). 

This method of manipulating particles is label free, non-contact in a continuous flow 

mode. Acoustic properties of the compartment, substrate, and the reflector are very 

important. There are three types of resonators, transverse, layered, and surface acoustic 

waves (SAW) [16]. In order to have high acoustic efficiency in acoustophoresis, the 

geometry of the compartment and the material of choice need to be under control. For 

example, in layered resonator, the thickness of each layer and overall device Q-value are 

very important, but in transverse resonators only the material of choice needs to own high 

Q-value and the thickness does not come to consideration. The shape of the standing 

wave is also different in these two types of resonator (Figure 1.4). 
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Figure 1.4. Transverse and layered resonator device schematics 

In transverse resonator, all layers need to own high Q-values, but in layered resonator the 

intermediate layer could be some material, such as polymers [16]. In order to have a 

transverse wave in the compartment, but using a layered resonator another arrangement 

can be proposed (Figure 1.5).  

 

Figure 1.5. Layered resonator device to generate transverse wave. 
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We will use this arrangement in the chapters 4 and 5 in building a novel optical smart 

window and anisotropic conductive thin film. To select a right material, which has better 

acoustic properties, new parameters can be compromised to tabulate the acoustic 

properties of different materials, such as acoustic impedance. This parameter can be 

formulated as Equation 1.27 and represents the attenuation magnitude of the material.  

Equation 1.27 
ܼ ൌ .ߩ ܿ

The acoustic impedance of the materials is the result of multiplication of the density and 

the speed of sound in that material. Therefore, increasing the density of the material will 

result in high acoustic impedance. However, higher values of impedance mean having 

lower attenuations, therefore higher Q-value will be obtained. Impedance parameter is 

tabulated as Table 1.1: 

Table 1.1. Density, speed of sound and acoustic impedance of some materials [16] 

Material Speed of Sound (m/s) Density (kg/m-3) Acoustic Impedance
(kg/ m2s) *106 

Silicon 8490 2331 19.79 
Pyrex 5647 2230 12.59 
Polydimethylsiloxane 
(PDMS) 

1076 (10:1)
1119 (5:1)

965 1.04  

1.08  
H2O (25oC) 1497 997 1.5  
PZT transducer 4000 7700 30.8  
Air 343 1 0.000343  
 

Table 1.1 shows that air has the biggest attenuation and silicon and Pyrex glass are better 

options to fabricate acoustic resonator device.  
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1.2.2 Inertial  

Microfluidic is the combination of two main concepts, micro that refers to the size and 

fluidics that refers to any analysis or process with fluids; thus, analyzing fluids in a scale 

of micro will be called microfluidics. Traditionally, inertia was considered as a 

insignificant parameter in microfluidics governing equations [17]. Fluid flow in 

microfluidics is considered dominantly laminar regime due to the definition of 

dimensionless parameter Reynolds number, which refers to the ratio of inertia forces to 

viscous forces (ܴ݁ ൌ ܪܷߩ ⁄ߤ ߩ . , U, H and ߤ  are density, mean velocity, channel 

dimension and dynamic viscosity, respectively) [18]. Based on this principle, inertia was 

ignored in most microfluidic researches and basically momentum terms of fluid 

governing equations (Navier Stokes equations) was ignored to have a linear equation of 

motion in Newtonian fluids. Without any external forces neutrally buoyant particles 

flowing through the microchannel are migrating across the flow streamlines and allocate 

at equilibrium positions close to the wall. Inertial manipulation of particles is a passive 

technique and has high throughput [19][20]. Like the other methods of particle 

manipulations, applications, such as filtration [21][22] and separation [23] [24] are 

expected.  

The geometry of the channel, particle size, and flow rate are three main parameters that 

are critical in inertial manipulation. The geometry of the microchannel will define the 

fluid flow streams and the consequent forces. Four types of microchannels have been 

used in inertial particle manipulation: straight [25][26], expansion-contraction [27], [28], 

spiral [29][30], and serpentine microchannels [31]. Some researches prefer to combine 

these types and use them in different stages of manipulation[32].  
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It is required to have profound understanding of fluid flow dynamics in laminar flow 

regime. Particle moving in a fluid stream are under influence of two types of forces 

imposed by fluid and particles interactions: lift and drag. Drag force is in opposite 

direction of particle movement direction and it is because of viscosity. Lift is another 

type of force, which makes particles to migrate across the streamlines. Forces implied by 

fluid flow will put the particles in an equilibrium positions in which their pattern is 

depending on the shape of the microchannel cross-section. Different number of 

dynamical equilibrium positions has been reported in square cross-sections, such as two, 

four and eight.  

Channel length required for focusing to equilibrium positions [17]: 

Equation 1.28 
݂ܮ ൌ

2ܪߤߨ

ܮ2݂ܷܽ݉ߩ
 

 

 

Figure 1.6. Schematic of microparticles migration locations in inertia method.  

 
0.02 ൏ ௅݂ ൏ 0.05     for    2 ൏ ܪ ܹ⁄ ൏ 0.5   

  
Where H is channel width in the direction of particle migration, W is channel width in the 

perpendicular direction). Flow	rate	(Q)	required	for	focusing	to	equilibrium	positions	

for	a	channel	of	length	(L)	[17]: 
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Equation 1.29 ܳ ൌ
ଷܪܹߤߨ2

ଶܽܮߩ3 ௅݂
 

Inertial manipulation is one type of hydrodynamic manipulation method. In 

hydrodynamic manipulation, there are no external forces on particles, while moving 

along microchannel or cavity. Hydrodynamic manipulation some times uses another 

fluid, which is called sheath flow to focus the particles of main suspension [33]. Drag 

force is the only significant force in hydrodynamic manipulation method.  Inertial 

manipulation is a hydrodynamic sheathless focusing [34].  

1.2.3 Magnetophoresis 

A magnetic field can be originated by two methods: permanent magnets or electric 

currents. Permanent magnet materials, such as neodymium (NdFeB), which is one of the 

strongest ones, are favorable, when they have strong magnetic properties with a low 

mass. On the other hand, electric current also can induce magnetic field also, but it needs 

a huge electric energy.  The magnetic field can have a lot of applications in medical and 

clinical fields, such as magnetic resonance imaging (MRI) and also other industrial fields.  

Magnetic behavior is dependent on the magnetic field and magnetic properties of the 

material to be exposed to that field. Based on the reaction to magnetic field and the type 

of the material, magnetic behaviors of materials can be classified into three categories: 

ferromagnetic, paramagnetic, and diamagnetic. Paramagnetic materials respond weakly 

to a magnet but if they are exposed to an external magnetic field, they can be magnetized 

and once the magnetic field is removed, their magnetic properties will practically vanish. 

Ferromagnetic materials attract to magnets intensely and retain magnetization. 
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Diamagnetic materials are considered to be completely non-magnetic, such as water or 

wood.  

The different reactions and susceptibilities of magnetic or magnetically tagged 

microparticles to an applied magnetic field usually in aqueous solution will rise to the 

magnetophoresis phenomenon. A general magnetophoresis force for a particle is [35]: 

Equation 1.30 
݉ܨ ൌ 0ߤ݌ܸ ቀ൫݌ܯ െ ൯݂ܯ ∙  ܪቁ׏

Where ௣ܸ is the volume of the particle, ߤ଴ ൌ 	ߨ4 ൈ	10ି଻	ܪ/݉ is the permeability of free 

space, ܯ௣  and ܯ௙  are the effective magnetization of the particle and ferrofluid, 

respectively, and H is the magnetic field at the particle center. As it is clear on Equation 

1.30, the magnetophoretic force can have negative or positive sign depending on the 

value of ܯ௣ ௙ܯ -  . If ܯ௣  values are larger than ܯ௙ , magnetophoresis force will have 

positive sign and positive magnetophoresis will happen. For example, if magnetically 

tagged particles or magnetic particles are suspended in diamagnetic aqueous solution (for 

example: red blood cells in water), they will be attracted and travel towards the magnetic 

field source. In contrast, once the term ܯ௣ 	௙ܯ -  results in a negative value, the 

magnetophoretic force will also be negative. For biological cells, which are mostly 

composed of water, they will be repelled from the magnetic field source if they are 

suspended in a ferrofluid or paramagnetic salts, such as ionic liquids. Magnetophoresis is 

a non-invasive method of separation or manipulation because there little heat generation 

as a result, thus making it fit for biological applications [36]. In addition, magnetic fields 

can penetrate different materials, such as glass and plastics [36] and there is less 

limitations in material of choice for device fabrication. However, magnetophoresis cannot 
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be utilized to manipulate materials with no magnetic properties and magnetic 

functionalization is often a complex process, which has to be done prior to manipulations.  

1.2.4 Electrophoresis and Di-Electrophoresis 

Electrophoresis is a blend of two words: electro and phoresis. Phoresis is Greek for 

migration which refers to the charged particles movements relative to the suspension 

fluid and electro represents the external force implied by an electric field [37]. The net 

electric charge of the particle determines the migration direction of the particles. Usually, 

one pair of direct current (DC) electrodes can create an electric field. Charged particles 

are suspended in an ionic solution, and exposed to those electrodes. The particles will 

experience an electrophoresis force Fel, which causes the migration of charged particles 

towards opposite charge polarity of that the particles (Figure 1.7) [38]. 

 

Figure 1.7. Schematic of a charged particle experiencing electrophoresis. 
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There are two more forces that are exerted on the particles. Both of them are in opposite 

direction of particles’ movement, drag force and electrophoretic retardation. Drag force 

or fluid friction refers to the forces acting against particles movement with respect to a 

surrounding fluid. Drag force is depends on the velocity, size and shape of the particles 

and viscosity of the fluid since in microfluidics fluid flow is dominantly laminar [39]. 

The electrophoretic retardation force Fret, refers to the force exerted on the diffuse cloud 

of ions surrounding the particles known as the “Debye layer”, and the length associated 

with that is show as ିߢଵ. The ions in Debye layer has opposite charge polarity to the 

particles so the fluid around the particle is forces by electric field to move opposite 

direction which causes retardation force which tends to move particles in opposite 

direction of their own direction.  

Multiple applications of electrophoresis manipulation have been reported in 

biotechnology field, such as preparation of samples and their analysis, such as proteins, 

DNA and RNA [40]. Researchers also have reported to utilize electrophoresis liquid 

purification processes in non-biological field [41]. 

The migration of neutral or semi-conducting particles by polarization effects in a non-

uniform electric field is known as dielectrophoresis (DEP) [42]. A pair of not necessarily 

identical electrodes is needed to generate a non-uniform electric field. These electrodes 

are connected to an alternating current (AC) power supplier which the magnitude and 

frequency of the AC signal will control the motion of the particles in the suspension. A 

neutral particle will be polarized and charged dipoles internally. Net dielectrophoresis 

force will be defined based on the geometry of electrodes and the non-uniformity of the 

electric field. For a spherical particles, the DEP force is given by [42]: 
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Equation 1.31 
ൌܲܧܦܨ ݏ݉ݎܧ׏ሺ߱ሻሿܯܥሾ݂ܴ݁ݎߝ0ߝ3ݎߨ2

2  

Where r is the radius of the particles, ߝ௥ is the permittivity of the suspending medium, 

஼݂ெሺ߱ሻ is the Clausius-Mossotti (CM) factor, and ܧ௥௠௦is the root mean square (rms) of 

the applied electric field. The sign of ܴ݁	ሾ ஼݂ெሺ߱ሻሿ will define the behavior of particles in 

response to an applied DEP force such that if negative they will experience repelling 

from the region of high electric field gradient (Figure 1.8-a) and if positive, they will 

experience attraction to the region of high electric field gradient (Figure 1.8-b). 

