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Abstract 

Separation of microparticles without tagging or relying on charge, polarization or magnetic 

properties is important in many applications including biological and chemical analysis. 

Piezoelectric transducers can be used to create a standing acoustic wave field in a microfluidic 

channel, and these acoustic fields have been used to separate particles by size. 

In a standing acoustic wave field, particles experience a force towards the acoustic nodes which 

is proportional to the particle volume. This force is opposed by the drag force on the particle 

from the fluid. The drag force is proportional to particle radius. Consequently, larger particles 

move faster towards acoustic nodes than smaller particles. By applying these forces at an angle it 

is possible to separate particles by size in a continuous flow device. The tilted angle design 

enables particle separation of greater than a single wavelength. 

The overarching objective of the research was to sort particles by size. I developed standing 

surface acoustic wave (SSAW) devices on lithium niobate, and used PDMS 

(polydimethylsiloxane) as a microfluidic channel material. I used these devices to demonstrate 

particle concentration and understand the acoustic behavior of the devices and particle behavior 

in this acoustic environment.  

PDMS has the drawbacks of high attenuation, and difficulty in fabrication for large scale 

applications, so it is advantageous to use PMMA (Poly(methyl methacrylate)) as a channel 

material because of its mechanical robustness, its lower attenuation, and its suitability for 

manufacturing. Consequently, I developed SSAW devices with PMMA channels to understand 

this material.  



v 
 I explored the idea of using an acoustic field, tilted (rotated, yawed) with respect to microfluidic 

flow, to separate particles by size in a SSAW device. Though effective, this separation scheme 

has limits on channel height (which reduces throughput), and limits the size range of particles 

that can be separated.  

To address the limitations of SAW (surface acoustic wave) tilted angle particle separation 

devices, I created a PMMA prism and excited bulk acoustic waves (BAW) using PZT (lead 

zirconate titanate) transducers through the PMMA into a tilted angle channel in the prism. I used 

microfluidic flow in this acoustic field to separate particles by size. The PMMA prism tilted 

angle channel design is easier to fabricate and more mechanically robust than a tilted angle SAW 

device. 

By analyzing particle trajectories using simulated and experimental results, I have determined 

how changing design and operation parameters of the separation device influences how particles 

move. Understanding the particle trajectories of different particle sizes allows us to choose 

design and operational parameters to enable particle separation. 

Particle separation in PMMA prism devices works, but a particle separation device should be 

optimized for a specific separation application for the most effective particle separation. 

My key contributions include: the tilted angle configuration, the PMMA prism and BAW 

configuration, and combining simulated and experimental results to generate phase diagrams 

characterizing particle trajectories. 
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 Introduction 1

Sorting particles is an important activity in many areas including biological and chemical 

analyses. It is useful to be able to sort particles (biological or otherwise) in a continuous manner 

and, for biological particles in particular, retain the viability of the particles. There are many 

options for particle separation, but each has their own drawbacks. Centrifugal separation is not 

continuous and relies on the density, not the size, of particles. Magnetic, electrokinetic, and 

dielectrophoretic methods rely on the particles either having particular charge, polarization or 

magnetic properties, or being labeled to gain these properties for sorting. Hydrodynamic 

separation mechanisms like the one described by Bernate et al. (1) are interesting because they 

can be continuous and passive, but have the limitation of being designed for separation of 

particle sizes during fabrication, so cannot be easily adapted to different separation requirements. 

Alternatively, using acoustic forces enables the separation of a wide range of particles with 

different properties, without requiring any specific property, or any labeling or tagging. 

Additionally, Evander et al. (2) have observed that using the acoustic force on biological 

particles does not appear to have a significant effect on the particle viability. 

1.1 Motivation 

To separate particles using the acoustic force, I create an acoustic field at an angle tilted with 

respect to microfluidic channel flow. The force on the particles from the flow is related to the 

particle radius, and the force on particles towards acoustic nodes is related to the particle volume, 

so, as shown in Figure 1-1, particles of different sizes follow different paths through the channel. 
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 Larger particles more closely following the node lines of the acoustic field while smaller 

particles more closely following the streamlines of the microfluidic flow. 

 
Figure 1-1: Picture of an early iteration of a PMMA prism tilted angle BAW particle separation device (left), and a 
diagram illustrating how particles of different sizes will follow different paths through a tilted angle channel (right). 

The difference in the forces on particles of different sizes (or densities, or compressibilities) 

enables particle separation by type. I fabricate this tilted angle channel in a PMMA (Poly(methyl 

methacrylate)) prism. I use lead zirconate titanate (PZT) wafer transducers to excite bulk 

acoustic waves (BAW) in the PMMA prism to create the acoustic environment for particle 

separation. 

1.2 Objective 

The primary objective of this project was to design and fabricate a continuous flow microfluidic 

device in a PMMA prism which uses the acoustic force to separate microparticles by size.  I met 

this objective by designing and fabricating a PMMA prism device comprised of a machined 

channel in PMMA tilted at an angle with respect to parallel PZT transducers. The transducers 
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 excite bulk acoustic waves in the prism which couple into the tilted channel. I demonstrated that 

the device can be used to separate 15 μm particles from 2 μm particles. In addition to creating a 

separation device, I studied the effect of tilted angle acoustic fields on particle paths through a 

microfluidic channel. By understanding device behavior we gain valuable insight into how to 

design devices for specific separation applications. 

1.3 Forces on particles 

The particle manipulation in acoustic microfluidic devices is dependent on the acoustic field and 

the behavior of the fluid in the device. These two components work together to enable particle 

separation. 

1.3.1 Acoustic Field 

Standing waves are formed when waves traveling in opposite directions (or with components 

traveling in opposite directions) encounter each other. They can be created either by exciting 

waves at two or more different sources, or by exciting waves at a single source but with a 

reflective discontinuity such that some portion of the wave is reflected back towards its origin. 

The summation of these waves creates node lines and anti-node lines in the media involved. 

1.3.1.1 Creation of an acoustic field 

Depending on the type and frequency of the waves desired, waves can be created in different 

ways. The most common way to excite waves for continuous flow particle concentration and 

separation devices is to create IDTs (interdigitated transducers) on a piezoelectric substrate. 

Some research groups, however, use other methods, including creating surface acoustic waves by 
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 integrating piezoelectric material into a silicon chip, or creating bulk waves by attaching 

piezoelectric transducers to the outside of a glass capillary tube and exciting waves across the 

channel (3). My method for coupling acoustic waves into PMMA chambers is to attach a PZT 

(lead zirconate titanate) transducer to one side of a PMMA prism and excite it with a sinusoidal 

voltage to create waves within the chamber or channel (4) (5).  

1.3.1.2 Force on particles 

In a standing acoustic wave field, the force on particles towards the nodes or anti-nodes of the 

acoustic field depends on the acoustic contrast of the particle material with respect to the 

medium. The acoustic contrast is calculated, as presented by Lenshof et al. (6) as  

Φ =
𝜌𝑝 + 2

3�𝜌𝑝 − 𝜌𝑓�
2𝜌𝑝 + 𝜌𝑓

−
1
3 ��𝜌𝑓𝑐𝑓

2��
𝜌𝑝𝑐𝑝2

 Equation 1-1 

where the subscripts p and f denote properties of the particle and fluid respectively, ρ is density, 

c is the speed of sound in the material, and β is the compressibility of the material. When the 

acoustic contrast factor is positive, the particle will move towards a node. When the acoustic 

contrast factor is negative, the particle will move towards an anti-node. Polystyrene has a 

positive acoustic contrast factor (2) (7) (8) (9) (10) (11) (12) (13), as does latex (14), and many 

cells including rat spleen cells (2), yeast cells (2), neural stem cells (2), red and white blood cells 

(10) (4) , and many bacteria including E. Coli (10). Milk fat has a negative acoustic contrast 

factor (9). (In a tilted angle particle separation device, the magnitude of the acoustic contrast 

factor will be more important than its sign because particles with either positive or negative 

acoustic contrast will deflect in the same direction, with only slightly different paths.) 
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 The force small compressible particles experience in standing wave acoustic fields was 

calculated in 1955 by Yosioka and Kawasima (15) and used (with changes in notation) since. 

With the notation use by Shi et al. (16) the force on particles in an acoustic field is 

𝐹𝑟 = −�
4𝜋2𝑝02𝑟3𝛽𝑓

6𝜆
��

5𝜌𝑝 − 2𝜌𝑓
2𝜌𝑝 + 𝜌𝑓

−
𝛽𝑝
𝛽𝑓
� sin �

4𝜋
𝜆
𝑥� Equation 1-2 

where p0 is pressure amplitude, r particle radius, λ wavelength, and 𝑥 position. The force on a 

particle is proportional to the volume of the particle (r3).  The amplitude of the force is scaled 

with the pressure amplitude. Consequently, the force is ultimately controlled by the voltage 

applied to the transducers creating the standing waves. 

1.3.2 Microfluidics 

In microfluidic channels, in general, the flow is laminar (and the velocity profile is predictable as 

expected for laminar flow). Particles suspended in water in a microfluidic channel will move 

along the channel at approximately the velocity of the water (assuming they are sufficiently 

small) unless acted on by an outside force. The force of the water on a particle is given by the 

drag force (16) 

𝐹𝑣 = −6𝜋𝜋𝑟𝜋 Equation 1-3 

where η is the viscosity of water and v is the velocity of the particle relative to the velocity of the 

water in the channel. It is important to remember the frame of reference when calculating the 

drag force on a particle in a flowing channel. The force from the water on a particle is 

proportional to the radius of the particle. This force can be controlled by changing the velocity of 

the water in a channel.  
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 1.3.3 Material Selection-PDMS and PMMA 

Material selection is important for the channel in any acoustic microfluidic device. For this 

application, the material selected must enable fabrication, must be able to contain the 

microfluidic channels, must interface with any pumping mechanisms necessary to drive the 

microfluidics, and must have acoustically favorable properties for the specific application. 

Most acoustic microfluidic devices use PDMS (polydimethylsiloxane) as the channel material 

because it can be fabricated using soft lithographic techniques, is suitable for the microfluidics 

portion of the device, and is acoustically well matched with water. (The latter property leads to 

less reflection at water-PDMS boundaries than some other materials commonly used for bulk 

acoustic wave applications like glass capillaries and silicon (9).) As discussed by Langelier et al., 

PDMS has the disadvantage of high attenuation (17), meaning that more of the energy that could 

otherwise be used in particle manipulation is lost to the channel than with some other possible 

material options.  

As an alternative to PDMS, PMMA can be used to fabricate channels. PMMA is easier to 

fabricate at a large scale than PDMS because it can be embossed or machined, and has less 

attenuation (4).  The acoustic properties of PMMA, however, are very different from those of 

PDMS with some interesting implications in device design. The most notable advantage of 

PMMA when compared to PDMS is its mechanical robustness. PMMA devices can be easily 

fabricated and are tough enough to be used in a non-laboratory environment, enabling more 

widespread and varied use of the technology. 
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 1.4 Dissertation Outline 

In this dissertation, I describe how I have separated particles by size using BAW waves (bulk 

acoustic waves) in a PMMA prism device with a tilted angle microfluidic channel.  

In Chapter 2, I outline the existing technology, and the fundamental forces that govern particle 

separation in a tilted acoustic field. Previously, particles have been separated using surface 

acoustic waves (SAW), both in channels parallel to acoustic node lines, and at a tilted angle. I 

will describe my work with SAW devices and the advances of others, as a fundamental primer 

on the use of the acoustic force for these types of applications.  

In Chapter 3, I describe the design of the PMMA prism, tilted angle channel, BAW, particle 

separation device.  This chapter includes information on the device fabrication, major 

advantages, and design considerations. I will explain how both the acoustic and microfluidic 

aspects of the device combine to separate particles.  

In Chapter 4, I discuss how particles move in a tilted angle acoustic field in a microfluidic 

channel. By analyzing particle trajectories using simulated and experimental results, I have 

determined how changing design and operation parameters of the separation device influences 

how particles move. Understanding the particle trajectories of different particle sizes will allow 

us to choose design and operational parameters to enable particle separation. 

In Chapter 5, I show how I have separated particles by size using a tilted angle PMMA prism 

BAW device.  These devices demonstrate the types of particle separation predicted in Chapter 4. 
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 Finally, in Chapter 6, I conclude that particle separation in PMMA prism devices will work, but 

that a particle separation device should be optimized for a specific separation application for the 

most effective particle separation. Additionally, I outline future work for this project, including, 

choosing a better acoustic couplant for the PMMA-PZT interface, advancing the particle pre-

concentration in the device, studying the effect of particle morphology on separation, and 

enhancing particle separation by changing the suspension fluid viscosity.  

Additional information on methods and background is included in the appendices.  
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  Particle Separation in SAW devices 2

2.1 SAW devices 

Surface acoustic wave (SAW) particle separation devices create SAW waves on a substrate, 

which are coupled into a microfluidic channel, creating an acoustic environment for particle 

manipulation. 

To create this acoustic environment, interdigitated transducers (IDTs) excite surface or surface-

like waves on a piezoelectric substrate because electric fields in piezoelectric materials excite a 

strain on the material. By creating comb-like alternating fingers on the substrate, applying a 

sinusoidal voltage to the IDT electrodes can excite a traveling acoustic wave (18). In most of the 

IDTs used for actuation of surface waves, the fingers of the IDTs are designed with equal width 

and spacing, so each pair of fingers, (which form an electrode pair and create one wavelength,) 

has a size of four times the finger width. IDTs are most efficient at creating waves near the 

operating frequency. The operating frequencies of an IDT are the frequencies where the 

wavelength of a wave traveling in the substrate (at that frequency, at the material surface 

acoustic wave velocity) closely matches the designed wavelength of the IDT. Thus, f=cSAW/λ, 

where f is the frequency of excitation, cSAW is the SAW (surface acoustic wave) velocity in the 

substrate, and λ is the IDT wavelength (18).  

Many groups using surface acoustic wave devices bond a channel onto the surface of the 

piezoelectric substrate, and excite the SAWs, which travel across the surface and couple into the 

channel at the Rayleigh angle. One such configuration is shown below (8) in Figure 2-1.  
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Figure 2-1: Directly from Shi et al. (8) (a) A photograph of the experimental apparatus is shown including a PDMS 
microchannel in between a pair of parallel IDTs. (b) A cross-section schematic of the microchannel and IDTs used to generate 
two SAWs travelling in the opposite direction. The leakage waves are radiated into the liquid phase under the Rayleigh angle 
(drawings are not in scale). Note: the axes in this figure pertain to the work by Shi et al. and not to the other work presented in 
this document. 

The SAWs in this configuration must pass under the bound portion of the channel, (causing some 

loss) but ultimately the remaining waves travel into the water in the channel, creating nodes. 

2.1.1 Previous work by others 

The force on a particle from an acoustic field is proportional to volume while the force on a 

particle from the drag force is proportional to radius. Consequently, larger particles experience 

larger net forces in an acoustic field and move towards pressure nodes faster than smaller 

particles with otherwise identical properties (16). This phenomenon has been used in a number 

of different configurations to sort particles by size.  

If it is possible to reduce the reflections sufficiently to not create standing waves, the difference 

in forces on different sized particles can be used to simply drive larger particles towards one side 

of a channel faster than smaller ones. If particles are introduced into the channel on one side, 
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 they can be separated by adjusting the amplitude of the traveling waves, as discussed in Lenshof 

et al. (6) and shown in Figure 2-2. 