 

(a) 

 

(b) 

Figure 1.8. a) Negative DEP force and Re[fCM(w)]<0, b) positive DEP force and 
Re[fCM(w)] > 0 

 

Different researchers have reported utilization of DEP in particle separation [43], 

transport [44], and sorting [45]. The magnitude of the DEP force is changing with ݎଷ and 

the design of electrodes are very critical in the accuracy of the results, therefore DEP 

manipulation method will be not so much efficient, when the particle size is deep-

submicron. However, the application of dielectrophoresis in microfluidics and nano-scale 

have been reported [46]–[48].  
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1.2.5 Comparison of Particle Manipulation Methods  

Beside inertial, acoustophoresis, magnetophoresis, EP and DEP that has been mentioned 

in the previous sections, there are also other methods of particle manipulation methods, 

such as thermal[49], optical [50], etc. Thermal method has some difficulties in 

controlling the particles, heat convection rate and comparing to other methods stopping 

the process in a desired situation is sometimes inevitable. However, thermal properties of 

media and particles, temperature gradients are key control parameters [49]. Optical 

manipulation is also another method that generates heat during the process, therefore is 

not suitable for biological applications. However, it has been used extensively in particle 

sorting and characterization [51]. Particle volume and permittivity of suspension and 

particles are playing a big role in optical manipulation. Two key parameters that are 

controlling the optical manipulation process are optical wavelength and intensity [52], 

[53]. A summary of particle manipulation methods, features, and limitations can be 

tabulated as below: 

Table 1.2. Summary of particle manipulation methods, features, and limitations. 

Method Features Limitations References 

A
co

us
to

ph
or

es
is

   Acoustic waves generate 
acoustic forces 

 Separation based on Size, 
Density and Compressibility 

 Amplitude and frequency of 
acoustic wave are controlling 
parameters 

 Not efficient in nano-scale 
particle sizes 

 Heating problems during a 
long term process 

 

[54], [55], 
[56], [57] 

M
ag

ne
to

ph
or

es
is

  

 Magnetic field generates 
magnetic force 

 Minimally invasive and 
generally safe for bio-particles 

 The magnitude of magnetic 
field, particle size and 
magnetic susceptibilities of 
the particles and suspension 
media are key parameters 

 Limited to the magnetic 
particles  

 Chemically magnetic 
tagging is required if the 
particles are not magnetic 
which is complex 

 Agglomeration of magnetic 
particles in on/off 
magnetization sequence 

[36],[58], 
[35], [57] 



	

 22

E
le

ct
ro

ph
or

es
is

  

 Uniform electric field 
generates electrophoretic force 

 Electrophoretic force pushes 
the charged particles towards 
opposite charge 

 Viscosity of media, particle 
sizes and permittivity of the 
particles are key parameters 

 Limited to charged 
particles 

 Slow particle migration 
times 

 Limited to purification and 
separation applications 

[40], [41], 
[37], [57] 

D
ie

le
ct

ro
ph

or
es

is
  

 Non-uniform electric field 
generates the force  

 Particles are neutral or 
semiconductor  

 Motion depends on relative 
polarizability of the particle 
with respect to the suspension 
media 

 Particles size, permittivity, 
and conductivity of particles 
and suspension media are the 
key parameters 

 Efficiency and precision of 
the process is depending on 
electrodes fabrication and 
geometry 

 Not recommended for bio 
applications because of high 
electric field gradients 

 DEP force decreases 
extremely with particles size 

[46], [48], 
[57] 

In
er

ti
al

 

 Drag force in laminar regime 
will control the particles 

 Flow rate, particle size and 
density are key parameters 

 Other side fluid flow other 
than suspension media can be 
used to help focusing 

 Microchannel geometry and 
fabrication plays a big roll 

 Very sensitive for flow rates 
 Not proper for biological 

applications 
 Purification is the best 

application 
 

[59], [30], 
[29], [57] 
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2 Chip Microfabrication Processes  

2.1 Introduction  

Lithography generally includes the transfer of a pattern from a mask into a pattern 

transfer layer, the resist, which is then used for subsequent pattern transfer onto a 

working surface, e.g. silicon [60]. Microfabrication uses a variety of patterning 

techniques [61]; as the standard method of defining geometric features and shaped 

boundaries between materials, photolithography is regularly the most essential phase in 

the microfabrication process. The specific role of photo-patterning differs depending not 

only on the type of material that is meant to be patterned (silicon, glass, metals and 

polymers), but also on dimensional necessities, such as depth, thickness, resolution and 

aspect ration [62]. The basic process that has been used in engraving the patterns, such as 

microchannels onto the substrate, such as silicon wafer includes, CAD designing of the 

features, mask making, resist coating, baking, lithography, developing, reactive ion 

etching and wet etching. Inspection is definitely a part of each section to insure the 

precision.  

2.1.1 Pattern Generation 

The standard photolithography process starts with designing a pattern using a 

computer aided design (CAD) software. It is recommended to choose this software with 

reference to the instrument’s manual or associated manufacturer company, which can 

generate the pattern CAD file compatible to the instrument. The instrument that was used 

in this research work was Heidelberg μPG 101 laser pattern generator (direct write mask 

maker) and a recommended CAD designing software was LayoutEditorTM v. 9.0 licensed 

by Florida International University. The files should be exported in CIF or DXF format 
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so the instrument can read them. Then, the exposure process will start which could take 

hours (between 1.5 to 4 hours), depending on the design complexity. The optimal energy 

for the laser exposure rate could be estimated 23 mW. For example, considering the hours 

that the instrument will work, which is 3 hours and 37 minutes, the total energy will be 

299.46 joules. Figure 2.1 shows the rate of laser exposure, which includes the energy 

amount, and its percentage, which finally will define the exposure rate.  

 

Figure 2.1. Example of exposure energy amount on the uPG 101 instrument software. 

 

A sample design that has been used in this research work is shown in Figure 2.2. The 

yellow color shows the area that will be exposed, therefore, if the yellow area is the 

inside of the pattern, then the mask will be called light field photomask and if the outside 

of the pattern is yellow and the inside is black, it is called dark field photomask.  
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Figure 2.2.  CAD light field sample channel. 

 

After designing the CAD file of the feature on layout editor, the file should be transferred 

to the instrument to be patterned on a photomask. Several points that should be 

considered while using this instrument are as follow: 

 Stage should be out of the way, when loading the mask hitting the lens while 

loading the mask is one the most harmful things, which can happen to this 

instrument.  

 When the stage is in the proper position for loading, it is better to put the mask in 

and lock it in place with the vacuum.  

 The software divides the design into pixels based on the CAD file.  

 The instrument can make direct exposures if different exposure energies are 

needed.  
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 The laser size is around 4μ, but using proper optics it will be reduced to 1μ. 

 The instrument can reach up to 20nm precision in positioning.  

 In the observable black and white pattern the black part is the part, which is going 

to be exposed. 

 Unless the “Automatic Centering” has been unchecked, the file will assume the 

exposure center �in the middle of the wafer.  

 It should be confirmed that the head comes down to focus, when the “Load 

Substrate” has been �activated.  

2.1.2 Photomask 

Photomask, for optical lithography are conventionally made of transparent 

substrates coated with opaque metal films, most commonly chromium. The chrome 

represents opaque areas on the photomask, which are responsible for the casting of 

shadow during exposure of the silicon wafers. The transparent substrate can be fused 

silica or quartz because of their excellent transmission characteristics, even in the low UV 

range. Resist layer, which is sensitive to electron beams or laser beams exposure, be 

transferred into the chrome layer using the etch process. The difference between electron 

beam exposures with laser beam exposure is that electron beam exposure needs to be 

done under a vacuum but laser beams exposure does not require a vacuum. Also, 

submicron features are possible only via electron beam exposure. Figure 2.3 (a~d) shows 

the standard mask making steps, including laser patterning, resist developing, chrome 

etching and resist striping.    
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2.3. a) exposing the pattern on the resist, b) removing the resist from exposed 
parts, c) removing the chrome from the open area, d) striping the photomask 

Two types of photomask can be developed, bright and dark. If the pattern is the area of 

interest to create an opening on the photomask, it is called dark photomask, and if all area 

other than the pattern needs to be removed, it is called bright photomask. There are a lot 

of references explaining the different types of photomasks for different feature sizes in 

various applications, but the materials of this part were essentially from the book 

Microfabrication for microfluidics [62].  

After chemically etching the chrome and developing the photoresist on photomask, it is 

ready to be used in transferring the pattern onto a silicon wafer every time in a standard 

photolithography instrument. The details of each step will be discussed in the next 

sections.  
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2.1.3 Photomask Inspection 

After exposing the pattern on the resist and removing the exposed resist area, inspection 

needs to be carried out to see if the exposure was done correctly. It is better to do the 

inspection process before chrome etching. An inspection of a mask before chrome 

etching is shown in Figure 2.4. The size of CAD design of main microchannel was 

considered 100 micrometer but inspection shows that it is 101.33 micrometer which is in 

the range of the instrument tolerance േ1	݉ߤ. 

 

Figure 2.4. Optical microscopy inspection of photomask before chrome etching. 

There are three major problems that can happen in the photomask process: underexposed, 

overexposed and not-focused conditions. If the photomask was inspected underexposed, 
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it means exposure energy intensity was not enough; thus, the features are not patterned 

completely. If there is insufficient light energy reaching the photoresist, the chemical 

reaction will be incomplete, and the photoresist will not become completely soluble. 

When this happens, the pattern will not develop, or will only partially develop. The 

common effect of underexposure is that pattern will have residue of resist strips after 

developing or it will be impossible to remove resist (Figure 2.5).   

 

Figure 2.5. Underexposed mask (black dash line is the boundary of the pattern, red strips 
are the resist residue) 

If too much light energy reaches the photoresist, the chemical reaction can extend outside 

of the bounds of the exposed area. This is partially due to chemical transport within the 

photoresist, but is mostly caused by random light reaching areas, which are supposed to 

be masked. If the mask is not truly opaque, the random light can reach the photoresist 
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from the edges of patterns and after developing, the result pattern will be bigger than the 

CAD file pattern and the edges and corners will not be sharp (Figure 2.6).  

 

Figure 2.6. Underexposed mask (black dash line is the boundary of the pattern). 

Both underexposing and overexposing are advised to be taken seriously in the process of 

photolithography, but sometimes the overexposed mask will still be useable, but when 

underexposed, it cannot be used whatsoever. For the same reason, if the user is not sure 

about the amount of energy, more energy is better than less. Optical microscopy is the 

instrument of choice in inspection of photomask making. The numbers about the 

exposure amount are mostly available in a logbook associated with the mask maker. It is 

advised to check the energy amount for previous works and read their comments to 

prevent any repeating mistakes.  
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Another problem that can happen during photomask making is that the mask was not 

initialized with full focus. Therefore, there will be two outputs: no patterning or patterns 

with gradient edges.  Gradient edges will be seen under a microscope, like in Figure 2.7.  

 

Figure 2.7. Inadequately focused result in mask making process (black line is the 
boundary of the pattern). 

After exposure and developing the mask and final inspections in every step, the final 

result after developing the photoresist is shown in Figure 2.8. The reflection of the light 

in the gaps is due to the layer of chrome. Chrome should be removed via the wet etching 

process. 
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Figure 2.8. Photomask after patterning and before chrome etching. 