 
Figure 2-2: Figure and caption from Lenshof et al. (6). The principle of the split flow thin (SPLITT) fractionation. A 
particle mixture enters via the sample inlet and as it enters the fractionation chamber the particles are affected by the 
external force field. The yellow particles experience a larger force than the smaller red particles. The force and the flows 
are tuned such that the particles that are most affected by the force field travel past the flow splitter and are separated 
from the smaller red particles. 

A second way to use the difference in force on different sized particles is to create a single 

standing wave node in the center of a channel, and to introduce the particles on the sides of the 

channel. As the particles travel along the channel, larger particles will move toward the center 

before smaller particles, so an outlet channel at the center can collect the big particles and 

exclude the small ones. This is presented by Shi et al. (16) in Figure 2-3. 

 
Figure 2-3: Figure and caption from Shi et al. (16)  (a) Schematic of the separation mechanism showing particles beginning to 
translate from the sidewall to the center of the channel due to axial acoustic forces applied to the particles when they enter the 
working region of the SSAW (site 1). The differing acoustic forces cause differing displacements, repositioning larger particles 
closer to the channel center and smaller particles farther from the center (site 2). (b) Comparison of forces (normally in pN range) 
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 acting on particles at site 1 and site 2, respectively. Note: the axes in this figure pertain to the work by Shi et al. and not to the 

other work presented in this document. 

Nam et al. (19) built a similar (but opposite) separation device by creating two nodes at either 

side of a channel, and introducing hydrodynamically focused particles into the center of the 

channel. In this setup, the larger particles migrate towards the outside of the channel faster than 

the smaller particles, so a centered outlet channel preferentially contains smaller particles. 

2.1.2 Previous work by us 

Much of my work on surface acoustic wave devices is described in two IEEE International 

Ultrasonics Symposium conference papers in 2013 and 2014 (20) (21), and in two SPIE Smart 

Structures and Materials+ Nondestructive Evaluation and Health Monitoring conference papers 

in 2013 and 2014 (22) (23). The results of those analyses that pertain to advancing the 

technology to PMMA prism bulk acoustic wave microfluidic devices are presented here. For 

more details, see SAW devices. 

2.1.2.1 Experiments on particle alignment in a parallel acoustic field 

In order to examine the properties of SAW devices, and better understand particle behavior in 

acoustic fields, I fabricated many SAW devices with either PDMS or PMMA microfluidic 

channels bonded to a lithium niobate substrate between two 200 μm or 100 μm wavelength 

interdigitated transducers. One such device is shown in Figure 2-4. For more details on SAW 

device fabrication, see Appendix A.1, SAW device fabrication. 
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Figure 2-4: SAW device with PDMS channel on 128° rotated lithium niobate. 

2.1.2.1.1 Node Formation 

Standing waves are formed when waves traveling in opposite directions (or with components 

traveling in opposite directions) encounter each other. They can be created either by exciting 

waves at two or more different sources, or by exciting waves at a single source but with a 

reflective discontinuity such that some portion of the wave is reflected back towards its origin. 

The summation of these waves creates nodes and anti-nodes in the acoustic field.  

There are a number of ways to examine the acoustic properties of a SAW device. I used 

electrical measurements of the impedance versus frequency of the IDTs of the devices along with 

eigenmode and sinusoidal simulations to determine that most of these devices with a 200 μm 

wavelength are not exciting pure surface waves, but rather waves with significant through 

thickness displacement in the lithium niobate substrates. For details on the simulations and 

experiments that lead to this conclusion, see Appendix A.3, Wave propagation and type. 
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 The most important information about the acoustic environment in SAW (or SAW-like) devices 

is the node locations and strength in the microfluidic channel. I can experimentally observe the 

nodes and node strength by injecting particles into a device, exciting the acoustic waves, and 

observing the particle behavior. 

2.1.2.1.1.1  PDMS channels 

As described in Equation 1-2, the forces on particles are related to the amplitude of the acoustic 

field, p0. Consequently the transverse velocity of particles of the same size will be faster in a 

higher amplitude acoustic field. In a PDMS channel with sufficiently high acoustic amplitude, 

polystyrene particles in water will migrate towards the nodes of the acoustic field because 

polystyrene has a positive acoustic contrast in water. At any depth within the channel, these 

nodes are spaced at the IDT half-wavelength, as described by the sin �4𝜋
𝜆
𝑥� term in Equation 

1-2. For example, 200 μm wavelength IDTs excite node lines that appear to be 100 μm apart. 

Figure 2-5 is an example of particles aligning in a PDMS channel.  

 
Figure 2-5: Localization of 6 μm particles in a 0.5 mm wide PDMS channel after 30 seconds with both IDTs driven at 4.3 
volts and 19.76 MHz. 

The regularly spaced node lines shown in Figure 2-5 are all at one height near the bottom of the 

channel. We observe this from the half wavelength spacing of the node lines, the depth at which 

the imaging microscope is focused, and the velocity of the particles along the channel with flow. 
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 (The particles are near the bottom, where the water velocity profile is slower than in the middle 

depth of the channel) 

2.1.2.1.1.2 PMMA channels 

In PMMA channels there is less acoustic attenuation (~2dB/mm loss measured for BAWs 

traveling through PMMA at 10MHz, ~5dB/mm loss for SAWs traveling under a PDMS channel 

(24)), so more of the SAW energy coupled into the channel material reaches the water in the 

channel, leading to more complex node patterns. Figure 2-6 shows how the wave paths in 

PMMA theoretically create more complex node patterns than in PDSM, where more of the 

energy damps with no internal reflection. 

 
Figure 2-6: Contrast of PMMA and PDMS showing possible wave paths 

This is shown experimentally in extra node lines that are clearly visible in PMMA channels, and 

in the irregularity of the node line spacing. Figure 2-7 shows particles aligning in a PMMA 

channel at these extra (and less regularly spaced) nodes. 

 
Figure 2-7: 6 μm particles concentrated at nodes in a PMMA channel on Y-cut, Z-propagating clear lithium niobate with 
a 200 μm wavelength IDT pair driven at a frequency of 17.68 MHz. 
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 The extra wave paths evidenced in the PMMA channel in Figure 2-7, sufficient to create distinct 

additional nodes, demonstrates that acoustic waves will propagate with only modest attenuation 

in PMMA. This is discussed further in our 2014 SPIE conference paper (23). 

2.1.2.1.2 Particle alignment velocity 

As discussed in our 2013 IEEE IUS conference paper (20), to determine how the excitation 

amplitude of the IDTs affects particle velocity, I measured the time it takes the particles to align 

at different excitation voltages. To standardize the time at which I decided that the particles were 

aligned I averaged the pixel value along the channel for each. I then identified the maximum 

alignment, and extracted the time at which the particles achieved half of that maximum 

alignment. 

By repeating this procedure at different applied excitation voltages, I correlated acoustic field 

amplitude and particle alignment time, which is analogous to particle velocity from the furthest 

point away from a node line towards a node line. Figure 2-8 shows the time to 50% alignment as 

a function of excitation amplitude. 
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Figure 2-8: Alignment time as a function of IDT excitation voltages. 

This result is well in line with what we would expect in a one dimensional model where a 

particle at any given starting position feels only the acoustic force and an opposing drag force. 

Theoretically, we could use the same procedure with particles of different types to quantitatively 

compare the acoustic contrast factors (which are related to density and compressibility) of the 

particles (assuming we know the particle sizes), by comparing the shapes of these curves. 

2.2 Particle Separation in a tilted acoustic field 

The scaling difference with size of the acoustic and drag forces can be used to separate particles 

by size in a channel tilted (angled) with respect to the nodes of an acoustic field. This approach 

was developed independently by our research group (21), and by Ding et al. (25). By applying 

the drag force and the acoustic force at a tilted angle, the particles can separate more than the 

distance possible in the other separation mechanisms because they are not limited to moving less 

than half a wavelength. As shown in Figure 2-9, the tilted angle separation scheme enables 

separation distances significantly larger than the wavelength used. 
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Figure 2-9: Figure and caption from Ding et al. (25) Schematic illustration of working principle and device structure. (A) 
Photo showing a taSSAW-based cell-separation device. (B) and (C) Separation process for 10- and 2-µm-diameter 
polystyrene beads in the taSSAW working region and the outlet region, respectively. Note: the axes in this figure pertain to 
the work by Ding et al. and not to the other work presented in this document. 

2.2.1 Forces on particles in a tilted environment 

In a tilted angle microfluidic acoustic environment, particles experience forces from both the 

acoustic field and the drag force from the fluid. With the acoustic force alone, the particles travel 

towards the node lines and (because the acoustic force towards the node line decreases with 

proximity to the node line) stay there, providing a visual tracing of the locations of the node lines 

in the system. With the drag force alone, the particles follow the stream lines of the water flow. 

Neither configuration alone induces particle separation. 

Figure 2-10 shows the acoustic and total forces on a particle in a segment of a tilted angle 

channel.  
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Figure 2-10: Forces on particles in tilted acoustic field. White arrows are total force vectors on particles of a particular 
size. Black arrows are force vectors from the acoustic field alone. Color is pressure (red high, blue low). 

The direction of forces alone does not explain particle migration towards one side of the channel, 

because, irrespective of the flow velocity, the y components of the forces average to zero over 

the segment shown. It is the paths of the particles through this force field (rather than the net 

directions of the forces) that causes particles to migrate towards one side of the channel and 

allows separation. 

To better understand how the particles behave, I have looked at the fundamental force equations 

describing their motion. The first step in describing the particle motion is to choose a frame of 

reference. Two reasonable frames of reference include: an axis parallel to the direction of flow, 

and an axis parallel to the node lines.  

Figure 2-11 shows an axis orientation with the flow of the water parallel to the x̂ direction. These 

axes apply to all simulations of the channel alone (not simulations of the entire device), including 

those presented in Chapter 4. (All axes labeled with x̂, ŷ, or ẑ refer to these axes.) 
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Figure 2-11: Axis for force equations in tilted angle channel 

This gives a force in the x̂ direction of  

𝐹𝑥� = −�4𝜋
2𝑝02𝑟3𝛽𝑓
6𝜆

� �5𝜌𝑝−2𝜌𝑓
2𝜌𝑝+𝜌𝑓

− 𝛽𝑝
𝛽𝑓
� sin �4𝜋

𝜆
�𝑥�𝑠𝑠𝑠(𝜃) − 𝑦�𝑐𝑐𝑠(𝜃)�� sin (𝜃) +

6𝜋𝜋𝑟(𝜋𝑤 − 𝑥�̇).  
Equation 2-1 

and a force in the ŷ direction of 

𝐹𝑦� = −�4𝜋
2𝑝02𝑟3𝛽𝑓
6𝜆

� �5𝜌𝑝−2𝜌𝑓
2𝜌𝑝+𝜌𝑓

− 𝛽𝑝
𝛽𝑓
� sin �4𝜋

𝜆
�𝑥�𝑠𝑠𝑠(𝜃) − 𝑦�𝑐𝑐𝑠(𝜃)�� cos(𝜃) +

6𝜋𝜋𝑟𝑦�̇ ,  
Equation 2-2 

with the constants and variables as described in Forces on particles, θ as the tilt angle of the 

device and vw as the flow velocity of the water. Rewriting these force equations with 𝐹𝑥� =

𝑚𝑎𝑥� = 𝑚𝑥� ̈ and 𝐹𝑦� = 𝑚𝑎𝑦� = 𝑚𝑦� ̈ gives a pair of second-order nonlinear parametric differential 

equations which cannot be solved analytically. (Because we are concerned with the force on the 

particles for all values,−𝜋 ≤ 4𝜋
𝜆
�𝑥�𝑠𝑠𝑠(𝜃) − 𝑦�𝑐𝑐𝑠(𝜃)� < 𝜋, we cannot use the small angle 

approximation, sin(𝑥) ≈ 𝑥 𝑓𝑐𝑟 𝑠𝑚𝑎𝑠𝑠 𝑥. The equation becomes unsolvable with just 2 terms of 

the Taylor expansion for sine.) 

To simplify the equations, I rotated the axes, as shown in Figure 2-12. In this set of axes, the x-

direction is parallel to the transducers of the device. These axes apply to all simulations of the 
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 entire device (not simulations of the channel alone), including most of the axes presented in 

Chapter 3. (All axes labeled with x, y, or z refer to these axes.) 

 
Figure 2-12: Rotated axis for force equations in tilted angle channel 

In the rotated coordinates system, the force in the x direction,  

𝐹𝑥 = 6𝜋𝜋𝑟(𝜋𝑤 cos(𝜃) − �̇�) , Equation 2-3 

is independent of the acoustic field. This can be solved, (assuming a starting velocity of vwcos(θ) 

and a starting position of 0) giving 𝑥 = 𝑡𝜋𝑤 cos(𝜃). Perpendicular to this, the force in the y 

direction is 

𝐹𝑦 = −�4𝜋
2𝑝02𝑟3𝛽𝑓
6𝜆

� �5𝜌𝑝−2𝜌𝑓
2𝜌𝑝+𝜌𝑓

− 𝛽𝑝
𝛽𝑓
� sin �4𝜋

𝜆
𝑦� + 6𝜋𝜋𝑟(𝜋𝑤 sin(𝜃) − �̇�) . 

Equation 2-4 

This equation, though simpler, is still a second-order non-linear differential equation which 

cannot easily be solved analytically, but aids in approximations.  

These equations represent the particle forces in 2 dimensions, which is a good approximation for 

particle motion of particles that remain near the same plane of height in the channel within their 

entire path of motion, or for sufficiently shallow channels. (Because waves enter a SAW device 

channel from the bottom of the channel, they travel up at an angle within the channel and form 

layers of nodes in the height direction. A channel less than a single node layer high will 

approximate the 2 dimensional equations.) For an explanation of the 3 dimensional node patterns 
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 in SAW devices and their governing acoustic equations, see Appendix A.3.1, Node patterns with 

height in SAW devices. 

2.2.1.1 Separation Simulations 

Because the force equations cannot be solved analytically, the most straight forward way to 

understand particle motion in these tilted angle acoustic fields is simulation. I used COMSOL 

4.3b with the acoustic components of the force equations and drag forces from the simulated 

channel flow to simulate particle motion in channels of various sizes with various flow 

velocities. 

Particles in an idealized 2D angled acoustic field should migrate towards the side of a channel 

with the net motion towards the side being dependent on particle radius. The particles however, 

will follow an undulated path towards one side of the channel, with the amplitude of the 

undulations being dependent on the particle size. The simulated paths we expect particles of 

different sizes to follow are shown in Figure 2-13.  

   
Figure 2-13: Simulation of 3 μm (white), 4 μm (blue), 5 μm (yellow), 6 μm  (magenta), 7 μm (cyan), 8 μm (red), and 9 μm 
(green)  particles in a tilted angle acoustic field with microfluidic flow.  

Direction of Flow 

x̂ 
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 These simulation results are dependent on the acoustic amplitude of the waves (acoustic 

amplitude is controlled by the acoustic pressure, which, in turn, is controlled by the excitation 

amplitude of the IDTs.)  

At lower acoustic force amplitude, the particles of different sizes separate less.  As the field is 

increased more particles follow the undulated paths, with larger particles having more extreme 

undulations than smaller particles. If the amplitude is sufficiently high, the acoustic force 

dominates over the fluid flow drag forces, and a particle is unable to escape a node and follows 

the node lines until it encounters a wall. At higher amplitude all sufficiently large particles are 

driven to the channel wall. 