Chrome-etchant was used to remove the chrome layer from the openings in room 

temperature for 90 seconds. After chrome was etched out, the photo resist is not needed 

anymore, so using a remover could remove the remaining resist. The final photomask that 

is ready to be used in photolithography will be ready after these steps. Inspection should 

be done using optical microscopy after removing the resist to make sure that there is no 

defect on the photomask. Table 2.1. Chromium etchant 1010 specifications shows the 

specifications of the chromium etchant 1010 that was used: 
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Table 2.1. Chromium etchant 1010 specifications. 

Chromium Etchant 1020 
Appearance Clear, orange 

Specific gravity 1.127-1.130 
Filtration 0.2 Micron 

Operating Temperature Variable 
Etch rate, 40oC 40 Å/sec 

Storage Room Temperature 
Rinse Deionized water 

 

Two samples of final dark field masks that have been developed for various purposes in 

this project are shown in Figure 2.9: 

Figure 2.9. Final dark field photomask that can be used in photolithography. 

A sample of bright field mask is shown in Figure 2.10. 
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Figure 2.10. Final bright field photomask that can be used in photolithography. 

2.2 Photolithography 

After making the photomask, it was used for transferring the pattern onto photoresist 

coated on the substrate, such as silicon wafer. Standard photolithography process has 

three main steps: coating appropriate photoresist on the substrate, selectively exposing 

the areas to UV radiation through a photomask, and finally removing the areas that are 

still soluble by developing (Figure 2.11). Baking is another optional step that can be in 

between these fundamental steps to stabilize the process, if needed. Baking is to 

evaporate the solvent and to help curing. Three types of baking processes can be 

intermixed: pre, post, and hard exposing. Pre-exposed baking is before the UV exposing 

process to evaporate the solvent and make it possible to put the substrate in contact mode. 

Post-expose baking is after the UV exposure process to complete the curing process 

before developing. Hard baking is after developing to increase resistance to following 

processes, such as etching [62]. 
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Figure 2.11. Photolithography process flowchart. 

 

2.2.1 Lithography Instrument (Alignment and Exposure) 

Photolithography is going to utilize photomask to transfer pattern onto the resist that pre-

coated on the silicon wafer. The exposure source is an ultra violate (UV) mercury-based 

lamp. The associated instrument for photolithography is called aligner or mask aligner.   

Basically this instrument has two main parameters: exposure intensity and exposure time. 

Because every lamp has a lifetime, so the lamp exposure intensity can decrease as time 

goes on. So it is advisable to measure the intensity of the lamp before use. The exposure 

intensity will be measured in terms of power per unit area (e.g. mW/cm2). The exposure 

dose comes with the process recipe of the resist that was coated on the silicon wafer, 

which is in terms of energy per unit area (e.g. mJ/cm2). In order to calculate the required 

exposure time (seconds) for the photolithography process, the amount of dose (mJ/cm2) 

should be divided by the lamp power (mW/cm2).   
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The calculated process time was entered using the instrument interface along with 

alignment afterwards. After fixing the photomask on the aligner part of the instrument, it 

should be connected to the vacuum system to prevent the photomask to move to any 

misalignment. Wafer needs to be placed on the stage of mask aligner, which has three 

pins (Figure 2.12). After adjusting the wafer in the right place, vacuum needs to be 

activated to prevent any movement towards misalignment. Alignment refers to the 

important task of positioning existing features on a wafer respect to features on a 

photomask, after which the exposure step is performed [62]. Alignment is a vital process 

for multilayer features, which allows the features perfectly align, but the exposure 

process can be done with no need for alignment for the mono-layer features. Basically 

there are three types of movements in aligner stage that helps accomplishing perfect 

alignment: x-directional aligner, y-directional aligner, and rotational aligner.  

 

Figure 2.12. Wafer alignment using three pins (inside of yellow circles) on the mask 
aligner. 

The process of alignment can be done manually or automatic. Using monitors and 

cameras as it is shown in Figure 2.13, will help very precise alignment automatically or 



	

 37

manually. After figuring out the process time and programming the instrument, a leveling 

process should be carried out as it is shown on the interface. The leveling process will 

transfer the wafer close to the photomask, then the full contact mode will start which 

allows the photomask and silicon wafer to be in a very intimate contact mode. This 

eliminates any air between mask and wafer and therefore improves optical resolution at 

the risk of minor surface damage.   

 

Figure 2.13. Mask aligner demonstration. 

 

2.2.2 Lithography Inspection 

After the exposure process, a developing process will be carried out. The recipe for 

developing for each resist can be found on the information package that comes with the 

resist. A logbook is available to see what other users have used and how was their results. 
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After the developing and drying process, an inspection can start using optical microscope. 

There could be two main problems that can happen during lithography: underexposing or 

overexposing. If underexposed happens, the feature will develop  partially (underexposed 

type one – Figure 2.14-a) or the developed pattern will be smaller with dull corners and 

edges (underexposed type two – Figure 2.14-b) respect to the photomask pattern. 

 

 
(a) 

 
(b) 

Figure 2.14. Possible lithography patterning defects, a) underexposed type one, b) 
underexposed type two. 

If overexposure happens the developed pattern will have defects at the edges and it will 

look bigger that the actual pattern with rough boundaries (Figure 2.15-a). Beside this 

other parts of resist also might start chemically react to the light and some parts in outside 

of the pattern might etch out (Figure 2.15-b).  
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(a) 

 
(b) 

Figure 2.15. Possible lithography patterning defects, a) over-exposed, b) over-developed. 

A useful diagram exist which plots the optimal exposure dose for a given 

photoresist, which is called contrast curve [62]. The amount of solubility of the resist 

versus amount of exposure dose can help the user to figure out how much energy is 

required to remove target thickness. This thickness could be all removal or some or 

nothing. This plot is based on experimental information that the resist manufacturer 

publishes.  

2.3 Photoresists and Coating  

Photoresists are fluidic and light-sensitive materials used in photolithography to 

form a patterned coating on a substrate surface, such as silicon wafer. Depending on their 

reaction to the UV light, they are categorized into two major tones: negative and positive. 

Negative resist will start polymerizing (cross-linking/curing) once it is exposed to the UV 

light. The positive resist acts opposite and once it is exposed to the UV light, chemical 

reaction happens and turns the photoresist to a very soluble material. Thickness of these 

photoresist on the substrate is very important as it was explained in contrast curve from 
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exposure section. Uniformity in thickness all over the coating is very important. Coating 

thin-layer and uniform photoresist on a flat substrate is to be done by spin coating. Faster 

spin coating will result in thin layer coating and lower spin coating will result in thicker 

coating. Spray coating [63] and electrodeposition [64] of photoresist are replacements to 

spin coating that are especially useful for substrates that have moderately extreme 

changes in three dimensional topography. Spin coater is an instrument, which has three 

parameters mainly: circular speed (rpm), circular ramp (rpm/sec) and time (sec). Spin 

coating can happen in several steps, which each step individually includes those three 

parameters. Manufacturers, based on the final coating thickness, develop these recipes 

experimentally.  

(a) (b) (c) 

Figure 2.16. Spin coating process, a) photoresist deposition, b) low speed circulation, c) 
high speed circulation. 

After selecting right recipes, resist will be deposited on the substrate that has already 

been aligned and fixed in the place by turning on the vacuum, (Figure 2.16-a) and then 

once you run the recipe, it starts with lower speed rotation which is basically for 

spreading purpose of the resist on all parts of substrate, (Figure 2.16-b). After specific 

time with reference to the recipe, spin coater will ramp to higher circular speeds to insure 

existing of uniform thickness of the resist in all parts of the substrate, (Figure 2.16-c). 
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Baking after the spin coating process will cause evaporation of the solvent and will dry 

out the resist so it won’t stick to the photomask in the lithography step under high 

vacuum.  A sample recipe for positive photoresist (AZ-4620) that has been used in this 

project is as Table 2.2. 

Table 2.2. AZ-4620 spin-coating and lithography recipe. 

Spin Coating  Step 1 Time (sec) 9 
Speed (rpm) 1790 

Ramp (rpm/sec) 350 
Step 2 Time (sec) 60 

Speed (rpm) 3000 
Ramp (rpm/sec) 350 

Step 3 Time (sec) 10 
Speed (rpm) 7000 

Ramp (rpm/sec) 350 
Pre-Baking Time (min) 45 

Temperature (oC) 90 (oC) 
Mask aligner   

OAI 
Dose mJ/cm2 800 

Develop Developer AZ400K 
Time (sec) 180 

Concentration (volume Developer/DI-water)  3:1  
 

2.4 Developing  

Developing process is the step in which the uncured regions of photoresist are going to be 

removed [62]. Figure 2.17 demonstrates the exposure and the developing process of 

negative (Figure 2.17-b) and positive (Figure 2.17-a) photoresists. 
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a) Positive resist 

b) Negative resist 

Figure 2.17. Photoresist exposure on, a) positive photoresist, b) negative photoresist - 
grey: substrate, red: photoresist. 

 

Dilute solutions of tetramethyl ammonium hydroxide (TMAH, N(CH�)�+ OH−) are 

effective for a wide variety of positive photoresists, and they are preferred in many 

facilities over alkaline chemicals, such as potassium hydroxide (KOH) because latter may 

introduce ions that can contaminate semiconductor device. Developers for negative 

photoresists are less universal, and are typically based on organic solvents. For higher 

aspect ratios ultrasonic agitation are recommended to assist material displacement and 
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removal. Three main parameters are important in the developing process: developer type, 

dilution concentration with DI water, and successful developing time.  

2.5 Etching  

The pattern transfer process consists of two steps: lithographic resist patterning and the 

subsequent etching of the underlying material. The resist pattern can always be removed 

if found faulty on inspection, but once the pattern has been transferred on to solid 

material by etching, rework is much more difficult, and often impossible and reversible. 

Etching is often divided into two classes, wet etching and plasma etching. Wet etching 

equipment consists of a heated quartz bath, and plasma-etch equipment is a vacuum 

chamber with an RF-generator and a gas system. The basic reactions in etching are as 

follows: 

  Wet etching: 
Solid + liquid etchant → soluble products 

 
Plasma etching: 

Solid + gaseous etchant → volatile products 
 
Etch rates are typically 100 to 1000 nm/min, for both wet and plasma processes. The 

lower limits come from manufacturing economics, and the upper limits from resist 

degradation, thermal run out and damage considerations. Silicon etching is exceptional: 

rates up to 20 μm/min are available in both wet etching (HF: HNO3) and in plasma 

etching (DRIE) in SF6/C4F8.  

2.5.1 Wet Etching 

KOH is one of the most commonly used silicon etch chemistry for micromachining 

silicon wafers. The KOH etch rate is strongly effected by the crystallographic orientation 

of the silicon (anisotropic). Table 2.3 shows the different etching rates in different silicon 
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crystallographic orientations in different concentration of KOH. The parenthesis shows 

the ratio of etching in different orientations versus (110) orientation [65]. 

Table 2.3. Wet etching rate of Si with different KOH concentrations. 

Crystallographic orientation  Rates at different KOH concentration 
 30% 40% 50% 

<100> 0.797 (0.548) 0599 (0463) 0.539 (0.619) 
<110> 1.455 (1) 1.294 (1) 0.87 (1) 
<111> 0.005 (0.004) 0.009 (0.007) 0.009 (0.10) 

 

The <110> plane is the fastest etching primary surface. The ideal <110> surface has a 

more corrugated atomic structure than the <100> and <111> primary surfaces. The 

<111> plane is an extremely slow etching plane that is tightly packed, has a single 

dangling-bond per atom, and is overall atomically flat.  