2.2.2 Experiments with a PDMS channel  

To evaluate this concept in non-idealized situations, as I describe in (21), I bonded a PDMS 

channel at a “tilted” angle with respect to the IDT pair. I sent 4.5 μm and 15 μm particles through 

the channel at various velocities, and evaluated the results. Figure 2-14 shows that particles of 

different sizes migrate, that they follow an undulated path, and that particles of two different 

sizes (starting at the same location) separate over the course of traveling in this field. 
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Figure 2-14: 15 μm (blue trace) and 4.5 μm (red trace) particles in a PDMS tilted channel with the IDTs driven at 
19.5MHz, and a flow rate of 50 μL/min. This experiment shows how particles of different sizes which start at the same 
location separate in a tilted acoustic field. The horizontal (non-particle) lines are an artifact from the interaction of the 
camera scan rate and an AC light source. 

However, this experiment also shows some of the complexity of using an angled channel design 

for particle separation. Firstly, the particles must start near the same location in order to separate 

from each other, because the net motion of all particles should be towards one side of the 

channel; therefore any small-size particles that start nearer a channel side will not move far away 

from it. Additionally, in our PDMS channels the height of the channel is relatively large with 

respect to the height of the first layer of nodes. All of the nodes in the channel are not in the same 

plane of depth, so there is an acoustic force on particles towards nodes at different depths. 

Consequently, particles move up and down in the channel in addition to the lateral movement we 

observe. Because of this, and other field non-uniformities, the particles in the PDMS channel 

demonstrate the characteristic undulated movement we expect for separation, but do not 

demonstrate bulk separation by size. 

x̂ 

ŷ 
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 2.2.3 Experiments with a PMMA channel 

It is advantageous from a manufacturing perspective to use PMMA instead of PDMS in mass 

production of microfluidic applications. Consequently I wanted to evaluate the utility of PMMA 

as a channel material in this application. As shown in Figure 2-15, tilted angle PMMA channels 

still show separation of different sized particles which start in the same location. 

 
Figure 2-15: 15 μm (blue trace) and 4.5 μm (red trace) particles in a PMMA tilted channel with the IDTs driven at 
19.5MHz, and a flow rate of 10 μL/min. This experiment shows how particles of different sizes which start at the same 
location separate in a tilted acoustic field. The horizontal (non-particle) lines are an artifact from the interaction of the 
camera scan rate and an AC light source. 

The PMMA channel has more node lines per cross sectional area than the PDMS channel. 

Consequently, the node lines are closer together, leading to less separation. Additionally, PMMA 

x̂ 

ŷ 
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 channels have more wave energy from secondary and tertiary wave paths than PDMS channels. 

Because of internal reflection within the channel some of the node lines are parallel to the 

channel walls rather than the IDTs. These non-tilted angle node lines do not aid in separation and 

are more apparent in PMMA channels. 

Because only some of the wave paths are from channel side wall reflections, in summation the 

standing waves in the PMMA channel will have components that are parallel to the IDTs as well 

as components that are parallel to the channel walls. How these node lines fall specifically within 

the channel is still a matter for study, but experimentation with aligning particles in an angled 

PMMA channel validates the idea that many of the nodes are tilted to some extent with respect to 

the channel walls.  



27 
  PMMA Prism Device for separating particles 3

I have designed a microfluidic channel in a PMMA prism, and coupled PZT transducers on the 

sides of that prism. Exciting the transducers sends bulk waves through the PMMA to form 

standing waves and acoustic node lines in the channel. I fabricated the channel at an angle with 

respect to the prism walls, thereby creating the “tilted angle” geometry. The device uses the 

difference in acoustic and drag forces on particles of different sizes to separate particles by size. 

Figure 3-1 is a drawing of the general concept of this device design. The tilted angle channel is 

1.27 mm wide (y direction), 300 μm deep (z direction), and has a length of 4 mm in the active 

tilted region of the device (z direction). 

 
Figure 3-1: PMMA Prism device design demonstrating particle separation 
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 The cross sectional, active region design of this device is shown in Figure 3-2. 

 
Figure 3-2: Particle separation device using the tilted angle channel concept in a PMMA prism with bulk wave acoustics 
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 3.1 Overview of Device Design 

 
Figure 3-3: Device Schematic 

3.1.1 Design 

3.1.2 Fabrication 

An outline of this fabrication process is included in Figure 3-4. The PMMA prism is formed 

from two halves that we machine and then join to form a prism with an internal channel. I bond 

the two halves by cleaning the machined pieces with soap and water, ashing the bonding surfaces 

in a Harrick Plasma Cleaner in air for 5 minutes, clamping the two pieces together between two 

pieces of glass and baking in an oven at 305°F for about 60 minutes. Once the PMMA prism is 

fabricated, the PZT transducers and a tungsten rubber backing are pressed into place in the 

machined transducer holes in the device. 

y 

x 
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Figure 3-4: Outline of device fabrication process 

The transducers are acoustically coupled to the PMMA prism using water, way oil, or acoustic 

coupling gel. I connect wires to the transducers by running the wires through machined wire 

conduits in the PMMA prism, outside of the active region of the device. These wires are pressed 

between the nickel plated surface of the PZT transducers and the surface of the PMMA, and 

between the nickel plated surface of the PZT transducers and the tungsten rubber backing. The 

electrical system interfaces with the wires outside of the prism, as shown in Figure 3-5. 

 
Figure 3-5: PMMA prism device with PZT, tungsten backing, and wiring for the electrical connection. 

A precise alignment of the two pieces of machined PMMA when bonding the microfluidic 

channel enables complex channel designs and uniform coupling of the acoustic waves into the 

z 
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 PMMA prism. To enable precise alignment, I use a “Lego-like” snapping system. I machine 2 

mm rounded square holes, just over half of the PMMA thickness deep, in two corners of each 

piece of PMMA. By fabricating inserts for the holes out of PMMA I can snap the inserts into 

holes, and after cleaning, can snap the two pieces of PMMA together. The two pieces of PMMA 

fit together like Legos®.  

 
Figure 3-6: Un-bonded PMMA prism device showing snaps for alignment and holes for the snaps. 

3.2 Advantages of PMMA prism BAW design 

PMMA prism tilted-angle channel BAW particle separation devices have a number of 

advantages over SAW-PDMS tilted-angle particle separation devices. 

• Ease of fabrication 

PMMS prism devices do not require lithography or a clean room for fabrication. The prisms can 

be rapidly fabricated using either machining or embossing to form the PMMA. (3D printing has 

potential as a fabrication technique in the future.) Rapid (and inexpensive) fabrication allows us 
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 to experimentally test adjustments to the device quickly and efficiently, enabling a more 

thorough study of the effect of minor changes. 

• Mechanical robustness 

The PMMA prism device is more mechanically robust than SAW devices. PDMS is soft whereas 

lithium niobate wafers are brittle, making handling a SAW PDMS device a delicate process. In 

contrast, PMMA encloses the PZT in the prism device, and is a tougher material that is easier to 

work with than both lithium niobate and PDMS. Consequently, a device made of PMMA can be 

handled by a user without any special mechanical equipment, and under non-ideal, non-

laboratory conditions. 

• Angle of incidence 

In the PMMA prism device, waves are coupled into the microfluidic channel from all sides of the 

channel (top, bottom, and sides). In a SAW device waves couple into the channel only from the 

bottom of the channel. Coupling waves into the channel from multiple sides has many 

advantages. The channel can be deeper, (and consequently have a higher throughput) because 

effective node lines can be formed from multiple sides. More acoustic energy is available near 

the side wall of the channel because waves can enter from the side of the channel. (See Notes on 

SAWs traveling into water for details.) Additionally, excitation from the side of the channel 

enables a lower frequency of operation. This may allow for simpler electronics for the operation 

of the device. 
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 3.3 Design Consideration and drawbacks 

When designing a PMMA prism tilted angle BAW particle separation device, major design 

considerations include the following: 

• Frequency of operation 

Because the waves approach the channel at an incidence equal to the complement of the 

(modest) tilt angle, instead of entering at the Rayleigh angle, the same nodal separation (viewed 

from above) will occur at a much lower frequency. Node lines with 100 μm spacing in water 

with bulk excitation require a frequency of about 7.41 MHz. (The same node line spacing on a 

128° rotated Y-cut piece of LiNbO3 requires a frequency of approximately 20 MHz.)  

PZT transducers can be operated effectively at a wide range of frequencies; however the 

transducers will be most energy efficient near through-thickness resonant frequencies. Figure 3-7 

shows the S11 measurements for one of our PZT transducers. 

 
Figure 3-7: S11 measurements of a 0.393” x 0.197” x 0.039” Thickness nickel plated, EBL# 1 Piezoceramic Plate, PZT-4. 
The peak near 6.6 MHz is a multiple of the resonant frequency, and a good frequency for operation. 



34 
 As discussed by Shi et al. (7) and shown in Figure 3-8, the theoretical acoustic force on a particle 

increases with frequency (and decreases with wavelength). Consequently, it is advantageous to 

have a high frequency device; however, in order to fit entirely in the well of an acoustic standing 

wave, the particles must be significantly smaller than the node spacing. This trade-off led us to 

pursue node spacing near 100 μm because we demonstrated particle alignment and undulation 

patterns in SAW devices with 100 μm node spacing in the past, so were confident that this 

wavelength would be effective for the particle sizes of interest. 

 
Figure 3-8: Directly from Shi et al. (7), Experimental data for the focusing performance at a working frequency of (a) 38.2 
MHz (corresponding to l1 = 100 mm) and (b) 19.116 MHz (corresponding to l2 = 200 mm). (c) Qualitative analysis of the 
particle aggregation at pressure nodes at two different working frequencies (drawing not to scale). 

The PZT transducers shown in Figure 3-7 have a resonant frequency near 6.6 MHz, which leads 

to a wavelength in water of approximately 225 μm (node spacing 113 μm). Choosing the 

resonant frequency nearest 100 μm node spacing gave us a good balance between effective wave 

production and effective node spacing for particle separation. In the future, in this device, it will 

be straightforward to test the effect of wavelength on particle separation because the transducers 
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 can be operated (with reduced efficiency) at substantially different wavelengths. (For details on 

the operation of the PMMA prism device, see PMMA prism device operation.) 

• PMMA Dimensions 

Although PMMA has substantially less acoustic attenuation than PDMS, some attenuation is 

present in the PMMA prism. Consequently, it is advantageous to minimize the distance in the 

direction of propagation through the PMMA prism (Prism Width in Figure 3-9). The minimum 

prism width in the propagation direction is limited by mechanical considerations. There must be 

sufficient space for the PMMA outside of the channel (at a tilted angle) to have a mechanically 

robust bond for the entire length of the channel. Through bonding trials, I have determined that a 

minimum distance of 1 mm is an effective length for a bond while minimizing PMMA in the 

acoustic path. 

 
Figure 3-9: PMMA prism design with useful labels for the discussion of dimensions.  

Prism height is primarily influenced by fabrication considerations. It is easier to observe particles 

through non-machined PMMA, so I fabricated the channels by machining the active region of 
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 the channel on only one piece of the two pieces (later bonded) of PMMA that form the device. 

Because of visualization concerns, I did not consider machining the height of the PMMA prism, 

and instead chose the height from among the available choices of PMMA stock. (The height of 

the prism is twice the thickness of the PMMA stock.) 

In addition to fabrication considerations, it is advantageous to couple waves into the microfluidic 

channel from all sides of the channel (as opposed to only from the sides); consequently, I wanted 

a prism of sufficient height to create a uniform bulk wave acoustic environment above and below 

the channel. From simulation we see that a few wavelengths (bulk wavelength in PMMA at 6.6 

MHz is ~330 μm) of distance between the channel and the surface of the PMMA is sufficient to 

minimize surface effects on the acoustic environment of the channel. 

Furthermore, the prism height is the maximum height of the PZT transducers. Because we aim to 

primarily excite through-thickness bulk acoustic waves in the transducers (and PMMA), it is 

advantageous for the PZT height and width to be greater than the PZT thickness. The resonant 

frequencies in the height and width directions should be substantially different from the resonant 

frequency in the thickness direction to minimize the other modes excited at the operating 

frequency. (The transducer should be a plate.) 

I chose to fabricate PMMA prism devices using 1.016 mm, 2.54 mm, and 3.175 mm PMMA 

stock (2.032 mm, 5.08 mm and 6.35 mm prism height respectively.) The 2.032 mm devices 

seemed too short because the node patterns formed in the channels were weak for a high power 

input into the transducers (It was hard to form effective node lines without the device catching on 

fire.) and it was mechanically challenging to connect the transducers to the PMMA prisms. 5.08 

mm devices and 6.35 mm devices seemed equally effective in the active region of the device, 
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 with the 6.35 mm thickness having a slight advantage in the robustness of the syringe pump 

channel interface. 

Prism length depends on the necessary length of the channel. (The minimum prism length is the 

sum of the length of the active tilted region of the channel, the length of the entrance and exit 

channels, and the length necessary to interface the device to the tubes leading to the syringe 

pump.) As will be discussed in more detail, based on simulated and experimental results, in 

Chapter 4, Particle Trajectory in a PMMA prism device, particles that are closer together in size 

require a longer channel for separation than particles of more disparate sizes. For example, when 

separating 15 μm from 2 μm particles, an amplitude of excitation exists in which the larger 

particles follow a node line in the channel while the smaller particles barely deflect from the 

streamline path of the water. Consequently, the particles only need to encounter a few node lines 

for effective separation and the channel in the tilted region can be very short (~1 mm). 

Conversely, with particles closer together in size (for example 6 μm from 4.5 μm particles), there 

is no amplitude at which one particle size follows the node lines while the other barely deflects; 

thus, the particles must encounter many node lines to have sufficiently different paths (in 

aggregate) for separation. This requires a considerably longer channel for the same separation 

distance. 

In addition to the channel length necessary for separation, prism length (and channel length) is a 

tradeoff with prism width. A longer channel (at the same angle) requires a wider prism, so 

minimizing the length of the channel helps to minimize the prism width (and amount of acoustic 

damping between the PZT transducer and the channel.) 



38 
 I primarily fabricated channels with 4.6 mm long tilted regions of channel, because this length is 

sufficient to observe separation at a number of different size ranges, but maintains a prism width 

narrow enough that waves effectively travel into the channel through the PMMA. Future choices 

of prism length will depend on the intended particles to be separated. 

• Channel Angle 

The channel must be tilted (angled) with respect to the acoustic field to cause (greater than 

quarter wavelength) particle separation. The exact angle for optimal separation depends on the 

particle sizes being separated, the densities, compressibilities, and shapes of the particles, the 

amplitude of the acoustic field, the size and shape of the channel, and the flow rate. Ding et al. 

(25) assert that the channel angle for maximal separation of cancer cells from red blood cells in a 

SSAW tilted angle separation scheme is near 15° in simulation. My simulations of particles 

separating in fields at various angles indicate that optimal angle depends on the particles being 

separated, but effective separation can be achieved at most angles between 15° and 40°, by 

varying the flow rate and acoustic amplitude.  

I attempted particle separation with 15° tilt angle channels, but noted that low tilt angles require 

a longer channel length to visualize particle separation. I chose to use channels with a 30° tilt 

angle because simulation predicted effective separation at that angle and Ding et al. (25) 

demonstrated polystyrene particle separation at that tilt angle, so it would be easier to compare 

results.  