In this project because of the nature of acoustophoresis, having vertical walls to create a 

better standing wave is critical. Therefore, selecting an etchant that is anisotropic that 

etches one plane more than the others will be desirable. Preferential Silicon Etchants are 

preparations, which have the greatest etch rate on a specific plane of orientation. These 

anisotropic etchants are used in lead beam technology to separate silicon chips and a 

technique to obtain electrical isolation within integrated circuit chips. The etching 

systems may also be used for chemical shaping of silicon and as etchants with photomask 

of Ag, Au, Ta, or SiO2 as these materials are not etched.   

Two etching systems from Transene Co. (Danvers, MA) are commercially available: 

PSE-200 is alkali-based, is safe to use and has a fast etch rate. It is used to etch deep-wall 

patterns in silicon. PSE-300 is ethylenediamine-based and has a moderate etch rate [66]. 

Table 2.4 shows the physical properties of PSE-200 and PSE-300 silicon etchants.  
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Table 2.4. Specification of silicon etchants [66] 

Property PSE 200 PSE 300 
Appearance Odorless, colorless liquid Clear liquid 
Composition  Alkali-based Ethylenediamine-based 
Boiling Point >100 oC 118 oC 
Oper. Temp 75-100 oC 100 oC 

Preferred operation <110> direction  <100> direction 
Other common orientations 

 <111> plane 
- <110> can be used 

<111> negligible 
Etch Rate 25 mil/3 min @ 100oC 25 mil/hr <100> 
Etch rinse  Water Water 

Metallization SiO2 Attacks Al; does not attach Au; 
mild attack on Ag  

Will not attack – use as mask 

No attack on Au, Ta; 
attacks Al, Cu; mild 

attack on Ag 
Negligible  

 

PSE 200 was selected to be used as an etchant in our fabrication methodology. The depth 

and undercut-etching rate was 0.75 u/min and 0.6 u/min respectively, when the 

temperature of the etchant is stable on 90 degree Celsius. The ration of etching through 

depth and undercut is close it 0.9 meaning that undercut grows slightly slower than depth. 

For the same reason, to hit the final desired design, undercut needs to be considered and 

CAD design should be much smaller than what exists as final design. In our experiment 

the least feature size we considered in CAD design was 22 micrometer. It has also seen 

that the etching ratio is varying in different opening sizes. The smaller the opening is, the 

lower the etching rate will be. Figure 2.18 shows the scanning electron microscopy graph 

of the microchannel etched: 
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(a) 

 

(b) 

Figure 2.18. a) Isometric scanning electron microscopy of the microchannel with vertical 
walls and etched with PSE-200, b) cross section of the microchannel. 

The microchannel pattern after wet etching is shown in Figure 2.19. The yellow color 

shows the overhang happens during the silicon wet etching. Low stress nitride layer is 

resisting against silicon etchant but after the etching of silicon from substrate, it looks 

yellow color under optical microscope.  Branches at the fork (Figure 2.19-middle) has a 
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black color at the edges that shows that because of crystal orientation of Si <100>, the 

angle will not have vertical walls.  

 

Figure 2.19. Microchannel after wet etching. left) microchannel, middle) the fork, right) 
bottom of the microchannel. 

 

2.5.2 Dry Etching: 

Dry etching mostly is used to remove selected areas from the surface layers. Dry etch can 

be chemical etch, physical etch, or combination of chemical and physical etch. Physical 

etching is similar to sandblasting process, in which high velocity sand is used to etch 

away selected layers of glass, which is exposed. The dry etching technology that has been 

mostly used in here is reactive ion etching (RIE). In RIE, the substrate is placed inside a 

reactor in which several gases are introduced. Plasma hits into the gas mixture using an 

RF power source, breaking the gas molecules into ions. (Figure 2.20)  
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Figure 2.20. Reactive ion etching schematics. 

 

The ions are accelerated and reacted at the surface of the material being etched, forming 

another gaseous material. This is known as the chemical part of reactive ion etching. 

There is also a physical part, which is similar in nature to the sputtering deposition 

process. If the ions have high enough energy, they can knock atoms out of the material to 

be etched without a chemical reaction. It is a very complex task to develop dry etches 

processes that balance chemical and physical etching, since there are many parameters to 

adjust. By changing the balance it is possible to influence the anisotropy of the etching, 

since the chemical part is isotropic and the physical part highly anisotropic the 

combination can form sidewalls that have shapes from rounded to vertical. A schematic 

of a typical reactive ion etching system is shown in the Figure 2.21. 
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Figure 2.21.  Plasma etching process parameters. 

The material of the gases is also important parameter. It needs to be selected properly in 

order to have a right chemical reaction on the surface. The gases that are used in this 

project to etch off low stress nitride (LSN) and photoresist layer from the surface of the 

silicon wafer are CF4 and O2, respectively. The parameters to have both chemical and 

physical etch at the same time in this project is as Table 2.5:  

Table 2.5.  RIE etching parameters for LSN and photoresist etching. 

Purpose Pressure (mTorr) RF Power 

(Watts) 

Gas used Flow (sccm) Time 

(sec) 

Photoresist Etch 400 100 O2 60 600 

LSN Etch 110 80 CF4 10 660 

 

Some of the common wet and plasma etchants that are mostly used in different 

microfabrication projects are listed in Table 2.6: 
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Table 2.6. List of common plasma and wet etchants in microfabrication. 

Material to be etched Wet etchants 
Plasma 
etchants 

Aluminum (Al) 

80% phosphoric acid (H3PO4) + 5% acetic acid  
+ 5% nitric acid (HNO3) + 10% water (H2O)  

temp: 40-50 oC 
rate: 2000 Å/min [67] 

Cl2, CCI4, 
SiCl4, BCl3 

[67] 

Chromium (Cr) 
“Chrome etch”: citric ammonium nitrate 

((NH4)2Ce(NO3)6) + nitric acid (HNO3) [7] 
Hydrochloric acid (HCL) [7] 

 

Gold (Au) 
Aqua regia, Iodine and Potassium Iodide 

solution 
 

Organic residues and photoresist 
Piranha etch: sulfuric acid (H2SO4) + hydrogen 

peroxide (H2O2) 
O2 (Ashing) 

Silicon (Si) 

Nitric acid (HNO3) + hydrofluoric acid (HF)[4] 
Potassium hydroxide (KOH) 

Ethylenediamine pyrocatechol (EDP) 
Tetramethylammonium hydroxide (TMAH) 

CF4, SF4, SF6 

[67] 
Cl2, CCl4, 

BCl3, SiCl4 
[67] 

 

Silicon dioxide (SiO2) 

Buffered oxide etch [BOE]:  
Ammonium fluoride (NH4F) and hydrofluoric 

acid (HF) (8:1)  
temp: 40 - 50 oC  

rate: 700 Å/min [67] 

CF4, SF6, NF3, 
CHF3, C2F6, 

C3F8 [67] 
 

Silicon nitride (Si3N4) 
85% Phosphoric acid (H3PO4) 

temp: 150 - 180 °C 
rate: 80 Å/min [67] 

CF4, SF6, 
NF3,[5] CHF3 

 

Titanium (Ti) 

Diluted Hydrofluoric acid (HF) 
       0.4 mol/l – room temp –  
       Rate: 100 nm/s @ Room 

Rate: 200 nm/s @ 32oC    
Salpetric acid-fluoric acid solution 
     HF (2.6 ml/l) + HNO3 (2.6 ml/l) 
     Rate: 200 nm/s @ 32oC    [68]  

BCl3[8] 

 

2.6 Anodic Bonding: 

Anodic bonding, also known as glass-silicon sealing, is a process of bonding a 

silicon wafer to glass under the influence of high temperature and an externally applied 

DC electric voltage. The materials required were Si wafer, 7740 Pyrex glass wafers, and 

piranha cleaning solution. The equipment that is required for this step is a hot plate with 
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non-conductive ceramic top, high voltage power supplier, probes stand, aluminum plates, 

electrical connectors, and thermometer. In order for good contact to occur, the two 

surfaces to be bonded must be quite smooth with microscale roughness.  In a typical 

anodic bonding procedure, the wafers to be bonded are assembled together and heated on 

a hotplate to about 500oC. A DC power supply connected to the assembly such that the 

positive terminal is connected to the silicon wafer and the negative terminal is connected 

to the Pyrex glass wafer is then turned on. When an electric field of several hundred to a 

thousand volts is applied across the assembly, the glass seals to the silicon wafer. The 

bonded areas initially appear as dark marks starting in the area where the voltage is 

directly applied. Eventually these marks grow and cover the entire surface. The resulting 

bond is essentially irreversible. Figure 2.22 gives a schematic drawing of a standard 

anodic bonding setup. 

 

Figure 2.22. Standard anodic bonding setup. 

 

The success of the anodic bonding process depends heavily on the cleanliness of the 

surfaces involved. Without clean surfaces, adequate contact cannot be made. The Si and 

Pyrex wafers are cleaned in a solution known as Piranha clean consisting of a 3:1 ratio of 

H2SO4: H2O2. After placing 30 ml of H2SO4 in a petri dish, both the silicon and Pyrex 

wafers immersed in the dish. Then 10 ml of H2O2 were added and allowed the wafers to 
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clean for ten minuets. After cleaning the wafers, they should be rinsed with de-ionized 

(DI) water and dried thoroughly using nitrogen gas.  Pyrex or sodium rich glass, such as 

soda lime is proper choice for bonding or sealing the microchannels on the silicon wafer 

because during the process of anodic bonding, Na+ ions will migrate to negative electrode 

and O- ions will move to the interface between silicon and glass and creates an 

intermediate layer made of SiO2 which bonds glass to silicon. Mechanical properties of 

glass are also important, because after bonding process, cooling will create cracks on the 

glass with lower mechanical properties. But utilizing sodium rich glasses with better 

mechanical properties, such as Pyrex is recommended.  
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3 Acoustic Focusing in Flow Systems 

Abstract 

Acoustic focusing and separations is a growing field of research since it is an efficient 

and continuous method for particle manipulation in microfluidic systems. Using 

microfabrication, microfluidic devices driven by an acoustic resonator were used to focus 

various microparticle suspensions. By simple tuning of frequency, amplitude, and 

channel geometry, controllable focusing patterns and alignments were obtained. This 

approach afforded the separation of particles of contrasting sizes, shapes, densities, 

porosities, and compressibilities. In this study we present the method for the fabrication 

of these lab-on-chip devices and report on their performance in the manipulation of 

microsized particles.  

3.1 Introduction  

Microfluidic separations hold a great promise especially in biosample analyses due 

their ability to perform a sequence of analyses quickly [69]. A microfluidic lab-on-chip 

device can perform a sequence of analyses on less than a microliter of a fluid that may 

include filtration, mixing, concentrating, heating, reacting, and detection with similar 

accuracy compared to a full-size laboratory. The science that deals with the flow of fluids 

and suspensions in channels with less than millimeter-sized cross-sections under 

influence of external forces is called microfluidics [70]–[75]. In microfluidics, viscosity 

dominates over inertia and ensures the presence of laminar flow. Having laminar flow 

and combining it with external forces results in particle controlling methods which are 

useful in analytical sciences, based on different physical mechanisms including 
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inertial[21], electrokinetics[76], dielectrophoretics[77], magneto-phoretics[78], as well as 

mechanical contact forces [79]. Acoustic focusing is a science, which utilizes the ultra 

sound external forces to handle microparticles in microchannels.  

Figure 3.1 shows the concept of acoustic focusing in a microfluidic device.  

 

Figure 3.1. Schematic of acoustic device and acoustic zone for focusing the 
microparticles in the center. 

Advantages like gentle and label free separations based on purely mechanical properties: 

size, shape, density and compressibility have garnered a lot of excitement and attention to 

this science [80]. However, one of the most common laboratory processes, centrifugation, 

cannot be easily miniaturized or integrated in a continuous-flow microfluidic device and 

filtration often suffers from limitations due to blockage. Centrifugation relies on 

separating analyses based on their densities. Acoustic focusing solves this problem by 

providing high and low attractive inter-droplet forces in ultrasonic standing waves. The 

forces on particles in a standing wave have been utilized to develop continuous focusing, 
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and consequently, separation in lab-on-chip devices to separate red blood cells and fats 

from whole blood samples. The standing wave is the combination of two counter waves 

from either two transducers or from one transducer and a reflector. The transducers are 

lead zirconate titanate (Pb[Zr(x)Ti(1-x)]O3) (PZT) devices [54], [81]–[83] or have 

interdigitated transducers (IDT) [84]. The pressure is maximum at the antinode and 

minimum at the node. Due to this pressure differential, solid particles tend to reassemble 

and concentrate in zones of minimum acoustic potential energy, which is typically at the 

nodes [14]. In a microchannel multiple nodes could exist depending on the 

wavelength/frequency of the wave. If multiple nodes are present, they would be half a 

wavelength (λ/2) apart from each other the flowing particle suspension will be under the 

influence of four different forces each acting in a different direction. The acoustic force 

mentioned above is depending on the physical properties of particles/ cells. The most 

important parameters, which affect the magnitude of this axial radiation force, Fax, the 

major force component in acoustic standing wave manipulation, are density ρ, speed of 

sound c, and the radius R. These properties, the corresponding data for the suspending 

medium and the parameters of the sound field compose the equation, Fax. Equation 3.1 is 

a special case of the primary acoustic radiation force as obtained in a one-dimensional 

plane acoustic standing wave [85]. The acoustic force mentioned above will be in the 

direction of the width of the channel either left or right depending on the sign of the 

primary radiation force which is defined by the material properties of the particle/cell 

relative to the suspending medium and is formulated by the acoustic contrast factor (Φ), 

Equation 3.2. Therefore, the contrast factor is defining whether a particle will move 

toward the pressure node or the antinode in the acoustic standing wave field. A positive 
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contrast factor results in movement toward the pressure node while a negative contrast 

factor results in a movement to the antinode [85]. 

Equation 3.1 
Fୟ୶

ൌ 4πRଷEୟୡksinሺ2kzሻΦ 

where Fax is the acoustic radiation force, Eac is the acoustic energy density, R is the 

particle radius and z is the distance from pressure anti-node in the wave propagation axis. 

Equation 3.2 

Φ ൌ
ρ୔ ൅

2
3 ሺρ୔ െ ρ଴ሻ

2ρ୔ ൅ ρ଴

െ
1
3
ρ଴c଴

ଶ

ρ୔c୔
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where ߩ௉  and ߩ଴	are density of particle and fluid, respectively, cp and c0 are speed of 

sound in particle material and fluid, respectively, k is the wavenumber (2πf/c0) and ᴪ is 

the acoustic contrast factor. The gravitational force for a device laid flat will be in the 

direction of the depth of the channel and pulling downward. The buoyant force will be 

acting opposite to the gravitational force. And the viscous drag force will be acting in the 

channel length direction opposite to the flow. To accurately predict this required channel 

dimensions, a quantitative force analysis can be performed considering these four forces. 

Typically, larger particles would be easier to concentrate at the pressure nodes [86]. To 

increase the force acting on a particle higher frequencies (> 1 MHz) would be needed. 

However, if only one acoustic pressure node is desired, the wavelength has to be half of 

width of the microchannel [87]. Acoustic standing wave aggregation in microfluidic 

components is typically used in half wavelength resonators where the primary acoustic 

radiation force levitates the cells/particles into the nodal plane and subsequently the 
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lateral gradient of the primary radiation force drives the cells into a dense cluster in the 

nodal plane. The other harmonics can be used if several nodal points are desired 

depending on the application.  

Acoustic focusing is not mostly applicable to particles with nanosizes. A lot of solid 

particles focusing have been done on micro-size particles. This can have a plethora of 

applications in bioanalyses, e.g. drug delivery.  In this article we focus on focusing latex 

particles and their match with governing equations.  

3.2 Device Design and Fabrication 

Device design must be precisely controlled to satisfy fabrication limitations. Specific 

features are wanted in the device, such as, smooth vertical microchannel walls or 

adjusting the aspect ratio of height per width of microchannel. Speed of sound in the 

media which is carrying the particles has a relationship with imposed wavelength and 

frequency Equation 3.3. On the other hand, microchannel width should be the half size of 

wavelength Equation 3.3, so a standing wave can happen inside of fluid compartment.  

Equation 3.3 

ߣ 2⁄ ൌ ݈݄݁݊݊ܽܿ݋ݎܿ݅݉  ݄ݐ݀݅ݓ

ܿ ൌ .ߣ ݂ 

 

Assuming the media carrying the particles is aqueous and the speed of sound in water is 

1480 m/s. If the width of a channel is wanted, depending on the first or second harmonic 

frequency of piezoelectric, ߣ can be found. The width of channel will be two times of ߣ.  

Although the most commonly reported microfluidic methods are PDMS stamping and 

silicon etching, in this work various methods of fabrication were attempted. Firstly, using 

simple layering of a parafilm layer between two glass-slides, the desired patterns were 
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first mechanical cut on the parafilm layer using a digital cutter. The method was both 

rapid and low-cost and microchannels were reproducible and with controllable (Figure	

3.2). These devices were unsuccessful in acoustopheretic application primarily since the 

middle layer had poor acoustic impedance properties and therefore transforming the 

mode of operation of the device from transversal to layered which distorted the 

alignments. In addition, these channels were heat treated after preparation, which also 

distorted the channel wall properties. Similar behavior was observed for channel 

patterned using a CO2 laser. Although the laser afforded pattern dimension significantly 

smaller and with sharper corners (Figure	 3.3), the devices did not perform in 

acoustophortic applications. This method was not investigated beyond this point. 

 

250 micron 300 micron 

 

 

 

400 micron 800 micron 

Figure 3.2. Microfluific patterning on parafilm sheet using digital cutting. 
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1-80-10-500 1-80-10-500 

 

 

 

1-80-20-500 1-80-20-500 

Figure 3.3. Microfluidic patterning on parafilm sheet using laser. 

The poor acoustic impedance of parafilm due to its soft and low melting nature suggested 

that harder and better acoustic impedance materials were suitable. Based on that, 

polyethylene films (500 microns thick) were used and similarly to the method used about 

for parafilm, were patterned using CO2 laser. Several experiments were carried out and 

all experiments are various cutting rates, laser energy, and number of passes yielded 

various degrees of charring of the plastic films (Figure	 3.4). This charring resulted in 

carbonated materials, which was highly rough, when observed under the microscope. In 

addition, a device layered using these plastic films suffered from leaking problems and 

heat treatment wasn’t effective due to the high melting properties of polyethylene.  
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Figure 3.4. Microfluidic patterning on plastic slides using laser.  

Glass slides were also cut using high-speed driller and although visible clean cut, these 

channels were rough. (Figure	3.5).   

           

Figure 3.5.  Microfluidic patterning on glass using high speed driller. 

It was due to the above described attempts that channels presented in this work were 

fabricated using silicon and etched using standard wet etching procedures. In these 

procedures, the width of the microchannel is determined after undercut calculations, a 
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common phenomenon in silicon wet etching. The final width of channel will therefore be 

the designed width plus twice the width of the undercut (Figure 3.6). Etching ratio in 

depth-wise and sidewise of the channel per minute will be important.  

 

Figure 3.6.  Schematic of silicon etching process and related parameters. 

Different instruments, methods, materials and fabrication processes are available in 

microfabrication of acoustic focusing devices design. The selection of material, 

geometry, instrumentation, fabrication, and monitoring are very important characteristics 

that must be considered beforehand. For transversal resonators, silicon is a suitable 

choice due to its low acoustic energy attenuation. The first concern in transversal 

resonators is having vertical sidewalls in order to accomplish standing waves inside of 

fluid suspension. Wet chemical anisotropic etching is restricted to crystallographic 

orientations, while dry etching is not. Dry etching however is more difficult to control 

and the equipment is more costly [88]. Forty-five degree rotation in wet etching of the 

<100 >Si-wafer is needed to have parallel vertical walls in main channel ( Figure 3.7). 
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 Figure 3.7. Schematic of patterning the microchannel on silicon wafer substrate using 
photolithography method. 

Silicon wafer was selected with low stress nitride (LSN) layer pre-coated, because it is 

needed to protect silicon wafer in step 7 of fabrication in  Figure 3.7. In step 2, AZ4620 

photoresist is spin coated on silicon wafer in two steps, 500 rpm @100 rpm/s ramp for 5 

seconds and then 2500 rpm @ 300 rpm/s for 30 seconds. It should be softly baked in 

110oC for 2 minutes. 400 mJ/cm2 exposure energy is needed in the third step. Mask must 

be already fabricated and ready for this step. Removal of the negative photoresist was 

performed using AZ400K with 1:3 concentrations with DI water for 90 seconds. 

Unexposed photoresist will protect LSN layer in CF4 plasma etching. In step six, the 

photoresist was removed by acetone and methanol rinsing on spin coater. Based on the 

ratio for sidewise (~1.26ߣ/݉ ) and depth wise (~1.42ߣ/݉), silicon wafer was soaked into 

preferred silicon etchant (PSE-200 TRANSENE COMPANY, INC. DANVERS, MA 
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01923) for 89 minutes in 100oC. 500±5 ݉ߣ ݉ߣ microchannel width with 130 ±5 ݉ߣ can 

be fabricated. For removing LSN layer in step eight, it was soaked into Aluminum 

etchant (potassium Hydroxide solution) for 240 minutes in 180oC. A mask, which is 

chrome-on-quartz one and pre-coated by positive photoresist was used. Based on 

lithography instrument (µPG 101, Heidelberg Instruments Mikrotechnik GmbH) 

logbook, 12 mW power with 100% exposure for 187 minutes was set. Figure 3.8 shows 

the steps for mask fabrication.  In step 3, chrome etchant 1020 (Transene Co., Danvers, 

MA) was used for 60 seconds at room temperature. Photoresist removed using O2 in 

100mTorr pressure, 400 Watt power with 60 sccm flow rate for 660 seconds by reactive 

ion etcher instrument March cs-1701.   

 

 

Figure 3.8. Schematic of mask making process. 

Pyrex was selected as the reflector layer because of lower thermal expansion and 

transparency properties. After drilling holes using diamond driller at inlets and outlet 
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ports, the Pyrex was be bonded to silicon using anodic bonding method at 500V and 

500oC for 6 minutes). Cylindrical shaped PZT (APC 850) with 0.25 inch diameter was 

installed on the back side of silicon wafer underneath the microchannel. Figure 3.9 

demonstrates the exploded view of device parts and their arrangement.  