• Channel Size and Shape 
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 The ideal node pattern in the channel is node lines that are oriented vertically along the height of 

the channel, and spaced evenly along the width of the channel. Minimizing the height of the 

channel allows the waves to couple into the top and bottom along the width of the channel and 

helps create node lines that are more uniform in the vertical direction, but increasing the height 

of the channel creates a more uniform flow profile in the vertical direction. (The shape of the 

flow profile is the same, but scaled to the height; thus, increasing the height of the channel 

decreases the slope of the flow profile at all points.) A more uniform flow profile enables 

particles to experience a more similar drag force at different heights within the channel and 

minimizes the difference in flow from one side of a particle to the other (making the fluidic 

environment more similar between large and small particles.) Additionally, increasing the height 

of a channel allows an increase in volumetric flow rate at the same flow velocity. This enables a 

higher throughput. 

The channel must be wide enough to include multiple node lines (more node lines are better), but 

narrow enough for acoustic uniformity. 

Different cross sectional shapes of the channels would enable different acoustic behavior and a 

different flow profile within the device. I simulated channels with cross sectional shapes 

including circular, elliptical and almond shaped. No shapes had a sufficient advantage in flow 

profile and acoustic node profile to make up for the advantages of ease of fabrication, alignment, 

visualization and reproducibility afforded the rectangular cross sectional channel. 

I created channels that were 1.27 mm wide and 300 μm deep. 1.27 mm is the width of readily 

available square mill bits for micromachining, which were in the range of desired channel 
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 widths, enabling about 10 node lines across the channel. I attempted to separate particles in 50 

μm, 100 μm and 300 μm deep channels. The 300 μm deep channels were most successful. 

3.4 Acoustics 

When considering channel size, cross sectional shape, angle, and prism material, effects on 

acoustic node pattern and uniformity is of primary concern. Ideally, the node pattern in the 

channel will have node lines that are oriented vertically along the height of the channel, and 

spaced evenly along the width of the channel, (mimicking the acoustic forces from the analytic 

force equation in one direction.) 

3.4.1 Internal reflection 

In the PMMA prism device, waves travel from the PZT transducer into the PMMA prism and are 

coupled into the water in the microfluidic channel on all sides of the channel. As waves travel 

through a variety of mediums, the wave velocities in various mediums differ; however, the 

wavelength at the boundary between mediums must match. Consequently, waves encountering 

angled boundaries deflect so that the phase of the wave on each side of the boundary is the same.  

3.4.1.1 Theory 

In order to use a tilted channel to sort particles, the some components of the nodes must be 

parallel to the transducers and not to the channel sides. Components of nodes lines parallel to the 

walls of the channel concentrate particles, (but will only cause separation if the length of time 

and distance the particles travel parallel to the node line is short enough that a larger particle 

reaches the node line, but a smaller particle does not.) However, components of node lines 
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 parallel to the transducers (and tilted with respect to the channel walls), enable separation by the 

tilted angle mechanism. If internal reflections (within a channel) dominate, node lines will align 

with the edges of the channel. Additionally, when the waves encounter a channel at non-normal 

incidence, the waves will not travel in a straight line, but rather angle at the boundary so that the 

phases match, contributing to node lines deviating from and orientation parallel to the 

transducers. Figure 3-10 shows some aspects of non-normal incidence involved in the device 

design. 

 
Figure 3-10: Possible wave paths from one transducer demonstrating why node lines in a tilted channel may not be 
parallel to the transducers. 

Because the bulk acoustic wave velocity in PMMA is 2730 m/s, and the acoustic wave velocity 

in water is 1480 m/s, I expect the waves traveling from the PMMA into a 30° channel (θchannel) to 

propagate at an angle of 67° (θ2) from the wall of the channel. (This is a deviation of 37° from 

the straight path from the transducer.) At the boundaries of PMMA to water and water to PMMA 

we expect 13.7% reflection. (13.7% is the reflection coefficient at a PMMA and water interface, 
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with the reflection coefficient, 𝑅 = �𝑍𝑤𝑤𝑤𝑤𝑤−𝑍𝑃𝑃𝑃𝑃
𝑍𝑤𝑤𝑤𝑤𝑤+𝑍𝑃𝑃𝑃𝑃

�
2
, where the acoustic impedance, 𝑍 = 𝜌𝑐, 

with ρ as the density of the medium, and c the wave velocity in the medium. Zwater=1.48 

(Pa*s)/μm, ZPMMA=3.22 (Pa*s)/μm, R=0.137.) The reflected waves travel away from the 

boundary at the same angle they approached the boundary (but on the other side of normal 

incidence). Because of deflection at the boundary between PMMA and water and internal 

reflection within the channel, waves propagating in the plane of the channel (the parts of a prism 

device with a cross section similar to Figure 3-10), may not be parallel to the transducers. This 

creates node patterns that are preferentially parallel to the channel walls, and thus not useful for 

particle separation in this separation scheme. Luckily, the device design couples waves into the 

channel from above and below the channel as well as from the side. The waves coupled from the 

top and bottom of the channel are preferentially parallel to the transducers. As long as the wave 

paths that create useful nodes dominate in magnitude over the disadvantageous ones, the acoustic 

environment within the channel can be favorable.  

3.4.1.2 Simulations 

To better understand how our device may behave, I simulated portions of the PMMA prism 

device using COMSOL Multiphysics 4.3b. Because of computational limitations I focused on 

using 2-dimensional simulations to evaluate aspects of the device design rather than simulating 

the entire device in an unfeasibly large 3-dimensional simulation.  

The 2-D simulations take the form of plane cuts of the device design. With the coordinates as 

described in Figure 3-1 and Figure 3-2, I simulated the device in the middle of the height of the 

channel (with respect to Z) in the X-Y plane and in cut planes parallel to the Y-Z plane.  



43 
 3.4.1.2.1 Simulations in the X-Y plane 

Figure 3-11 shows a simulation of a plane of the device, through the center of the channel, 

parallel to the X-Y plane. The 2-D simulations discount the effects of waves traveling out of 

plane. The waves are produced by 2 PZT transducers at 6.6 MHz. Waves propagating through 

the PMMA and into the water in the channel internally reflect, leading to node lines that are 

parallel to the walls of the channel rather than the transducers. 

 
Figure 3-11: COMSOL simulation of transducers, PMMA, and channel demonstrating node lines aligning with the edges 
of the channel instead of the transducers 

A simulation of the center of the channel in the X-Y plane discounts any waves in the 3D device 

that would be coupled into the channels from the top or bottom (or other sides if the channel 

were not rectangular) of the channel. This simulation only accounts for the waves following a 

precise path, so only a portion of the acoustic environment within the channel is reasonably 

simulated in this plane.  
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 3.4.1.2.2 Simulations in the Y-Z plane 

To examine the waves that are coupled into the channel from the top, bottom, and sides of the 

channel, I simulated planes of the device parallel to the Y-Z plane. Because the channel is tilted 

in the device (with respect to the prism walls and transducers), the cross sectional profile of the 

device changes along the length of the device. As shown in Figure 3-12, by simulating the 

different cross sectional profiles of the device, I can evaluate the acoustic profile within the 

channel at different places along the channel.  

 

Figure 3-12: Pressure in cross sectional simulations of Y-Z plane of 300 μm channel with .25 in thick PMMA and PZT-4 
at various cross sections along a tilted channel. From left to right, the channel cross section is shifted in the y-direction by 
-1000 μm, -500 μm, 0 μm, and 500 μm. 

This 2D simulation method discounts the effect of waves encountering an angled boundary in the 

X-Y plane, but aids our understanding of the waves entering the other sides of the channel. (All 

of the channel walls are parallel or perpendicular to the wave propagating in the cross section, 

but the out of plane direction is tilted.) When comparing simulations of many cross sections, the 

node lines are most ideally tilted with respect to the channel if they are in the same place (with 

respect to the transducers) as the position of the channel in the device changes.  
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 To evaluate the effectiveness of the node lines created in the channel (including all of the 

assumptions of a 2D model of this kind), I simulated the channel at 15 μm spacing along the 

entire length of a 4 mm channel, and combined these channel slices to examine the acoustic 

environment along the channel. Figure 3-13 has the results of this 2D simulation and 

recombination. (For more information on these simulations, see Cross sectional simulation of 

the PMMA prism device.) 

 
Figure 3-13: Simulated Pressure nodes in a 300 μm deep by 1.27 mm channel, constructed of combined cross section 
frequency simulations of the device. 

The waves coupled in the channel (ignoring the angled effects in the X-Y plane), form tilted 

angle nodes, but with a lot of irregularity, particularly near the center of the channel. Figure 3-14 

shows the X-Y plane approximation of the acoustic environment within the channel simulated in 

Y-Z plane cross sections.  

 
Figure 3-14: Simulated node pattern in the center of a 300 μm deep channel, constructed of combined cross section 
frequency simulations of the device. 

This simulation clearly gives qualitatively different results than the X-Y plane simulations, 

shown in Figure 3-11, with neither method predicting an acoustic environment well suited for 

controlled particle separation.  
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 A 3D simulation or method of better combining 2D simulations may be necessary to better 

model the device. 

3.4.1.3 Experiments 

Simulating PMMA prism devices gave insight in how changing parameters in the device affects 

the device, and helped in selection of devices to fabricate. I fabricated many devices including 

devices with a 300 μm deep channel discussed below. (With the ability to rapidly fabricate 

devices, some parameters are more efficient to evaluate through experimentation than 

simulation.)  

When operating the devices for particle separations, water and particles flow through the device 

at a constant flow rate, but to evaluate the acoustic environment in the device, I operate the 

device with no flow. When driving the device with particles in the channel, but no flow, the 

particles migrate towards the acoustic nodes. After giving the particles time to migrate, we can 

observe the locations of the nodes in the channel. This technique works with a wide range of 

particle sizes, and is a good first step after fabrication to predict if a device will work for particle 

separation. Figure 3-15 and Figure 3-16 show two different devices with 300 μm deep, 1.27 mm 

wide channels (to match the simulations shown above).  
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Figure 3-15: 4.5 μm and 6 μm particles in PMMA prism device A24 with no flow. The particles collect at regular node 
lines indicating that the acoustic environment is more favorable for particle separation than predicted by simulation. 

 
Figure 3-16: 2 μm and 15 μm particles in PMMA prism device A23 with no flow. The particles collect at regular node 
lines indicating that the acoustic environment is more favorable for particle separation than predicted by simulation. 

These two devices show node lines that are mostly continuous, parallel, and ubiquitous. The 

node lines in the experimental devices are more regular and ideal for particle separation than any 

of the simulations predict. This is advantageous because the devices work, and the device design 

is less sensitive than previously predicted; however, an incomplete ability to simulate the device 

puts limits on how we can examine the nuances of the device.  

The real devices may be better than the simulations for a number of reasons including: 
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 • Imprecise damping values in PMMA leads to more acoustic loss in experiments. 

• Irregularities on the boundaries in fabricated devices reduce reflection and constructive 

and destructive interference. 

• PMMA at the bonded boundary behaves acoustically differently than bulk PMMA. (The 

bonded boundary is modeled as a continuous solid, but may be different.) 

• The effect of the acoustic couplant between the PZT and the PMMA creates more useful 

pressure waves than in the simulated version. 

3.4.2 PMMA-PZT couplant 

For waves to travel effectively from the PZT transducer into the PMMA prism, the waves must 

be coupled at the interface. (3 points make a plane, so dry surfaces do not have good acoustic 

contact.) A liquid is a good choice as a couplant because liquids are good at coupling pressure 

waves, and not at coupling shear waves; thus, the wave transmission will be preferentially 

pressure waves. Pressure waves traveling into the prism create a more favorable acoustic 

environment in the channel, so are preferred. 

Properties to consider when choosing a couplant include: 

• Quality of acoustic coupling 

• Ease of Application and retention 

• Durability of couplant over repeated use 

I tried different couplants to evaluate their effectiveness in this application. Gorilla glue connects 

the transducers to the PMMA mechanically well but acoustically poorly. It is hard to establish a 
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 uniform acoustic connection, and, when the transducers are excited at higher amplitudes, the 

connection catches on fire. 

Consequently, the obvious choice for coupling is ultrasonic transmission gel. I used Aquasonic 

100 Ultrasound Transmission Gel, which was highly effective at wave transmission from the 

PZT into the PMMA but had a few drawbacks. Liquids and gels do not mechanically connect the 

transducer to the prism. To address this problem, I created a slot for the transducers on either 

side of the active region of the prism to pressure fit the transducers in place. Additionally, 

transmission gel evaporates, and must be reapplied if the device is going to continue to operate 

for an extended period of time (>30 minutes, but less time at higher acoustic amplitudes). In 

order to reapply a gel to the transducers, the transducers must be completely removed from the 

device, coated in gel and reinserted into the device. Because removing and reinstalling the 

transducers risks damaging the transducers and aligning the transducers slightly differently upon 

reinstallation, it is undesirable. Therefore I would like to find a couplant that has the acoustic 

advantages of gel, but does not require removal of the transducers for continuous use. 

The alternate couplants I tried included water, way oil, and PDMS. PDMS can be applied once 

and then cured, meaning it does not need to be replaced. Oil and water can both be applied after 

the device is assembled by placing drops at the interface of PMMA and PZT. (The capillary 

force moves the drops into place.) Way oil has the advantage of not evaporating at ambient 

temperatures, and thus does not need to be reapplied often, however it is messy, and can make 

visualization more difficult. Water evaporates, but is safe, and can be continuously reapplied 

during use.  
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 One method to compare materials for acoustic coupling is to examine their effectiveness at 

acoustic coupling. To evaluate these materials, I fabricated devices (with nickel plated PZT-5H 

transducers, from EBL Products Inc., dimensions, 0.393” by 0.197” by 0.039”) and took the S12 

parameter measurements between the two transducers with different transmission coupling 

materials. A higher peak in the S12 measurements at the operating frequency corresponds to 

better acoustic coupling.  

Figure 3-17 and Figure 3-18 show these S12 measurements (on two different devices) comparing 

no couplant, water as a couplant, oil as a couplant and PDMS as a couplant.  

 

Figure 3-17: S12 measurements of 2 ~10 mm x ~5 mm x 0.04” Thickness nickel plated, PZT-5H across 6mm of PMMA 
with no couplant, water couplant, and oil couplant. Wide range, (left) and near the operating frequency (right). 
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Figure 3-18: S12 measurements of 2 ~10 mm x ~5 mm x 0.04” Thickness nickel plated, PZT-5H across 6mm of PMMA 
with no couplant, oil couplant, and PDMS couplant. Wide range, (left) and near the operating frequency (right). 

As demonstrated by the figures, PDMS, oil, and water are all better at acoustic coupling than a 

pressure fit of the transducer alone. Oil is better in this application than PDMS, but water is the 

best of the 3 materials near the operating frequency.  

In the future, it will be useful to identify a stable gel that does not evaporate for acoustic 

transmission, but currently I use water to couple acoustic waves between the PZT transducers 

and the PMMA prism, and reapply it to the transducers as needed. 

3.5 Microfluidics 

The acoustic environment in the PMMA prism device applies the acoustic force onto the 

particles being separated, and is important to the device design; however, the microfluidics in the 

device are equally important because of their effect on the drag force on the particles. 
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 3.5.1 Hydrodynamic focusing 

In order to separate the particles, it is helpful if the particles start near the same location within a 

channel. By focusing the particles before they enter the active tilted angle acoustic region of the 

PMMA prism device I can ensure that the particles (of different sizes) experience a similar 

acoustic and fluidic environment. This aids in separation. 

Hydrodynamic focusing is a common method for focusing the particles and is straightforward to 

implement (25). It has the disadvantage of diluting the water that is being sent through the device 

because it relies on adding a sheath of flow on either side of the sample to be separated. 