 

Figure 3.9. Exploded view of device schematic. 

Figure 3.10 demonstrates the assembled and three-dimensional view of the device.  

 

Figure 3.10. Assembled view of device schematic. 
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 Figure 3.11 shows a complete acoustic focusing device fabricated utilizing rectangular 

PZT. 

 
Figure 3.11. Assembled acoustic focusing device Experimental Setup. 

An aqueous suspension of latex particles with 10 µm average diameter were used as 

model particles. Optical analysis was carried out using an optical microscope to screen 

the particle focusing inside of microchannel. An AC sinusoidal signal was generated by a 

(RIGOL DG4062 function generator. A representative experimental setup is shown in 

Figure 3.12.  

 

Figure 3.12. Experimental setup for acoustic focusing experiment. 

PZT 
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The flow rate range was controlled between 0.1-0.5 µL/min, and the acoustic power used 

to do particle focusing (10 Vpp and 1.4 MHz and 2.8 MHz).  

3.3 Results and Conclusion 

A microfabrication method was used to fabricate a microfluidic channel on silicon wafer. 

Fabrication a microchannel with smooth walls was target so <100> crystal orientation 

was selected and 45o rotation while patterning is applied. Anodic bonding is used to make 

a strong bonding between reflector and silicon wafer. Pyrex was used as a reflector 

because of its strong mechanical properties while anodic bonding and transparency for 

monitoring. Changing the frequency by function generator in the highest possible 

amplitude that instrument can provide we get different focusing of microparticles as can 

be seen in Figure 3.13.  

(a) (b) 
(c) 

(d) (e) (f) 
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Figure 3.13.  Results in different frequencies and Vpp=10 volt, a) suspension with no 
acoustic energy, b) frequency= 1.305 MHz, c) frequency = 2.649 MHz, d) frequency 

3,992 MHz, e) frequency = 5.435 MHz, f) frequency = 6.778 MHz. 

Images in Figure 3.13 demonstrate a successful focusing of particles into 1, 2, 3 or more 

lines, controlled by the frequency of the acoustic waves. Based on this behavior a method 

is currently being devised to separate these particles, based on the acoustic force acting 

on them and their response time. It is also noteworthy that based on the mathematics of 

acoustofluidics we can conclude that the speed of sound in this suspension is 1435.5 m/s. 

which is close to the speed of sound in the water. We were expecting that for the width of 

microchannel to get the first focusing in 1.305 MHz, which is showing another physical 

and mathematical compatibility in this experiment. Clear microscopic images of glass gel 

microparticles focusing driven by acoustic forces are shown in Figure 3.14 to Figure 

3.16. The first resonance is happening at 1.305 MHz and one focusing alignment is 

expected which is shown in Figure 3.14.  

 

Figure 3.14. Separation of glass gel microparticles at 1.305 MHz and 20 Vpp. 
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The experimental observation (Figure 3.15) of three lines alignments was accomplished, 

when the frequency is three times greater than the frequency in the first resonance mode. 

This confirms the linear relationship between frequency and number of alignments.  

 

Figure 3.15. Separation of glass gel microparticles at 4.051 MHz and 20 Vpp. 

Thus, to obtain four lines of alignments, setting the frequency on four times of the one in 

the first resonance is necessary.  Clear four lines of alignment was observed 

experimentally on fourth resonance mode (Figure 3.16).    
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Figure 3.16. Separation of glass gel microparticles at 5.365 MHz and 20 Vpp. 

 

 

Amplitude changes were affecting directly the acoustic forces so the more amplitude is 

causing the particles to move faster.  

Other particle materials beside glass microparticles were also explored to push the 

limited of acoustophoresis. While most particles would mathematically have positive 

contrast factors, this factor depended on both the density and compressiblities of particles 

and media. In some of our studies materials, such as the silicone rubber PDMS migrated 

toward to the antinodes due to their negative contrast factor number afforded by high 

compressibility. Similarly, liquids, such as mineral oil migrated to the antinodes. The 

density effect was observed to be dominated by the compressibility effect. Therefore we 

performed a systematic experiment to uncover this role. In this study were selected glass 

shells/air core glass bubbles (density of 0.6 g/cc) as the particle model. The media was 



	

 70

aqueous solution of calcium nitrate with various concentrations in order to vary the 

density of the media. Media densities ranging from 1.0 to 1.6 g/cc were studied and 

experiments were setup to determine the direction of particle migration, i.e. nodal or anti-

nodal. The results of this study are summarized in table 1.1. Based on the calculation and 

by assuming that full glass particles and hollow glass particles have the same 

compressibility, the density of the media which would have yield negative contrast factor 

would be > 1.52 g/cc. Instead, experimental, it was observed that this density was ~ 1.32 

g/cc. This discrepancy has two indications, first that the equation report for the contrast 

factors were applicable all particles system, e.g. core-shell particles; or that the 

assumption of same compressibility of glass particles system was inaccurate. While the 

determination of the compressibility of the glass bubbles is possible and it is a daunting 

task that is in turn an approximation. We therefore proposed for this chapter a set of 

future works which can utilize this phenomena to determine the compressibility of the 

particle systems. By using the set of variable density media and pinpointing the turning 

point density above which the contrast factor is negative and below which the contrast 

factor is positive, using the equation for Phi (Equation	 3.4), one can solve for beta of the 

particle. 

Equation 3.4 Φ ൌ Φሺρሻ ൅ Φሺβሻ ൌ
5ρ୔ െ 2ρ୤
2ρ୔ ൅ ρ୤

െ
β୔	
β୤

 

Table 3.1. Experiments of medium density variation to find the sign changing point for 
acoustic contrast factor.  

Experiment 
Number 

1 2 3 4 5 6 7 8 

Density of 
particles 

0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 

Density of 1.05 1.1 1.125 1.15 1.25 1.3 1.35 1.47 
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Media 

Sign of Contrast 
Factor 

(+:P, -:N) 
P P P P P P N N 

Φሺρሻ 0.4 0.35 0.32 0.30 0.20 0.16 0.12 0.02 

Correction 
െ0.14
േ 0.019 

െ0.14
േ 0.019

െ0.14
േ 0.019

െ0.14
േ 0.019

െ0.14
േ 0.019

െ0.14
േ 0.019 

െ0.14
േ 0.019

െ0.14
േ 0.019

 

Equation 3.5 Φሺβሻ ൌ െ
β୔
β୤

ൌ െ0.14 േ 0.019 
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4 Novel Optical Switchable Transparency driven by Acoustophoresis 

Abstract 

In this chapter, a suspended-particle device with controllable light transmittance was 

developed based on the acoustic stimuli. Using a glass compartment and carbon particle 

suspension in an organic solvent, the device responded to acoustic stimulation by 

alignment of particles. The alignment of light-absorbing carbon particles afforded in 

increasing light transmittance was as high as 84.5% and was controllable based on the 

control of the frequency of the acoustic waves. The device also demonstrated alignment 

memory rendering it energy-efficient. 

4.1 Introduction 

Materials with switchable transparency have found numerous applications, especially in 

dynamics tintable or smart windows.   These materials have found utility in applications 

in agriculture [89], automobile sunroofs [90], personal privacy [91], photovoltaics [92], 

[93], and energy-efficient buildings [94]. Switchable transparency is achievable 

following various techniques, all of which utilize external stimuli or triggers. The most 

common are chromic materials, liquid crystals, and suspended-particle devices. The 

chromic materials are most commonly photochromic, in which case the external stimulus 

is light, e.g. photochromic lenses. However, other types of stimuli for chromic materials 

have been developed, namely, electricity (electrochromic), gases (gasochromic), and heat 

(thermochromic) [89]. Liquid crystal devices while they shares the same stimulus with 

electrochromic, are fundamentally different since they rely on changes in the orientation 

of the liquid crystal molecules rather than through ion insertion/extraction. Suspended-
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particle devices that exist today also rely on electrical stimuli to create an electronic field 

to align light-absorbing particles suspended in a fluid or gel between two transparent and 

conductive surfaces. The alignment of the particles yields a rapid increase in 

transmittance that was reported to reach as high as 79% [95]–[97]. 

In this work, a suspended-particle device that has switchable transmittance using sound 

waves was developed. Similar to previously reported suspended-particles devices, our 

light-absorbing particles are aligned using an external stimulus to allow light 

transmittance. However, instead of using electrophoretic alignment, the presented device 

utilizes acousticphoretic alignment. The working principles of acoustophoresis has been well 

exploited in previous studies for microfluidic applications [54], [98]. This alignment approach 

is rapid, low-energy, and can be applied to virtually any particle type not restricted by 

electrical, magnetic, or chemical reactivity. The acoustophoretic alignment presented in 

this work is tested on label-free carbon particles. Random suspensions of the carbon 

particles are practically opaque, while aligned particles of various frequencies afforded 

higher light transmittance. 

4.2 Experimental Procedure: 

Particle suspensions (1-10% by weight) were prepared using graphitized carbon 

particles 0.5-5 µm in diameter obtained from MTI Corporation (Richmond, CA) in 

anhydrous acetone obtained from Sigma-Aldrich (St. Louis, MO). Stable 

suspensions were obtained by vortex mixing followed by sonicating the particles in 

an ultrasonication bath (100 W) for 30 minutes. The particles were then syringe 

injected into a custom-made glass compartment 10mm x 15mm x 1mm in 
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dimension with one of its sides as a Teflon cap. A piezoceramic transducer PZ-26 

obtained from Ferroperm (Denmark) was affixed to this compartment and was 

wired to a function generator Rigol DG4062 (Beavertown, OR). The experiments 

were conducted using the setup schematically presented in Figure 4.1.  In the 

figure, the device was placed under a stereo microscope with a working distance of 

10-20 cm focused on a 10mm x 15mm window with the light source placed either 

under or above the device. 

 

Figure 4.1. Schematic presentation of the experimental setup used in the device 
transmittance study. 

4.3 Results and Discussion: 

In a symmetric compartment, such as the one described in this work, a transducer produced an 

acoustic radiation that was reflected from the opposite wall, creating a standing-wave. An 

acoustic force is then imposed on the particles by the standing-wave based on their spatial 

coordinates and the size of the particles, and the density and acoustic compressibility of both the 

particle and the media [55]. Rigid and dense particles often migrate toward the nodal zones while 

flexible and lighter particles migrate toward the anti-nodal zones shown in Figure 4.2.  
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Figure 4.2. Schematic of the direction of the acoustic radiation force for rigid (black) and 
flexible (blue) particle/droplet in an acoustic standing wave. Black arrows denote the 

direction of the momentum transfer and the green arrows denote the direction of the net 
force and thus the resulting motion. 

In this study, carbon had instantaneous nodal migrations and aligned into lines across the device 

with spacing depending on the frequency of the sound wave controlled by the function generator. 

Since the carbon particles are light-absorbing, when aligned, no-particle gaps, develop allowing 

light transmittance through the device, as shown in Figure 4.3 

  

Figure 4.3. Comparison of the randomly disperse (left) versus the aligned particles (right) 
caused by switching on the acoustic radiation. 

The device itself with no particles was shown to be highly transparent, when filled only with fluid 

with transmittance of 99.3%. The device with 10% carbon particles randomly suspended with no 

acoustic stimulation, was show to have 1.5% light transmittance in the visible 400 – 800 nm 
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range (Figure 4.4). This shows that the material selection for this device to use a glass 

compartment and carbon particles at the chosen concentration is suitable for complete 

transparency and opacity of the device.  