However, the ease and reliability of using hydrodynamic focusing make it an attractive method 

for concentrating particles before separation while studying and developing a particle separation 

device. 

A simulation of hydrodynamic focusing (in the ŷ direction) is shown in Figure 3-19. In the 

PMMA prism devices, I achieved hydrodynamic focusing by using a 0.02” mill bit to machine 

three entrances into the 1.27 mm wide active region of the device channel. By flowing clean 

water into two of the entrances and particles (suspended in water) into the center entrance I focus 

the particles. 
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Figure 3-19: Concentration simulation in COMSOL demonstrating hydrodynamic focusing. Water (blue) enters at 2 
entrances in the microfluidic channel while particles (red) enter in the center. 

The width of the focused stream of particles in a focusing scheme of this type is dependent on 

the ratio of the volumetric flow rate of the fluid containing the particles to the volumetric flow 

rate of the clean water. Consequently, I can choose the width of the particle stream by using 

different sizes of syringe for the water and the particles on the same syringe pump (the syringes 

are compressed at the same speed, so the relative volumetric flow rates are related to the syringe 

diameters.) Figure 3-20 shows 2 μm and 15 μm particles hydrodynamically focusing in a device. 

The water on both sides of the stream is injected with a 25 mL syringe, and the particles are 

injected with a 1 mL stream. Consequently, the particle stream is about 1/25 the width of the 

channel. 
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Figure 3-20: Particle trace over 4 seconds of 2 μm and 15 μm particles entering a device, hydrodynamically focused. 

To adjust the position of the focused stream, I can vary the flow rate between the two sides of 

water. An equal volumetric flow rate leads to a centered particle stream, but in some cases it may 

be helpful to have the stream start closer to one side of the channel. This can give the particles a 

longer distance to separate over the length of the channel.  

3.5.2 Vertical focusing 

Focusing particles across the channel (ŷ direction) is helpful, but incomplete. It is also useful to 

focus the particles to be separated in the vertical direction (z direction) to further constrain the 

particle starting conditions. It is possible to design a device with sheath flow hydrodynamic 

focusing in both the horizontal and vertical directions; however, because it would require 

stacking inlet channels in the vertical direction, it would not be possible to machine such 

configurations in a 2.5D machining system without adding extra layers of PMMA to the 

fabrication process and greatly increasing the complexity of the system. Therefore, I chose to 
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 vertically focus the particles with less control or efficiency in exchange for an easily 

manufacturable device. 

To achieve some vertical focusing, in the horizontal focusing design I made the center channel 

(that contains the particles) considerably shallower (shorter in the z direction) than the two water 

inlets. As demonstrated in the simulations shown in Figure 3-21, with 300 μm deep water 

channels and a 100 μm deep particle channel; the majority of the particles will be focused into 

the middle of the channel (in height).  

 
Figure 3-21: Simulation demonstrating vertical focusing with the particles entering the channel in a 100 μm deep channel 
and the water entering the channel in 2 300 μm deep channels 

The focused shape of this particle stream is almond shaped, but because the volumetric flow rate 

in a microfluidic channel is higher towards the center of the channel than the edges, a larger 

proportion of the particles will be near the center of the channel than the shape indicates ( and 

certainly more particles than without vertical focusing) . 

The extent of the vertical focusing in these devices can be adjusted by changing the ratio of the 

height of the water inlets to the height of the particle inlet. Regrettably, this has to be done when 
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 manufacturing the device, and cannot be adjusted later, independently of horizontal particle 

focusing. 

3.5.3 Syringe pump – channel interface 

I use a Harvard Apparatus Syringe Pump to drive a syringe containing a particle and water 

mixture and a syringe containing water into to the device. 3/16” Tygon® tubing is pressure fitted 

over the syringe tips to conduct the fluids to the device. Because particles may settle while in the 

tube leading to the device, it is helpful to reduce the dwell time of the particle mixture in the tube 

between the syringe pump and the channel. Reducing the volumetric capacity of the tube 

decreases the dwell time. Consequently, I use the shortest length of tubing I can for all syringes. 

For the particle mixture syringe, I only use the 3/16” Tygon® tubing at the interfaces. I pressure 

fit 0.06" OD miniature clear EVA tubing between end pieces of the 3/16” Tygon® tubing 

instead, drastically reducing the dwell time and settling of the particles. 

3.5.3.1 Axial entrance of particles 

In order to interface from the syringe pump with the channels in the device, it is helpful to 

minimize the turns the flow of the particles must make before entering the channel to minimize 

clogging, and particle differentiation outside of the active region of the device. Thus, we 

designed an axial entrance for the 3/16” Tygon® tubing leading from the syringe pump into the 

device. These entrances are machined using a 1/8” diameter ball mill. By milling a semi-circular 

cross section channel leading into the microfluidic channels on each side of the PMMA stock 

before bonding the pieces together to create a device, we create a 1/8” diameter hole for the 

Tygon® tubing. As shown in Figure 3-22, the tubing can be pressure fit into the device holes. 
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Figure 3-22: Device with axial entrance for particles and water. 

3.5.3.2 Gravity 

Microparticles are subject to gravity. Sufficiently small particles can remain suspended in the 

particle mixture indefinitely, but the particles I attempt to separate eventually settle. At high flow 

rates, the settling rate of the particles is low compared to the dwell time of the particles in the 

channel, so it is easy to ignore the effects of gravity; however, at lower flow rates or with larger 

particle sizes, gravity becomes more important. With a horizontally oriented channel, particles 

(depending on their density) will settle towards the bottom or top of the channel, leading to 

inconsistent acoustic environments for the particles, and particles sticking to the top and bottom 

of the channel. 
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 Because it is unnecessary and economically unfeasible to operate this device in microgravity, I 

instead chose to align the force of gravity along the length of the channel (instead of along its 

height.) In this orientation, the particles settle in the same direction as the flow, so the effects of 

gravity are largely mitigated. 

The orientation of the device has very little effect on the device operation; however, visualization 

of the particles within the device is more challenging. The simplest way to see the particles in a 

vertically oriented device is to tilt the microscope on its side. Figure 3-23 shows this device 

testing setup.  

 
Figure 3-23: Device testing setup aligning the direction of flow with the force of gravity 

By constructing a PMMA holder for the prism device, we are able to hold the device in a vertical 

orientation during testing, which enables observing and recording the particles within the device. 

This testing and device setup enables particle separation while preventing settling. 
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 3.6 Summary 

I have designed a particle separation device using PMMA (poly(methyl methacrylate)) to create 

a prism containing a tilted angle microfluidic channel. Parallel PZT (lead zirconate titanate) 

transducers create an acoustic field tilted with respect to the flow through the channel. The 

device can be rapidly fabricated using micromachining, and is more mechanically robust and 

enables a higher throughput than SAW (surface acoustic wave) tilted angle acoustic field particle 

separation technology. Finite element simulations of the device indicate that internal reflection 

could create an undesirable acoustic node pattern within a tilted angle channel in a PMMA 

prism; however, experimental data from static node line observations indicate that the acoustic 

environment is more regular and desirable than predicted. The device uses hydrodynamic 

focusing to concentrate particles before separation, and decouples the effects of particle settling 

from the acoustic separation in the device by aligning the direction of flow with the force of 

gravity. 
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  Particle Trajectory in a PMMA prism device 4

Particle separation in the tilted angle acoustic field in a PMMA prism device is possible because 

particles of different sizes follow different trajectories through the same microfluidic and 

acoustic environment. Consequently, to separate particles it is necessary to create a microfluidic 

and acoustic environment with sufficiently different particle trajectories for the particles in 

question. Therefore, I examined the trajectory of one size particle at a time to better understand 

how to adjust the device parameters (flow rate, acoustic amplitude, tilt angle, wavelength) for 

particle separation. 

4.1 Massless streamline simulations 

The least computationally intensive way to simulate particle trajectory is to identify the drag 

forces based on fluid flow and the acoustic forces (based on particle size) at all points in a 

channel and calculate the streamlines through this force field. This is a quick way to look at 

particle paths, but discounts inertia. The particles do not change velocity in this type of 

simulation, so the effects of velocity changes are minimized. 

4.1.1 Methods 

To determine particle paths in an acoustic field (neglecting changing in velocity,) I determined 

the acoustic force at all points in a channel for a particular particle size (this is an approximation, 

with discrete points in the channel rather than a continuous approximation.) Additionally, I 

approximated the velocity flow profile for the channel using  
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Equation 4-1 

(26) where h is the height of the channel (in the ẑ direction), w is the width of the channel (in the 

ŷ direction), L is the length of the channel (in the x̂ direction), Δp is the pressure drop across the 

length of the channel, ẑ is the height in the channel (for which I used 0 to extract the velocity in 

the center of the channel), ŷ is the position in the width of the channel, and μ is the viscosity of 

water. (See Figure 2-11 for the orientation of the axes.) I used a sum up to n=5, for an 

approximation of flow, and chose Δp to control the average flow rate through the channel (0.001 

m/s for most tests). 

Once I calculated the forces at each point within the channel, I plotted the streamline of a particle 

starting at the center of the channel at one end. Because the particle streamlines did not always 

make it to the end of the channel, (some of the particles get stuck in a node line, and run into the 

wall), I used the net angle of particle trajectory to compare the particle paths. The angle is 

calculated using 

𝜃𝑑𝑑𝑓𝑑𝑑𝑑𝑑𝑑𝑑𝑛 = atan�
𝑦�𝑓 − 𝑦�0
𝑥�𝑓 − 𝑥�0

� 
Equation 4-2 

With ŷ0 and ŷf as the starting and ending ŷ positions of the particle respectively, and x̂0 and x̂f as 

the starting and ending x̂ positions.  

The combined acoustic and drag forces and possible particle paths are shown in Figure 4-1. 

Figure 4-2 shows the velocity profile of the channel. It is important to include the velocity profile 
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 in this analysis because at lower flow rates, particles will deflect more; thus, as a particle deflects 

from the middle towards the edges of a channel, it will deflect more than it would near the center 

of the channel. For more information on the methods used for massless simulations of particle 

trajectory, see Massless Particle Trajectory Simulations. 

 
Figure 4-1: Force field and particle paths in a massless simulation. White arrows are total force vectors on particles of a 
particular size. Black arrows are force vectors from the acoustic field alone. Color is pressure (red high, blue low). The 
magenta lines represent particle paths following node lines in this force field. 

 
Figure 4-2: Velocity flow profile of water in a 1.27mm wide microfluidic channel. This contributes to the drag force on the 
particles at particular locations within the channel. 
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 4.1.2 Results 

I compared the deflection angle of polystyrene particles in a 1.27 mm wide by 4 mm long 

channel with 1 mm/s average flow rate and a 30° tilt angle over a range of acoustic pressures 

with various particle radii. The graph of the particle angles of deflection is shown in Figure 4-3. 

The acoustic pressure versus deflection angle curve grows with a power law relationship, but 

with steps in the acoustic pressure deflection relationship. Figure 4-4 shows the log-log plot of 

acoustic pressure versus deflection angle. The curves presenting as lines with a slope of 4 in the 

log-log plot confirms that the deflection angle increases with p0
4. 

 The tilt angle of the simulated channel is 30°, so the particles do not have a deflection angle 

greater than 30° (because the start position of the particles is in a node), which is the acoustic 

pressure point when the particles follow the acoustic nodes exclusively.  

 
Figure 4-3: Particle deflection vs. acoustic pressure for particles of various sizes 
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Figure 4-4: Logarithmic plot of particle deflection vs pressure 

Smaller particles deflect at a higher acoustic pressure than larger particles. As shown in Figure 

4-5, the overall angle deflection of particles increases with a power law of r4. All of the graphs of 

deflection angle show this characteristic step shape during the deflection phase of the curves. 

These steps are a result of the way particles follow an undulating path through the channel. The 

undulations bring the particle to either side of the average deflection angle over a length of 

channel. Because the shape of the undulations (see Figure 2-13) follows the node lines for 

portions of the path, the location of a particle is semi-discretized. A particle is more likely to be 

near a node line, but which node line it is near at the end of the channel is a product of the 

overall path. 
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Figure 4-5: Particle deflection angle vs. radius and log-log plot of deflection angle vs. radius for particles in a 1.27 mm 
wide channel at 1 mm/s average flow rate, 2 bar of pressure and a 30° tilt angle 

In addition to examining radius and pressure, I simulated the effect of flow velocity on particle 

deflection. As seen in Figure 4-6, increasing flow velocity decreases the deflection angle of the 

particles. At sufficiently high flow velocities, the particles barely deflect, but at too low of 

velocities most of the particles follow the node lines (at the 30° angle) so separation is 

challenging. Consequently, for separation of particular particle sizes it is necessary to choose a 

flow velocity away from these extremes. 
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Figure 4-6: Particle deflection angle vs. flow velocity at various radii for particles in a 1.27 mm wide channel at 2 bar of 
pressure and a 30° tilt angle 

Figure 4-7 shows the data from Figure 4-6, the particle deflection at different flow velocities, in a 

log-log plot. The particle deflection angle is a power law relationship with average flow velocity 

of vw
-2. 

 
Figure 4-7: Log-log plot of particle deflection angle vs. flow velocity at various radii for particles in a 1.27 mm wide 
channel at 2 bar of pressure and a 30° tilt angle 

Ultrasonic wavelength is another parameter that has an effect on particle separation, so I 

simulated particle deflection over a range of acoustic wavelengths. Particle deflection decreases 
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 with increased wavelength with a relationship near θdeflection∝λ-2. The steps in the wavelength 

versus deflection angle graph are further apart and smoother as wavelength increases because the 

node lines are further apart so there are fewer discretized locations that the particles are headed 

towards at the end of the channel, and (because the node lines are further apart, and it takes 

longer to travel laterally to them) fewer of the particles get as close to the node lines. 

 
Figure 4-8: Particle deflection angle vs. wavelength at various radii for particles in a 1.27 mm wide channel at 1 mm/s 
average flow rate, 2 bar of pressure and a 30° tilt angle 

Finally, I simulated the relationship between tilt angle and particle deflection. As seen in Figure 

4-9, the tilt angle that produces the greatest deflection angle varies with particle radius. 

Consequently, when designing a tilted angle device for particle separation, it will be necessary to 

consider the size and properties of the specific application before choosing a tilt angle for the 

device. The results of the simulation indicate that as particle radius increases so does the tilt 

angle that induces the maximum deflection angle. 
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Figure 4-9: Particle deflection angle vs. tilt angle at various radii for particles in a 1.27 mm wide channel at 1 mm/s 
average flow rate, 2 bar of pressure and a wavelength of 200 μm. 

Because the wavelength, tilt angle, flow velocity, radius and acoustic pressure all have a power 

law relationship with the particle deflection angle, I can deduce a generalized relationship 

between particle radius, r, acoustic pressure, p0, device flow velocity, vw, and device wavelength, 

λ, of  

𝐷𝐷𝑓𝑠𝐷𝑐𝑡𝑠𝑐𝑠 𝑎𝑠𝑎𝑠𝐷 ∝ 𝑟4𝑝04

𝑣𝑤2𝜆2
. Equation 4-3 

This relationship can aid in choosing parameters when designing a device for a specific particle 

separation application. Equation 4-3 can predict particle deflection based on design parameters 

(and a fitted constant) and enable the choice of parameters that produce a desired deflection. 

Additionally, this deflection angle parameter relationship makes it easier to compare this 

simulation method to others simulation methods, and to experimental results. 

4.2 COMSOL Simulations 

In contrast to the massless streamline simulation which discount particle mass and changes in 

velocity, finite element simulation in COMSOL Multiphysics 4.3 includes these parameters. 
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 4.2.1 Methods 

To simulate particle trajectory in COMSOL, I simulated the steady state flow in a channel 1.27 

mm wide by 4 mm long by 300 μm deep with the input volumetric flow rate controlled as the 

desired flow velocity using the Laminar Flow Module in COMSOL. Then, using Particle Tracing 

for Fluid Flow, I simulated particle paths in the channel. I generated the drag force on the 

particles using the steady state simulation and I added the acoustic force in the x and y directions 

using the acoustic portions of the force equations in Section 2.2.1, Forces on particles in a tilted 

environment, with axes as used in Figure 2-11. I released a single particle from the center of the 

channel at the entrance and calculated its deflection angle (as described in Massless streamline 

simulations) using its starting point and its positon after 3 seconds. A selection of particle paths 

simulated in this manner is shown in Figure 4-10. For more details on the simulation methods 

see Particle Trajectory Simulations in COMSOL. 

Figure 4-10 has examples of the three basic regimes of behavior of particle paths: no deflection, 

particle deflection with undulations, and particle deflection to a node line. (Note that particles 

that deflect with undulations can either travel all the way to the end of the channel, or encounter 

the channel wall prematurely, depending on the acoustic amplitude. From the perspective of 

simulation data extraction these are different situations despite being the same regime from a 

particle motion perspective.) 

By calculating the particle deflection angle with a variety of parameters I can examine the effects 

of changing parameters on the effectiveness of the particle separation device and compare this 

simulation method to the massless one described above. Additionally, I can evaluate the 

qualitative types of particle trajectory and the parameters that induce them. 



70 
 

  

Figure 4-10: Possible particle path types of particles in a simulated channel demonstrating the 3 basic regimes of particle 
path, no deflection (top), some deflection, demonstrating path undulations (middle, and inset (zoom)), and node line 
deflection (bottom).  Particles that deflect with undulations can either travel all the way to the end of the channel, or 
encounter the channel wall prematurely, depending on the acoustic amplitude. Path color is the magnitude of the particle 
velocity at that point. (Red is greater velocity)  

As can be seen in the colors of the particle paths in Figure 4-10 (middle), particles travel with the 

highest velocity during the portion of the undulated path that is parallel to the node lines and 

with the lowest velocity as they skip between node lines. When a particle is traveling along the 

channel faster than the flow velocity of the water (at that point in the channel), the drag force on 

the particle is in the opposite direction from the flow. When a particle is traveling along the 

channel slower than the flow velocity of the water, the drag force on the particle is in the 

direction of the flow. (The drag force on the particle is proportional to the difference between the 

particle velocity and the water velocity at any point.) These changes in particle velocity, and 

subsequent changes in drag force were ignored in the massless simulation discussed above 

 

Particle does not deflect 

Particle deflects with undulations 

Particle deflects to a node line 

x̂ 
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 (Massless streamline simulations), but are included in the COMSOL simulations. These 

COMSOL simulations, however, were more computationally intensive than the massless 

simulations; thus there are fewer data points per test, allowing me to look at the overarching 

behavior of parameter changes, but not as closely at the fine details.  

4.2.2 Results 

By simulating the deflection angle of particles of different radii at various pressures, I can 

demonstrate how large particles require the least acoustic pressure to deflect. Figure 4-11 is a 

graph of this relationship.  

 
Figure 4-11: COMSOL simulation of particle deflection angle over the length of a channel at various pressures and 
particle radii. The average flow velocity in these simulations is 1 mm/s, the tilt angle is 30°, the wavelength is 200μm. The 
7 μm radius particle deflection would follow a similar pattern to the other particle sizes, but the paths were not simulated 
because they could not provide extra information about particle behavior. 

At an initial glance, the pressure to deflection angle relationship as simulated in COMSOL looks 

very similar qualitatively to the massless simulation; however, upon examination of the log-log 

plot of this relationship, shown in Figure 4-12, we can see that the p0
4 power law relationship of 
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 particles deflection angle versus acoustic pressure is only demonstrated after a threshold pressure 

is reached. Below this pressure, there is negligible particle deflection. 

 
Figure 4-12: Log-log plot of COMSOL simulation of particle deflection angle over the length of a channel at various 
pressures and particle radii. The average flow velocity in these simulations is 1 mm/s, the tilt angle is 30°, the wavelength 
is 200μm. 

As seen in Figure 4-10 particles in a tilted angle channel behave in one of 3 ways.  

1. No deflection (top path) 

The particle does not deflect from the stream line path of the water running through the channel. 

2. Deflection with undulations (middle path) 

The particles deflect following an undulated path with longer, higher velocity portions of the 

path parallel to the node lines, and shorter lower velocity portions of the path traversing node 

lines.  

3. Node line deflection (bottom path) 
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 The particle deflects following a node line. This is really an extreme version of deflection with 

undulations with the particle traveling parallel to the node line, but never making it to the portion 

of the undulated path that escapes the first line. (This is of note because the flow velocity in the 

channel decreases as the particle approaches the wall. The drag force from the flow velocity is 

the force that allows a particle to escape a node line. By decreasing this force, the particle 

becomes less likely to escape the node line as it approaches the wall. Consequently, as confirmed 

by simulation, the cutoff between parameters that induce particle paths with undulations and 

node line particle paths changes with a change in channel width. To address this positive 

feedback for particle deflection, when designing a device, it will be important to choose a 

channel length and width such that the particle exits the active region before encountering a 

wall.)  

The pressure relationship for these three path types is shown in Figure 4-12, but Figure 4-13 

labels the regions for some specific particle sizes. 

 
Figure 4-13: Log-log plot of COMSOL simulation of particle deflection angle over the length of a channel at various 
pressures and particle radii. The average flow velocity in these simulations is 1 mm/s, the tilt angle is 30°, the wavelength 
is 200μm demonstrating the phases of particle trajectory vs. pressure. 
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 Figure 4-13 uses the three particle sizes I have used in experiment (2 μm, 10 μm and 15 μm 

diameter particles) to demonstrate the particle trajectory regimes and their effect on particle 

separation. A single particle size shows all 3 particle trajectory types, but at different pressures. 

When attempting to separate particles, choosing a pressure where the two particle types 

demonstrate different particle trajectory types, (preferably with the smaller particle size not 

deflecting at all) will aid separation. 

In addition to the change in particle deflection angle at various pressures, I simulated particle 

deflection at a range of average flow velocities. The results are shown in Figure 4-14.  

 
Figure 4-14: COMSOL simulation of particle deflection angle over the length of a channel at various velocities and 
particle radii. The pressure in these simulations is 20 bar, the tilt angle is 30°, and the wavelength is 200μm. 

In general, particle deflection angle decreases as average flow velocity increases. The maximum 

deflection angle in these simulations is not exactly the channel tilt angle because the particle 

starts in the acoustic node. The particle travels parallel to the node line when the component of 

the drag force perpendicular to the acoustic node line (6πηrvw/sin(θ)) is equal and opposite the 

acoustic force towards the node line. Because the acoustic force is 0 at the node line, this point 

always occurs some distance after the node line. The exact distance is dependent on the flow 
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 velocity (which influences the drag force) and acoustic force (which is influenced by the acoustic 

amplitude and the particle size.) The flow velocity changes as the particle approaches the 

channel wall, so the location relative to the node line where these forces balance changes, but the 

changes in particle velocity lag the changes in the force field; thus the particle often will 

encounter the channel wall slightly further along the channel than the intersection of the wall and 

the node line. This makes the particle deflection angle less than the channel tilt angle when the 

changes of particle velocity are included in the simulation.  

The relationship between velocity and particle deflection angle is complex at very low velocities, 

but at velocities between when the particle gets stuck and when the particle does not deflect at all 

(during with the particle follows an undulated path,) the particle deflection angle is related to the 

velocity by a power law relationship of vw
-2. This is shown in the straight lines (in the undulation 

deflection region) in Figure 4-15. 

 
Figure 4-15: Log-log plot of COMSOL simulation of particle deflection angle over the length of a channel at various 
velocities and particle radii. The pressure in these simulations is 20 bar, the tilt angle is 30°, and the wavelength is 200μm. 

Another way to look at the same information is to plot particle deflection angle versus particle 
radius for many different average flow velocities. This is shown in Figure 4-16. As particle 

radius increases, so does the deflection angle. Plotting this as a log-log plot displays how the 
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 relationship between radius and deflection angle is a power law relationship near r6 for the 

particles which are sufficiently large as to deflect.

 
Figure 4-16: COMSOL simulation of particle deflection angle over the length of a channel at various velocities and 
particle radii. The pressure in these simulations is 20 bar, the tilt angle is 30°, and the wavelength is 200μm. 

The next parameter to analyze is device wavelength. I simulated particle deflection angle at 

various radii in devices with various acoustic wavelengths. As seen in Figure 4-17, increasing 

acoustic wavelength decreases the particle deflection. The power law relationship between the 

two parameters is λ-2. This simulation gives the impression that we should aim to create a device 

with the lowest wavelength possible (highest frequency), however it does not take into account 

the particle sizes. The analytic equations describing the acoustic force on a particle assume that 

the particle is substantially smaller than the wavelength (r«λ). When this assumption becomes 

untrue, the validity of the simulation breaks down. 
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Figure 4-17: COMSOL simulation of particle deflection angle over the length of a channel at various wavelengths and 
radii at 20 bar and 1 mm/s flow. 

Finally, I simulated the relationship between tilt angle and particle deflection angle. Like the 

massless simulation, the COMSOL simulations show that choice of tilt angle depends on the 

specific intended device application. The results are shown in Figure 4-18. 

 
Figure 4-18: COMSOL simulation of particle deflection angle over the length of a channel at various tilt angles and radii 
at 20 bar. 
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 In a similar manner to the massless simulation, I can determine the general relationship between 

particle deflection angle, particle radius, acoustic pressure, average flow velocity and acoustic 

wavelength is 

𝐷𝐷𝑓𝑠𝐷𝑐𝑡𝑠𝑐𝑠 𝑎𝑠𝑎𝑠𝐷 ∝ 𝑟6𝑝04

𝑣𝑤2 𝜆2
. 

Equation 4-4 

This relationship is very similar to the deflection angle parameter relationship predicted by the 

massless simulation except the effect of radius on deflection angle is r6 rather than r4. The 

difference is not surprising because particle size is a primary component of the difference in 

mass between particles. The COMSOL simulations indicate that particle mass and changes of 

velocity are important parts of the particle trajectory, and that massless simulations alone will not 

describe the complete tilted angle channel particle separation phenomena.  

4.2.3 Phase Diagrams 

Using the relationship between particle deflection angle and the parameters I can adjust when 

operating a device, nominally velocity and pressure, I can determine the parameter values for 

which the particle trajectories will have different types of qualitative behavior. (This is based on 

the behavior regimes as seen in Figure 4-10 and Figure 4-13.)  

When separating particles, because each particle will behave in one of three ways, (no deflection, 

deflection with undulations, node line deflection), the particles can separate in one of four ways:  

1. The larger particle deflects with undulations while the smaller particle does not deflect 

2. The larger particle deflects to a node line while the smaller particle does not deflect 

3. Both particles deflect with undulations of different sizes 
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 4. The larger particle deflects to a node line while the smaller particle deflects with 

undulations 

The easiest way to separate particles is to find the operational parameters such that the larger 

particle deflects to a node line while the smaller particle does not deflect; however, this behavior 

regime does not always exist for particular particle sizes. 

 In predicting the qualitative particle trajectory behavior I can create a phase diagram 

representing the types of particle motion. Figure 4-19 is a phase diagram displaying the behavior 

of 2 μm and 15 μm diameter particles at various average flow velocities and acoustic pressures. 

When separating 2 μm and 15 μm diameter polystyrene particles, there is a range of flow 

velocities and acoustic pressures in which the 15 μm particles will deflect to a node line while 

the 2 μm particles will not deflect. Consequently, these particle sizes are easy to separate.  
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Figure 4-19: Phase diagram using experimental data from COMSOL particle migration to demonstrate the ease of 
separation of 2 μm and 15 μm particles. 

In contrast, 6 μm polystyrene particles deflect with undulations at a lower acoustic pressure than 

the pressure at which 15 μm polystyrene particles deflect to a node line. As shown in Figure 

4-20, this means that there is no region with the larger particle deflecting to a node line and the 

smaller particle not deflecting. Thus, the particles are more challenging to separate. The channel 

length must be well controlled to effectively separate particles in any other qualitative separation 

regimes. When the larger particle deflects but the smaller particle does not, the channel must be 

long enough that the larger particles get far enough away from the smaller particles to exit the 

device in a different fluid stream. When the larger particle deflects to a node line but the smaller 

particle deflects with undulations, the channel must be short enough that the smaller particles do 

not travel too close to the channel wall and join with the larger particles before exiting the 

channel. In the regime where both particles deflect with undulations, the larger particles will 
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 have larger undulations and deflect more. Thus, for separation, the channel must be long enough 

that there is space between the particles, but not so long that both sets of particles encounter the 

channel wall.  

 
Figure 4-20: Phase diagram using experimental data from COMSOL particle migration to demonstrate the ease of 
separation of 6 μm and 15 μm particles. 

As long as the trajectories of particles are different, the particles can be separated with a 

carefully designed device; however, it is useful to know what ranges of particle sizes are easy to 

separate. Figure 4-21 shows whether or not the separation regime of one particle deflecting to a 

node line, while the other particle does not deflect, exists for various sizes of polystyrene 

particles. The exact values of this figure will change with different device wavelengths and tilt 

angles, but in general, when particles are close in size it is more challenging to separate them 

than particles that are more different. 
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Figure 4-21: Phase diagram from COMSOL particle migration simulations demonstrating what sizes of particles will 
separate with a node line to no deflection separation, and which particle sizes will not. This is a proxy for ease of 
separation. For this phase diagram, the wavelength of the device is 200 μm, and the tilt angle of the channel is 30°. 

4.3 Experiments 

Simulation is a useful tool for exploring the principles underlying the tilted angle particle 

separation technique; however, experimental results are the operation of an actual device rather 

than a predication. Experimentation may include phenomena not included in the simulation 

(either because I didn’t think the effect would be important or didn’t know the phenomena 

existed in the device.) Thus, I fabricated PMMA prism devices with channels that are 1.27 mm 

wide, 300 μm deep, with a 4mm long active region, and a 30° tilt angle. By running particles 

through the devices at various flow rates and excitation amplitude, I could compare the particle 

trajectories with different operation parameters.  
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 4.3.1 Method for determining average particle trajectory for 2 μm particles 

To determine the particle trajectory of 2 μm particles in a PMMA prism device, I used 

hydrodynamic focusing to send the particles through the device in a stream. (By injecting the 

particles using a 1 mL syringe, and the water using a 25 mL syringe, I create a streamline 

approximately 3.8% of the channel width.) By observing the stream location in the channel at 

different excitation amplitudes, I could measure the average deflection angle the 2 μm particle 

stream makes in the device.  

Figure 4-22 shows this 2 μm particle stream at different amplitudes. It is clear that the particles 

are veering towards one side of the channel as the amplitude increases. Additionally, for 

excitation at some amplitudes, the particle stream displays an undulating path through the device. 