 

Figure 4.4 - Spectrophotometric analysis of the device filled with acetone (triangles) and 
10% suspended-particles (circles) between 400 and 800 nm. 

The experimental setup described in Figure 4.1 was used to determine the controllable 

optical properties of the device. Using a printed text placed underneath the device, 

various images were taken for a 1mm x 15mm window at various acoustic frequencies. 

Then, an image-processing approach was used to measure the global transparency. The 

image-processing approach consisted of the successive application of three digital filters, 

red, greyscale, and monochrome, using the software Matlab, as shown in Figure 4.5. 

After these digital filters were applied, the ratio of white to total pixels was calculated. 
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This ratio was a close match to the transmittance percentage obtained using 

spectrophotometric analysis in the 400–800 nm range. 

                  (1)                                     (2)                                   (3)                                    (4) 

Figure 4.5- Image processing approach used to determine the percent light transmittance 
applied for (1) the original images at various frequencies of 222 kHz, 757 kHz, and 1.51 
MHz, (2) after application of red filter, (3) after application of grayscale filter, (4) after 

application of monochrome filter. 

The error is attributed to the more localized analysis for the spectrophotometer due to its 

small spot size (~ 1.5 mm). The image-processing approach was a global one that can be 

applied to the whole surface. Figure 4.6 compares the transmittance percentages for the 

device at various frequencies to the transmittance percentage prior to switching on the 

acoustic stimulation. The device with random dispersed particles was black with light 
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transmittances of 1.5% using the spectral analysis and 0% image-processing approach. 

The transmittance increases immediately to 85.8% upon stimulation with 222 kHz.  

 

Figure 4.6. Light transmittance of the device at frequencies of 222 kHz, 757 kHz, and 
1.51 MHz. The asterisk marked data point corresponds to no acoustic stimulation. 

This was possible since most particles in the analysis window of 10mm x 15mm migrated 

out of the window. At higher frequencies, where particles aligned in the analysis window 

transmittance percentages were 57.5% for 757 kHz, and 63.9% for 1.51 MHz. All wave 

amplitudes were set to 20 Vpp throughout this experiment. The relationship between 

frequency and transparency was therefore only predictable for wavelengths significantly 

shorter than the width of the analysis window. Above this threshold, the transmittance 

was consistently increasing with increasing frequency, which afforded thinner and 

narrowly spaced lines of particles. The upper limit in this instance is determined by both 
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the selection of an effective transducer capable of resonating efficiently in a wide range 

of frequencies, since most piezoceramic materials, such as PZT used in this study, peak 

in performance around few hundred kHz. The choice of compartment materials, medium, 

and particles are also crucial to minimize acoustic radiation losses and attenuation [16] 

and maximize the sensitivity of the particles to acoustic stimulation. 

 One of the major pros of this approach is the low power requirement of the 

studied device. The device not only requires low power (less than 150 mW), but also 

acoustic stimulation was only essential for an initial alignment while the alignment was 

relatively stable afterwards. This device’s memory property was investigated for a given 

device stimulated at 2 MHz and 20 Vpp, which had a light transmittance rise from 0% to 

81.5% in less than 3 seconds. Afterwards, the function generator was switch off while the 

transmittance was  monitored as a function of time. Figure 4.7 summarizes the memory 

effect for the described device. After power was switched off, the transmittance 

instantaneously (less than 10 seconds) dropped to 70% and remained at that range a few 

minutes. The steady state transparency reached 55.9% after 30 minutes. It is noteworthy 

that this drop was partly due to acetone evaporation, which occurred at a slow rate. 
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Figure 4.7. Transmittance memory of the device operated at 2 MHz and 20 Vpp showing 
the retention of transmittance after the acoustic stimulation was switched off. The asterisk 

marked data point corresponds to no acoustic stimulation. The insets correspond to 
optical micrographs of the device at each of the corresponding times. 

4.4 Conclusions 

A switchable and controllable light transmittance device was developed in this study. To 

our knowledge, this is the first report on switchable or controllable transparency using 

acoustic stimulation of suspended particle device. The method was simple, rapid, and 

energy-efficient. Transmittance as high as 84.5% was achieved and steady-state 

transmittance retention of 55.9% was observed after switching off acoustic stimulation. 

This technique could have a plethora of applications, especially in low-power devices. 
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5 Transparent and Anisotropic Conductive Film Templated Using Acoustic Focusing 

Abstract 

Elastomers doped with conductive metal particles were rendered surface 

conductive at particle loadings as low as 1% by weight using acoustic focusing. 

The resulting films were flexible and had transparencies exceeding 80% in the 

visible spectrum and with electrical bulk conductivities exceeding 50 S/cm. 

5.1 Introduction 

 Transparent conducting oxides, such as indium tin oxide (ITO) and fluorine tin 

oxide (FTO), have been standardized optoelectronic electrode materials due to 

their electrical conductivity and optical transparency. However, with the 

emergence of new transparent electronic materials, these materials have 

shortcomings that became apparent. Some of these shortcomings are their limited 

worldwide resources of indium, acid/base instability, and limited transparency in 

the near-IR region. Therefore, highly stable, transparent, and flexible electrically 

conductive materials are in high demand.  

  Advances in flexible organic electronics enabled great developments in 

research areas, such as light-emitting-diodes (LED) [99], transistors [100], solar 

cells [101], [102], and wearable devices [103]. These organic electronics 

distinguish themselves from their inorganic counterparts by possessing superior 

physical properties, such as flexibility, gravimetric density, and corrosion 

resistance, while being generally low-cost [104]–[107] .Several research studies 
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reported on thin layers with optical transparencies exceeding 70% and, in one case 

reaching 98% using carbon nanotubes [108], and electrical conductivities 

exceeding 50 S/cm [109]. Optoelectronic devices require conductive electrodes, 

which are flexible, cheap and compatible with large-scale manufacturing methods 

[110].  

  The focus of this research work is to develop a thin, transparent, flexible, 

and at the same time highly anisotropically conductive film templated using 

acoustic focusing. Particle manipulation using external stimuli acting on particles 

in suspensions has attracted attention in different fields, especially in lab-on-chip 

applications [16], [111]–[113]. Different techniques for particle manipulation have 

been previously reported for electronic materials, including electrokinetic [76], 

inertial [17], [21], [29],  magnetophoretic [58], [114], optical [115], 

[116]dielectrophoretic [77], [117], [118]. Acoustic methods however, have been 

limited to flow systems and have not been previously used for the templating of 

electronic materials. Acoustic stimuli allow rapid, gentle, label-free particle 

manipulation based on physical properties, such as size, density, and 

compressibility. Cell trapping [119]–[121], cell sorting[122], plasmaphoresis [56] 

are some of the biotechnical applications of acoustophoresis. In this study we 

report on the utilization of acoustic standing waves for optoelectronic applications. 

The manipulation of conductive microparticles and sub-micron particles enabled 

the migration and subsequent alignment of particles into continuous networks that 

afforded both conductivity and optical transparency. The morphology and 

orientation of these networks were tailored by controlling the acoustic wave’s 
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frequency and amplitude generated by the transducer. Since freestanding and 

flexible films were favoured, the conductive particles were suspended in a liquid 

monomer or acetonic solution of the monomer during the focusing studies. To our 

knowledge, no prior research reported the production of optically transparent and 

anisotropically conductive films using our approach. 

  A standing-wave can be generated by two acoustic waves in opposite direction 

which makes acoustic standing waves [55]. These waves can be produced by a transducer 

and a reflector or by two transducers in a compartment that is made of good acoustic 

conducting materials, such as glass or silicon. The particles’ response to the standing 

wave is largely dependent on their spatial coordinates, size, compressibility, and density. 

The principles of acoustic radiation force for particle manipulation has been well-studied 

in the past, chiefly for lab-on-chip applications [54], [98]. In its simplest configuration, an 

acoustic radiation force will cause a certain particle to migrate at a force given by 

Equation 5.1 either towards the closest node or anti-node of the standing-wave 

depending on the sign of the acoustic contrast factor given in Equation 5.2 

 Equation 5.1 

 

Where Fax is the acoustic radiation force, ଴ܲ  is pressure amplitude; ௉ܸ  is the 

volume of microparticle. Φ	is the acoustic contrast factor which is depending on 

the physical properties of fluid and  

 Equation 5.2 
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where ρp and ρ0 are the bulk densities of the particles and media, respectively. 

Whereas, βp and β0 are the acoustic compressibilities of the particles and media, 

respectively. The term k designates the wave number while λ is the wavelength 

[123]. Most aqueous suspensions of solid particles have positive acoustic contrast 

factor, thus often migrate towards the nodes. The observed behavior in this study 

for silver-coated nickel particles was not different 

  In the glass compartment, the particles are constantly subjected to four 

forces namely, gravitational, buoyant, drag, and acoustic. The introduction of 

acetone was intended to reduce the viscosity of the suspension and thus reduce the 

drag force resisting the acoustic focusing. Due to the high density of the particles 

relative to the media and the spherical nature of the particles, the gravitational 

force was dominant in its direction (Z-direction). Therefore, considering these two 

forces, gravitational and acoustic, the resulting arrangement of the particles within 

the films was similar to the arrangement schematically presented in Figure 5.1. 

This arrangement affords anisotropic surface conductivity, on the bottom surface 

of the film possible only in the Y-direction. It is imaginable that conductivity in the 

Z-direction can be obtained if lower density and smaller particles, higher viscosity 

media, and thinner films are used such that to allow the acoustic force to be the 

dominant force acting on the particles (Figure 5.1). Factors that cause losses of the 

acoustic force and thus reducing its effect on the particle include propagation 

through poor sound conductors, geometry on the compartment, and the roughness 

of the walls of the compartment. Considering the first factor, the materials 
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selection for the compartment is of paramount importance for acoustic focusing 

studies.  

 

Figure 5.1. Schematic of the steady-state particles’ assembly in a half wavelength 
resonator compartments for: gravity-dominated mode (left), acoustics-dominated mode 

(middle), and mixed gravity-acoustics mode (right), which is observed in this paper 

The loss of energy due to attenuation and deformation of material can lead to 

inefficient alignment in which the particles do not come in physical contact, 

causing discontinuity in the electron pathway rendering the film non-conductive. 

In this study, glass was used. While glass, is not the most ideal of acoustic 

conductors, its visible light transparency in this study was important since it 

permitted constant monitoring of the alignment throughout the experiments and 

ultimately external polymerization of the film using UV light. Figure 5.2 

demonstrates the UV exposure process after alignment driven by acoustics.  

z

x

y

Gravity‐dominated Acoustics‐dominated Mixed gravity‐acoustics
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Figure 5.2. UV exposure process 

The second factor is also important for the macroscopic properties of the particle 

alignment and the viability of the acoustic focusing. Since in this study one was 

used as a resonator and the other was used as a reflector, for the standing wave 

formation to be possible, the walls have to be perfectly parallel. These walls also 

need to be as smooth as possible to minimize scattering and absorption and reflect 

the acoustic radiation efficiently. 

  In this work an elastomer film was rendered conductive by doping it with 

conductive particles at lower than theoretical thresholds. By acoustically aligning 

the particles, continuous electron conduction pathways were constructed which 

also allowed the films to remain partially transparent. The alignments were 

controlled in spacing by controlling the frequency of the acoustic stimulus. 

According to Equation 5.2, the positive contrast factor indicates nodal focusing. 