In Figure 4-22 this is most clear in the frame with excitation amplitude 2.7. (The excitation 

amplitudes are an input number from the computer controlling the function generator. They 

roughly correspond to 13.3 volts per unit amplitude. Increasing amplitude increases the acoustic 

pressure in the device.) 
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Figure 4-22: Stream lines of 2μm particles in a PMMA prism device with extruded PMMA and a channel 1.27 mm wide, 
300 μm deep and at a 30° tilt angle.  The amplitudes of excitation are 0 (top left, ~0V), 2 (top right, ~26.6 V), 2.7 (bottom 
left, ~35.91V) and 3.5 (bottom right, ~46.55V).  

To analyze these streamlines I ran the particles through the device at each particular excitation 

amplitude long enough to replace all particles in the stream (so that the particles in the stream 

have been subject to the same force fields over their entire trajectory), and then used the final 

video frame to plot the stream location. Figure 4-23 shows the lines tracing the particles’ location 

at various amplitudes. At low amplitudes the particle path barely diverges from the original 

particle path (without excitation), but the deflection increases with amplitude. 
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Figure 4-23: Stream line locations of 2μm particles at various excitations 

From the stream line plots in Figure 4-23, I extracted a beginning and ending location of each 

stream path, and calculated an average deflection angle for each excitation amplitude. Figure 

4-24 shows the deflection angles of the 2 μm particle stream at increasing amplitudes. This data 

qualitatively agrees with the COMSOL simulation data in that the particles barely deflect until 

they reach a sufficiently high threshold excitation, at which increasing amplitude increases 

particle deflection. 
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Figure 4-24: Deflection angle of a stream of 2μm particles at various acoustic excitation amplitudes 

4.3.2 Method for determining average particle trajectory for 11 μm and 15 μm particles 

Determining the average particle trajectory of 11 μm and 15 μm polystyrene particles is easier to 

do by tracking the path of individual particles. To track the individual particle paths, I injected a 

dilute mixture of particles into the channel (not hydrodynamically focused), and recorded the 

particles (through the microscope), at various flow rates and excitation amplitudes. For each 

frame in the video record of the experiments I extracted the channel background by taking the 

maximum value at each pixel over the frames in that particular test of amplitude and flow rate. 

Because the videos are monochrome, and the particles show up as dark spots with low values (8-

bits per pixel. 0 is black, 255 is white) the maximum values of the pixels across many frames 

gives an image of the channel excluding any moving particles. Knowing the image background, I 

can extract an image of the particles alone, and then find the particles’ locations by finding the 

peaks of an inverted image. For each frame in the video, I identify the locations of all of the 

particles. I then match each particle (in the second frame onward) with the nearest particle from 

the previous frame. If the particles are sufficiently close together (within 60 pixels, not moving 
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 backwards) I assume that they are the same particle between frames. (This is only a valid 

assumption for sufficiently dilute particles) By identifying the location of particles through many 

frames (I only use particles that I identified as the same particle for at least 4 consecutive 

frames), I can quantitatively extract the path of particles.  

Figure 4-25 shows particle traces of 11 μm particles (produced by taking the minimum of each 

pixel over the length of each trial) overlaid with the particle paths extracted by this method. 

(Note that the direction of x̂ is opposite of that in Figure 4-22.) The particle path extraction 

method is imperfect because it misses some of the particles, particularly particles at a different 

height within the channel, but it is sufficient to show the trends of particle trajectory with 

changes in excitation amplitude and flow rate.  As shown in Figure 4-25, as the amplitude 

increases, first the path of the particles becomes more undulated, and then some particles begin 

to follow the acoustic node lines. It is of note that not all particles start in the same place, (neither 

the same height, nor the same location across the channel), so particles in the same image display 

a range of behaviors. Consequently, I use an average particle trajectory to compare the particle 

behavior.  
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Figure 4-25: Frames outlining the extracted particle paths of 11 μm particles at 1 mL/min flow rate at various excitation 
amplitudes.  The particles are shown as traces made by taking the minimum of each pixel over the trial length. The 
colored lines are the software extracted paths of these particles. 

Figure 4-26 shows the measured particle deflection angle of all particles measured, with a line to 

indicate the average particle deflection angle at particular excitation amplitude, flow rate and 

particle size. The particles have a wide range of trajectories, but the average particle deflection 

follows the trend predicted by simulation.  
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Figure 4-27: Deflection angles of all 11 μm and 15 μm particles at flow rates of 1 mL/min, 5 mL/min and 10 mL/min. The 
points show the trajectory angle measurement for each particle measured. The solid line is the average particle deflection 
angle for that excitation amplitude. The dotted line is the standard deviation of the particles at that excitation amplitude. 
The shaded areas cover the min to max of the particle deflections (light shading), two standard deviations from the mean 
of deflections, (medium shading), and one standard deviation from the mean (darkest shading). 
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 Figure 4-29 and Figure 4-30 show the same data that is included in Figure 4-28, but recombined 

to show the difference in particle deflection angle with changes in flow rate and excitation 

amplitude. For both the 11 μm and 15 μm particles, the envelopes including the particles’ 

deflection angles at 1 mL/min, 5 mL/min and 10 mL/min overlap, but show that the particles do 

not deflect much at low amplitudes, but at higher amplitudes the particles (on average) deflect 

the most at the 1 mL/min flow rate and the least at the 10 mL/min flow rate.   

 
Figure 4-29: Deflection angles of all 11 μm particles at flow rates of 1 mL/min, 5 mL/min and 10 mL/min. The points show 
the trajectory angle measurement for each particle measured. The solid lines are the average particle angles of deflection 
for that excitation amplitude. 
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Figure 4-30: Deflection angles of all 15 μm particles at flow rates of 1 mL/min, 5 mL/min and 10 mL/min. The points show 
the trajectory angle measurement for each particle measured. The solid lines are the average particle angles of deflection 
for that excitation amplitude. 

The range of deflection amplitudes shown by each particle size and flow rate (at each excitation 

amplitude) is influenced by a number of factors including: 

1. The particles are not exactly the same size. The nominally 11 μm diameter polystyrene 

particles have a mean diameter of 11 μm with a standard deviation of 0.25 μm. The 

nominally 15 μm diameter polystyrene particles have a mean diameter of 15.7 μm with a 

standard deviation of 1.43 μm and the nominally 2 μm diameter polystyrene particles 

have a mean diameter of 1.93 μm with a standard deviation of 0.05 μm. Because 

deflection angle depends on the particle size, variation in particle size causes a spread in 

deflection angles. This is desirable and necessary for the separation mechanism of this 

device. 
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 2. The particles are not at the same height within the channel. The view of the channel is 

from “above” (because the entire microscope assembly is tilted to eliminate the effect of 

gravity the “top” of the channel is actually to the side during testing), so it is hard to 

distinguish between particles at different heights within the channel. Particles at different 

heights may appear more or less in focus, but not to a sufficient degree that focus can be 

used reliably to determine particle height. Because in ideal flow conditions, the water 

velocity is fastest in the middle of the channel and slower towards the edges (sides and 

top and bottom), the particles at different heights move at different velocities. This leads 

to differences in deflection angle both because particles in the same acoustic field deflect 

more at a lower velocity, and because the acoustic conditions in the channel many be 

slightly different at different heights. With no acoustic excitation, I could identify the 

possible height of particles in the channel by observing the particles’ velocity relative to 

the total flow rate in the channel; however, as the particles move in an acoustic 

environment their velocities change depending on their position relative to acoustic 

nodes. Thus, particle velocity is not a reliable predictor of particle height. In the future, 

vertically focusing the particles should narrow the range of particle deflection. (It is of 

note that without any focusing, there is still a higher number of particles towards the 

channel center than the edges because there is a higher volumetric flow rate at the 

channel center. More water (by volume) flows through that area, thus more particles do 

as well.) 

3. Particles start at different positions across the channel. As with the different heights in the 

channel, particles that enter the active region closer to the edges, and traveling slower, 

deflect more than particles traveling faster. Additionally, because I only measure a 
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 portion of the particle path, depending on where the particle starts and ends in relation to 

an acoustic node line (and thus what part of its undulating path I begin and end the 

measurement), my measurement may over or underestimate the average particle  angle of 

trajectory had the particle continued on its path. This makes the average of the 

trajectories of many particles a desirable way to analyze the data. For application, 

horizontal focusing, (either hydrodynamic or acoustic) will reduce the variance in the 

particle deflection angle and enable better separation. Using this existing data, I can sort 

these particles by the starting locations of their paths across the channel; however, the 

difference of starting position affects the particles of different sizes and at different flow 

rates the same way. Consequently, when comparing particle sizes and flow rates, 

increased sample size is more useful than precision of particle starting position. (Because 

I cannot visually sort particles by height or other variables, sorting particles by horizontal 

starting position did not decrease the variance significantly because the sample size 

decreased as well.) 

4. The acoustic field in the PMMA prism device changes with time. These experiments 

were conducted using water as the couplant between the PMMA prism and the PZT 

transducers. As discussed in PMMA-PZT couplant, water is easy to reapply, but 

evaporates over time as the device is used. I aimed to maintain consistent operating 

parameters throughout all tests, but the acoustic field when using water as a couplant is 

only stable for a certain amount of time after the application of the water. (The length of 

time depends on the amplitude of excitation, but I tried to keep tests less than 10 

minutes). This time constraint in testing is the primary reason I did not run very dilute 

highly focused streams of particles into the channel for each test. By the time a large 
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 number of particles had gone through the channel, the conditions may have changed, 

skewing the results. Instead, I only did tests in the short window of time immediately 

after the application of water. By testing only in a time region with minimal change, I 

could ensure that the acoustic conditions were similar between tests. By running many 

tests, I could be reasonably certain that the possible changes in acoustic field did not 

cause a systematic difference in particle trajectories on average; however, this may have 

contributed to the variance in the particle trajectories. In the future, either choosing a 

couplant that does not change over time, or submersing the entire device in a water bath 

during test could ensure a consistent acoustic environment over a longer period of time. 

Because the trajectories of the 11 μm and 15 μm particles have a large variance, it is helpful 

to look at the average particle trajectories for comparison under different conditions. Figure 

4-31 and Figure 4-32 show the average particle deflection angles at 1 mL/min, 5 mL/min and 

10 mL/min flow rates for 11 μm and 15 μm particle sizes respectively. As predicated in both 

types of simulation, the particles deflect the most with the lowest flow rate. Increasing the 

flow rate decreases particle deflection. 
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Figure 4-31: Excitation amplitude vs. Average deflection angle for 11 μm particles at 1 mL/min, 5 mL/min and 10 mL/min 
flow rates. The points are the average values, and the lines are a 5 point average of the average values for that flow rate. 

 
Figure 4-32: Excitation amplitude vs. Average deflection angle for 15 μm particles at 1 mL/min, 5 mL/min and 10 mL/min 
flow rates. The points are the average values, and the lines are a 5 point average of the average values for that flow rate. 
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 In addition to comparing the effect of flow rate on particle deflection, I can compare the 

deflection angle of particles of different sizes. Figure 4-33 and Figure 4-34 show the average 

particle deflection of 2 μm, 11 μm and 15 μm particles at 1 mL/min and 5 mL/min flow rates 

respectively. The measurements of the 2 μm diameter particle deflection are not an average of 

many particles, but rather of multiple stream lines, because of the way the trajectory of those 

particles is measured. (The 2 μm particle deflections in these graphs are different from those 

described above, because they were done using the same test method, but in a different device. I 

used the same device for all particle sizes in the graphs below. The 2 μm particle deflection 

angles may be an under estimate of the angle in comparison to the 11 μm and 15 μm particles 

because none of the 2 μm particles start towards the channel sides.) 

On average, at both the 1 mL/min flow rate and the 5 mL/min flow rate, the 15 μm particles 

deflect at lower amplitude than the 11 μm particles. (and both sizes deflect at a lower amplitude 

than the 2 μm particles.) This agrees with the predictions from simulation. Additionally, we can 

observe that the particles do not deflect much until they reach a threshold amplitude after which 

more deflection occurs. This threshold is lower for the larger particles. For example, at the 1 

mL/min flow rate the 15 μm particles do not deflect much until the excitation amplitude reaches 

2, and the 11 μm particles do not deflect much until the excitation amplitude reaches 4. (The 

average deflection angle of particle at 10 mL/min flow rate is not shown because the flow rate is 

sufficiently high that none of the particles deflect much, and the differences in deflection are not 

greater than the variation due to noise, so the graph would not provide any new information.) 
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Figure 4-33: Excitation amplitude vs. Average deflection angle for 1 mL/min flow rate for 2 μm, 11 μm and 15 μm flow 
diameter particles. The points are the average values, and the lines are a 5 point average of the average values for that 
particle size. 

 
Figure 4-34: Excitation amplitude vs. Average deflection angle for 5 mL/min flow rate for 2 μm, 11 μm and 15 μm flow 
diameter particles. The points are the average values, and the lines are a 5 point average of the average values for that 
particle size. 
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 In conclusion, it is possible to measure the average particle trajectories of real particles in the 

PMMA prism tilted angle bulk acoustic wave device, and that the particle behavior qualitatively 

agrees with simulation. 

4.4 Trajectory observations from the analytic equations 

In addition to the simulation and experimental results, there are a few observations we can make 

from the analytic equations describing particle motion in a tilted angle acoustic field. 

From the forces in the y direction (as described in Forces on particles in a tilted environment and 

shown in Figure 2-12) we know  

𝐹𝑦 = −�4𝜋
2𝑝02𝑟3𝛽𝑓
6𝜆

� �5𝜌𝑝−2𝜌𝑓
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− 𝛽𝑝
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𝜆
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Equation 4-5 

The force equation component that corresponds to the acoustic force is 
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2𝜌𝑝+𝜌𝑓

− 𝛽𝑝
𝛽𝑓
� sin �4𝜋

𝜆
𝑦�.  

Equation 4-6 

The force equation component that corresponds to the drag force is 

6𝜋𝜋𝑟(𝜋𝑤 sin(𝜃) − �̇�).  Equation 4-7 

Which can be rewritten as is6𝜋𝜋𝑟𝜋𝑤 sin(𝜃) (1 − 𝑦
𝑣𝑤 sin(𝜃)

) . Since sin �4𝜋
𝜆
𝑦�and (1 − 𝑦

𝑣𝑤 sin(𝜃)
) 

are dimensionless and on the order of 1, I can compare the acoustic and drag forces to predict 

particle behavior. 