And based on the number of nodes of the standing-wave, the number of alignments 

in the film were controlled. Figure 5.3 shows an optical micrograph in 
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transmission mode detailing the morphology of a representative spot on films 

prepared using 10% and 2% by weight of particles to polymer.  

  

   

Figure 5.3. Optical micrographs in transmission mode of: (a) 10% suspension of the 
particles in the compartment fully dispersed, (b) 10% suspension of the particles after 

acoustic alignment at 2 MHz and 16 Vpp, (c) 2% suspension of the particles fully 
dispersed, and (d) 2% suspension of the particles after acoustic alignment at 2 MHz and 

16 Vpp 

At 2 MHz, these lines were dense and continuous and provided very little 

resistance, i.e. less than 1  using the apparatus show in Figure 5.4.  
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Figure 5.4. Schematic presentation of the setup used for testing the surface resistivity of 
the films. The setup used two gold electrode plates with adjustable spacing that were 

connected to an Ohmmeter. 

The film prepared using unaligned suspensions was poorly conductive with 

resistances in the M range. While the anisotropic ratio (RX/RY) of resistance in 

X-direction (RX) to the resistance in the Y-direction (RY) exceeded 106-fold at 

certain conditions, demonstrating conductivity only in one direction. The data are 

summarized in Table 5.1. 

Table 5.1. Summary of the resistances in the X and Y-directions of the films for 1%, 2%, 
5%, and 10% particle loading and films prepared using no acoustic stimulation, 150 kHz 

frequency, and 2 MHz frequencies. 

Loading 
Percentage No Acoustics 150 kHz 2 MHz 
  RX RY RX RY RX RY 

10% 1.2 1.2 > 106 0.8 > 106 1.0 
5% > 106 > 106 > 106 2.1 > 106 6.9 
2% > 106 > 106 > 106 3.8 > 106 10.1 

1% > 106 > 106 > 106 6.0 > 106 > 106 
 

Gold electrodes

Prepared film

Glass cover slip

Ohmmeter
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 The optical transparency in the visible range (400–800 nm) of a 1 mm thick 

cured polymer film with 0% particle loading averaged 86%.  

5.2 I-V experiment  

  Using the same setup sketched in Figure 5.4 , a direct current (DC) voltage 

was applied in two sides of anisotropic film to measure the amount of current 

passing through the network created by the particles. After aligning the particles 

using acoustic forces in the media a UV exposure carried out and a resistivity 

measurement was carried out on the resulted film that was 1.01 ohm. Figure 5.5 

shows the circuit schematic that was used to acquire the current variation via 

voltage changes. 

 

Figure 5.5. Circuit schematic to measure the V- I experiment 

An I-V graph of the measurement is shown in Figure 5.6, which shows a good 

compatibility with the electronic Ohm’s law, and the variation of current versus 

voltage changes is linear. Nonlinearity of the experimental data is because of the 

temperature and material characteristics of the resistor and environment.  
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Figure 5.6. I-V curve (current vs. voltage), when the measured resistance of the film is 
1.01 ohm 

The film was tested in a real circuit as a resistor. Figure 5.7 demonstrates the 

electrical conductivity and optical transparency of the film by connecting the 

prepared film in series with a CR2032 3V lithium-ion battery and a red light 

emitting diode. 

     

Figure 5.7. Anisotropic conductive film experimental setup  
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The film is flexible and its flexibility is depending on its thickness. The flexibility 

of the film is increasing, when the thickness of the film decreases. The thinner the 

film is, the more flexible and the more transparent it will be.  Figure 5.8 shows that 

film is very flexible and bendable.  

 

Figure 5.8. Flexibility demonstration of the cured polymer while the conductive particles 
are aligned acoustically and embedded on one side 

5.3 Transparency Analysis 

  The same film with different particle loadings has different transparencies, 

when the particles are fully dispersed; the variation of light transmittance versus 

the emitted light wavelength is shown in Figure 5.9. The average light 

transparencies of the films in the 400–800 nm wavelength range are displayed on 

the charts. Higher particle loads will decrease the light transmittance to lower than 

5% and decreasing the particle loads will increase the light transmittance.  
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Figure 5.9. Transmittance of the films prepared using (Δ) 2% particles, (○) 5% particles, 
and (□) 10% particles for randomly suspended particles with no acoustic stimulation 

The same film with 10% particle loading was less than 5% transparent, while the 

same film’s transparency increased to 22% after acoustic focusing at 2 MHz for 10 

seconds followed by UV curing for 2 minutes as shown in Figure 5.10 and Figure 

5.11.  When the particles were stimulated with 150 kHz, the transparency 

increased to 63% while the film’s resistance remained largely unchanged.  This 
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difference is attributed to particles focusing in the thickness Z-direction and thus 

blocking less light, while maintaining continuous electron conduction pathways. 

 

Figure 5.10. Transmittance of the films prepared using (Δ) 2% particles, (○) 5% particles, 
and (□) 10% particles for randomly suspended particles with acoustically aligned 

particles using 150 kHz 

Due to the choice of the piezoelectric device, wave amplitudes were more 

pronounced at 150 kHz than at 2 MHz causing stronger acoustic forces, which led 

to more acoustic force dominance as previously shown in Figure 5.1. Expectedly, 
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the transparency for lower particle loading were improved and films using 2% 

loading acoustically aligned at 150 kHz exceeding 80%.  

 

Figure 5.11. Transmittance of the films prepared using (Δ) 2% particles, (○) 5% particles, 
and (□) 10% particles for randomly suspended particles with acoustically aligned 

particles using 2 MHz. 

 In summary, a transparent, anisotropically conductive, and flexible film was 

prepared using widely available conductive particles and elastomers with 
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conductive materials loading as low as 1%. The film’s preparation was simple, 

rapid, and at ambient conditions using no additives. 

5.4 Experimental Section 

The particles used in this study are silver-coated nickel quasi-spherical particles 

with average diameter of 6 μm and were obtained from Sigma–Aldrich (St. Louis, 

MO). The elastomer used for the preparation of the films was prepared using the 

monomer trimethylolpropane ethoxylate triacrylate (TMEP-ETA) and the photo-

initiator 2-hydroxy-2-methylpropiophenone (HMPP) were obtained from Sigma-

Aldrich. The compartment in which in the acoustic focusing studies were 

performed was 10x10x1 mm and was made from glass. A piezoceramic actuator 

PZ26 (FerroPerm, Denmark) was affixed on one of the sides parallel to the shallow 

coordinate (Y-axis shown in Figure 5.1). 

  In a typical preparation, a TMEP-ETA:HMPP solution in a 100:1 weight ratio 

was prepared by dissolving the HMPP in TMEP-ETA under gentle stirring 

conditions. In some studies acetone was added to up to 3:1 volume ratio to reduce 

the viscosity of the suspension. To the monomer solution, the appropriate amount 

of conductive particles was added (0–10% by weight). The particles were 

suspended by rigorous mixing and sonication for 5 and 10 minutes, respectively. 

Due to their high density and depending on the viscosity of the media, the particles 

rapidly begin to precipitate in the compartment prior to the alignment. The 

alignment was initiated by switching on the frequency generator and selecting the 

desired amplitude (1–25 Vpp) and frequency (100 kHz–2 MHz). The particles’ 
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response was typically instantaneous, taking only few seconds to reach steady 

state. After steady state is reached, the film was cured by illumination from the top, 

using a low-power (6 W) 365 nm handheld UV lamp for 2 minutes. After curing 

the film, the film was recovered from the compartment by removing the side caps 

and sliding out. The films that contained acetone were left on a Petri dish to 

completely evaporate. The films were then stored under inert and dry environment 

until tested for transparency, electrical conductivity, and mechanical properties 

analyses. 

  The surface electrical resistance was measured using a Hewlett Packard 

34401A multimeter with maximum resolution of 100 mΩ using two gold 

electrodes with adjustable spacing. The bulk conductivity was calculated using the 

Equation 5.3: 

 = L/ZA Equation 5.3 

where  is the bulk electronic conductivity in S.cm-1, L is the spacing between the 

electrodes in cm, A is the cross-sectional area of the film in cm2, and Z is the 

electrical resistance of the film in . 

 Optical transparency test were performed using a Gamry Spectro-115E 

spectrophotometer with deuterium/tungsten light source set to operate in the 

visible wavelength range of 400 – 800 nm. The film transparency was calculated 

from averaging the transmittance percentages over the above range. The 100% 

reference was air set for an empty cell with only air inside, while the 0% reference 

was set with the light source shutter switched off.  
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6 Conclusions and future works 

The combination of microfluidic and external stimuli, such as acoustic radiation to 

produce a standing-wave has generated a unique, label-free, and integrated method for 

the manipulation of particles [16]. This thesis presents the implementation and fabrication 

process of an acoustic focusing device. The results demonstrated that particles (500 nm to 

10 µm) can be manipulated by acoustic forces in a microscale cavity made of materials 

with high acoustic properties. Beside all advantages of acoustic focusing, such as label-

free manipulation, simple control, and high throughput, its ability in manipulation in 

submicron microparticles becomes limited and heat generation during the process can 

occur at higher powers. Different particle materials were explored to push the limits of 

acoustophoresis. In some materials, such as the elastomer PDMS and liquid mineral oil, 

density effect was dominated by the compressibility effect. The discrepancy of 

experimental and mathematical observations in core air/shell glass microparticles had two 

indications, first that the equation report for acoustic contrast factors were not equally 

applicable to all particle systems, e.g. core-shell particles; or that the assumption of same 

compressibility was not only a surface phenomenon. With this approach, the 

determination of the compressibility of the glass bubbles is possible if the compressibility 

of the media is known. Media density variation to hit a specific threshold in which the 

behavior of microparticles changes and the contrast factor become negative, is a tool to 

separate two microparticles with the same buoyancy behavior, which was explored in this 
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thesis. However, this solution has also limitation, such as pushing the density of media to 

certain ranges.     

Aligning the light blocking/absorbing particles in a transparent compartment can generate 

a controllable transparency. A switchable and controllable light transmittance device was 

developed in this study. To our knowledge, this is the first report on switchable or 

controllable transparency using acoustic stimulation of a suspended-particle device. The 

method was simple, rapid, and energy-efficient. Transmittance values as high as 84.5% 

were achieved and steady-state transmittance retention of 55.9% was observed 30 

minutes after switching off acoustic stimulation. This technique could have a plethora of 

application, especially in low-power devices. Applying the same concept to electrically 

conductive particles (e.g. silver, nickel, etc.) induced particle alignments of microscale 

electric network capable of conducting electrons.  Locking these network in place by 

curing the media produced thin films with conductive surfaces. These lines on the surface 

have one direction so an anisotropic conductive surface was expected. These materials 

can have abundant applications in flexible electronics.  

The studies and applications developed in this thesis open up various future applications. 

Some of these applications are listed as possible future directions: 

• Conducting switchable transparency in nano scale. 

• Conducting anisotropic electronically conductive thin film utilizing nanoparticles. 

• Using much powerful transducers which works on more than 10 MHz to generate 

thinner alignment for better transparency.  

• Developing other optical patterns, such as dots and matrices using the switchable 

optical transparency method. 
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• Developing the same applications utilizing surface acoustic waves (SAW) . 

• Investigating thermal analysis after preparing the film for better electric 

properties.  

• Investigating mechanical properties such flexibility and stretchability.  

• Computer modeling and simulating of each application using computational 

software, such as Comsol and comparing the results with experimental data.  
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