We know that if 
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�4𝜋
2𝑝02𝑟3𝛽𝑓
6𝜆

� �5𝜌𝑝−2𝜌𝑓
2𝜌𝑝+𝜌𝑓

− 𝛽𝑝
𝛽𝑓
� ≫ 6𝜋𝜋𝑟𝜋𝑤 sin(𝜃) → 𝑃𝑎𝑟𝑡𝑠𝑐𝑠𝐷𝑠 𝑓𝑐𝑠𝑠𝑐𝑤 𝑠𝑐𝑛𝐷𝑠 𝑠𝑠𝑠𝐷𝑠  

Equation 4-8 

If 

�4𝜋
2𝑝02𝑟3𝛽𝑓
6𝜆

� �5𝜌𝑝−2𝜌𝑓
2𝜌𝑝+𝜌𝑓

− 𝛽𝑝
𝛽𝑓
� ≪ 6𝜋𝜋𝑟𝜋𝑤 sin(𝜃) → 𝑃𝑎𝑟𝑡𝑠𝑐𝑠𝐷𝑠 𝑓𝑐𝑠𝑠𝑐𝑤 𝑠𝑡𝑟𝐷𝑎𝑚𝑠𝑠𝑠𝐷𝑠  

Equation 4-9 

Thus, if the acoustic pressure, 

𝑝0 ≫ �
36𝜋𝜋𝜆𝑣𝑤 sin(𝜃)

�
5𝜌𝑝−2𝜌𝑓
2𝜌𝑝+𝜌𝑓

−
𝛽𝑝
𝛽𝑓
��4𝜋2𝑟2𝛽𝑓�

→ 𝑃𝑎𝑟𝑡𝑠𝑐𝑠𝐷𝑠 𝑓𝑐𝑠𝑠𝑐𝑤 𝑠𝑐𝑛𝐷𝑠 𝑠𝑠𝑠𝐷𝑠, 
Equation 4-10 

and if the acoustic pressure, 

 𝑝0 ≪ �
36𝜋𝜋𝜆𝑣𝑤 sin(𝜃)

�
5𝜌𝑝−2𝜌𝑓
2𝜌𝑝+𝜌𝑓

−
𝛽𝑝
𝛽𝑓
��4𝜋2𝑟2𝛽𝑓�

→ 𝑃𝑎𝑟𝑡𝑠𝑐𝑠𝐷𝑠 𝑓𝑐𝑠𝑠𝑐𝑤 𝑠𝑡𝑟𝐷𝑎𝑚𝑠𝑠𝑠𝐷𝑠. 
Equation 4-11 

These are two of the conditions that we see in particle behavior. The undulated path behavior 

occurs when acoustic pressure 

 𝑝0 ≈ �
36𝜋𝜋𝜆𝑣𝑤 sin(𝜃)

�
5𝜌𝑝−2𝜌𝑓
2𝜌𝑝+𝜌𝑓

−
𝛽𝑝
𝛽𝑓
��4𝜋2𝑟2𝛽𝑓�

. 
Equation 4-12 

4.5 Summary 

In order to understand how the design and operation parameters of flow rate, acoustic pressure 

amplitude, wavelength, and tilt angle in a PMMA prism tilted angle BAW particle separation 

device affect the particle trajectory of particles of various sizes, I simulated particle trajectories 

through the device.  
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 Particles move through a tilted angle acoustic field in one of three trajectory regimes: no 

deflection, deflection with undulation, or node line deflection. The analytic equations describing 

particle motion provide limits for the no deflection or node line deflection regimes, but cannot be 

solved analytically in the deflection with undulations regime. 

The three particle trajectory regimes lead to four possible separation regimes: the larger particle 

deflects with undulations while the smaller particle does not deflect, the larger particle deflects to 

a node line while the smaller particle does not deflect, both particles deflect with undulations of 

different sizes, or the larger particle deflects to a node line while the smaller particle deflects 

with undulations.  Because I can establish a general relationship between particle deflection 

angle, particle radius, acoustic pressure, average flow velocity and acoustic wavelength, I can 

create a phase diagram detailing the separation regimes two particle sizes will display under 

various design and operation parameters. 

Experimental evaluation of particle trajectories while varying flow velocity, acoustic pressure 

amplitude, and particle radius agrees qualitatively with the simulated results, but displays a large 

variance in particle deflection angle. The variance of particle deflection angle could be improved 

by better focusing the particles before the tilted angle region of the microfluidic channel. 
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  Particle Separation in a PMMA prism device 5

The PMMA prism tilted angle bulk acoustic wave device can separate particles by size.  I created 

many devices, and demonstrated that under precise flow rate and acoustic conditions, particles of 

sufficiently different sizes follow different paths within the devices.  Figure 5-1 demonstrates 15 

μm particles separating from a stream of 2 μm particles with labels to demonstrate the angle of 

node lines, the flow direction and the particle sizes. 

 
Figure 5-1: Particle paths showing the separation of 2 μm and 15 μm particles in a 30° tilt angle PMMA prism channel, 
300 μm deep by 1.27 mm wide. The device was operated at 6.8MHz, with a flow rate of 0.920 mL/min and a peak to peak 
voltage of 40 V. The particle path traces are made by taking the minimum of each pixel over the length of a video. 
Because the particle has a lower pixel value than the channel, we see any location a particle has been. 

These particle trace images, as seen in Figure 5-1, are created by taking the minimum value of 

each pixel along a monochrome video of a particle separation experiment. For more details on 

this method of viewing separation videos as a single image, see   
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5.1 Experimental Results 

The easiest type of particle separation to observe is node line separation, where some particles 

follow a node line, and other particles do not deflect. (See Phase Diagrams for more details). 2 

μm and 15 μm particles can be separated in this way. Figure 5-2 is a particle trace image 

showing 15 μm particles separating from 2 μm particles. In this experiment, the flow rate was 

0.92 mL/min, the excitation amplitude was 2.5, the tilt angle was 30°, and 0.04” thick PZT-5H 

transducers were excited at 6.8 MHz. In this image, you can see the 2 μm particles following the 

streamlines of the microfluidic flow while the 15 μm particles are caught in node lines and 

diverge into a different path. This image is interesting because all 15 μm particles are not caught 

in the same node line. Rather, as the stream of mixed particles flows along the channel, 15 μm 

particles are caught in node lines at different points. The locations of the node lines (and their 

parallel and periodic nature) are clear from the 15 μm particles’ paths. 
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Figure 5-2: 2μm particles separating from 15μm particles, demonstrating how the larger particles may follow any of the 
node lines, while the 2 μm particles do not deflect from the streamlines of the microfluidic flow 

I hypothesis that the 15 μm particles follow a node line whenever they encounter a node of 

sufficient amplitude (while traveling at an appropriate velocity). Because the particles are at 

different heights within the channel, (and start at different positions across the channel), and this 

experiment was conducted with only rough hydrodynamic focusing (the particles are focused to 

1/6 the width of the channel), they encounter node lines at different points along the channel. As 

the mixed stream of particles progress along the channel, more 15 μm particles are extracted. 

Eventually, all of the larger particle size should be extracted from the stream with these 

operational parameters, thus the efficiency of particle separation would be determined by the 

channel length. 

In addition to observing node line separation of particles, I observed particle separation with the 

larger particle size deflecting with undulation and the smaller particle size not deflecting (or 

deflecting negligibly). Figure 5-3 and Figure 5-4 show 15 μm particles separating from 2 μm 

particles. (This is in a different device than the device used for Figure 5-2, so the excitation 
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Mixed particles 
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 amplitudes that cause separation are scaled differently because some devices couple acoustic 

waves better than others.) The excitation amplitude is 5, the frequency of excitation is 6.8 MHz, 

and the flow rate is 1 mL/min. Like the particles in Figure 5-2, the 15 μm particles separate from 

the 2 μm particles at different points along the channel. Unlike the particles in Figure 5-2, these 

15 μm particles demonstrate undulated paths during separation.  

 
Figure 5-3: Device 19 demonstrating the separation of 2μm and 15 μm polystyrene particles. The 15 μm particles follow 
an undulating path while the 2 μm particles do not deflect from the streamlines of the microfluidic flow. 
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Figure 5-4: Device 19 demonstrating the separation of 2μm and 15 μm polystyrene particles. The 15 μm particles follow 
an undulating path while the 2 μm particles do not deflect from the streamlines of the microfluidic flow.  

In addition to observing separation between particles disparate enough for node line separation, I 

attempted to separate more closely spaced particle sizes. Separating 10 μm particles from 2 μm 

particles is straight forward, because the particles can display node-line-from-no-deflection 

separation. In comparison with separating 15 μm particles from 2 μm particles, separating 10 μm 

particles requires slightly higher acoustic amplitude. Qualitatively the results are the same, but 

the margin of error to create appropriate acoustic and microfluidic conditions is smaller, because 

a slight change in the parameters that cause a deflective trajectory can induce deflection in the 2 

μm particle stream as well. (This is another regime that enables separation, but it is less robust 

than the node-line-from-no-deflection separation scheme.) 

I tried to separate 6 μm polystyrene particles from 4.5 μm polystyrene particles. Unlike 

separating 2 μm particles from 10 μm or 15 μm particles, 4.5 μm particles and 6 μm particles are 

too close together in size for a node-line-from-no-deflection separation regime to exist. As 
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 shown in Figure 5-5, during this attempted separation, we can observe some particles following 

an undulated path while other particles seem to not deflect.  

 
Figure 5-5 Device 19 demonstrating the attempted separation of 4.5μm and 6 μm polystyrene particles. Some of the 
particles demonstrate an undulating path, but it is challenging to differentiate between particles. 

Some particles undulating and others not deflecting (or all particles undulating but with different 

amplitudes) is an expected outcome of this experiment, but 4.5 μm and 6 μm particles are too 

close in size to be certain which particle size in undulating by looking at the particles. (I could 

assume that the particles undulating are the 6 μm particles, but they could just as reasonably be 

particles at a slightly different height in the channel that undulate more.) In order to be certain of 

this separation, I would need to better concentrate the particles before they enter the tilted angle 

region (so that they all go through the same exact acoustic and microfluidic conditions) and use a 

longer channel length for separation, so that the particle types have sufficient distance to form 

distinct streams. As the particle sizes become closer together, the sensitivity of parameter control 

necessary for separation increases. 
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 5.2 Entrance effects of channels 

In the active region of the device the acoustic node lines are tilted at an angle with respect to the 

flow of the microfluidic channel; however, the particles must enter this region. When exciting an 

acoustic field between two PZT transducers, the area near the center of the region between the 

transducers has the most uniform acoustic field. As shown in Figure 5-6 , the acoustic field is 

less uniform and of lower magnitude towards the edges of the transducers.  Although COMSOL 

simulations overestimate the amount that internal reflection and the tilted angle of incidence 

alters the acoustic field in the active region of a device, these simulations still give a decent 

approximation of the acoustic effects elsewhere. 

 

Figure 5-6: COMSOL simulations of pressure of parallel PZT-4 transducers with and without a tilted angle channel. 

Because the quality of the acoustic field fades near the edges of the transducers, when designing 

the PMMA prism device, I must consider the implications of the location of this transition region 

relative to the channel. If the transition to an effective acoustic field occurs within the tilted 

channel region, for some distance, particles will experience the tilted angle separation 
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 mechanism with increasing intensity, but with less irregularity. The alternative I chose, (as 

shown in Figure 5-6 (right)) was for the acoustic transition zone to occur well outside of the 

tilted active region of separation in an entrance channel parallel to the PZT transducers. This 

enables more control over when the particles encounter a sufficient tilted angle acoustic field to 

induce separation and has the added advantage of concentrating the particles before separation.  

In an acoustic field with nodes parallel to the direction of flow, particles concentrate at the node 

lines, as they flow along the channel. In channels with this type of entrance region, 

hydrodynamic focusing concentrates the particles in one part of the stream, but acoustic 

concentration can better assure that the larger particles are in node lines as they enter the tilted 

angle region. This decreases the separation distance required because the larger particles will not 

have to wait to encounter a node line.  

As shown in Figure 5-7, as a channel (and streamlines) turns in an acoustic field, the node lines 

mostly remain straight. Thus, if the particles can be concentrated into these node lines before 

they enter the active separation region of the device, we can discretize the particle starting 

positions and better control separation.  
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Figure 5-7: Particles concentrated at the node lines at the bend in a channel, where the device transitions from a parallel 
channel to a tilted angle channel 

There must be a zone where the acoustic field transitions from not existing to regularity. This 

acoustic transition zone is risky for particle separation but acceptable during particle 

concentration because the particle concentration is a refinement of the hydrodynamic focusing. A 

longer transition zone will not negatively affect the concentration mechanism.  

5.3 Short channel particle separation 

I designed a number of devices where the particles turn the bend into the active separation region 

of the device already in node lines. As seen in Figure 5-9 and Figure 5-10, as the particles 

transition to the tilted region, 2 μm particles continue to follow the streamline of the water, while 

the 15 μm particles stay in the node lines.  As seen in Figure 5-8, this works for particle 

separation with undulated particle paths (though a longer concentration region is helpful), but 

could be particularly advantageous for node-line-from-no-deflection separation, because the 

length of the necessary separation distance can be precisely controlled. 

x̂ 

ŷ 



110 
 

 
Figure 5-8: Device 24, demonstrating the separation of 4.5 μm and 15 μm particles from a single node line.  The 15 μm 
particle is slow moving, with undulations.  

 
Figure 5-9: Device 19, showing the separation of 15 μm particles from 2 μm particles at the bend between the entrance 
channel and active separation region of the device. 
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Figure 5-10: Device 19, showing the separation of 15 μm particles from 2 μm particles at the bend between the entrance 
channel and active separation region of the device. 

After observing particle separation of this type, I attempted to use the shorter length required for 

separation to create a shorter device. Theoretically, the concentration effects before separation 

are also an effect after particle separation. Thus in the acoustic transition zone after the particles 

leave the channel’s tilted region, the particles continue to be concentrated into nodes. Assuming 

the particles were separated by at least half a wavelength, concentrating them upon leaving the 

channel helps to maintain the separation. This is usually irrelevant, because the flow in a 

microfluidic channel is laminar and there is minimal diffusion, so the particles do not remix; 

however, it may be useful in the future to ensure that separated particle streams (particularly if 

there are more than 2) are distributed precisely into exit channels.  

Results demonstrating the separation of 15 μm and 2 μm particles in a device with a 1 mm active 

region are shown in Figure 5-11. 
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Figure 5-11: Device 20, using a 1 mm long active tilt region to separate 15 μm and 2 μm particles.  

It is possible but not advisable to use such a short active region to separate particles. As shown in 

Figure 5-12, using a very short tilted region in the node-line-from-no-deflection separation 

regime enables the larger particle size to remain in the same node line throughout the device 

length. Though this seems helpful, the short channel is inconsistent as a separation device 

because it requires extremely precise operation parameters to function. 

 
Figure 5-12: A COMSOL simulation demonstrating the separation of 15μm and 2μm particles in a short active region. 
The particles are hydrodynamically focused, pre-concentrated and post-concentrated. The red lines are streamlines in the 
fluid flow. The grey background shows the acoustic nodes. 

For channels, like those seen in Figure 5-11and Figure 5-12, the channel width and the active 

region length are similar. Thus, the flow profile in the tilted region of the channel is at different 

angles with respect to the acoustic nodes across the channel. In this configuration, it is hard to 
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 ensure that the particles hit the appropriate section of the tilted region to separate effectively; 

consequently, it is helpful to have a longer channel to create a better developed, more consistent 

flow. 

5.4 Summary 

In conclusion, the PMMA prism tilted angle microfluidic channel can be used to separate 

microparticles by size. The device displays the separation regimes predicted in Chapter 4, for 2 

μm and 15 μm particle separation, but more work is necessary to optimize particle separation for 

a specific application. 

 Increasing particle concentration before separation will help increase the efficiency of particle 

separation, as will adjusting the tilted channel length to allow separated particles to be extracted 

from the device. 
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  Conclusions and Future Work 6

6.1 PMMA prism devices can separate particles 

A tilted angle micro machined channel in PMMA can be used with PZT transducers to separate 

microparticles by size. I have created a number of these devices, including the one shown in 

Figure 6-1, and demonstrated that they can be used to separate 15 μm polystyrene particles from 

2 μm polystyrene particles. 

 
Figure 6-1: PMMA prism device with labels 

By analyzing the trajectories of particles in a tilted angle channel I have determined how particle 

deflection is dependent on the tilt angle of the tilted channel, the flow velocity through the 

channel, the device wavelength, the acoustic field amplitude and the particle radius. Particles 
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 move through the channel in one of three trajectory regimes: no deflection, deflection with 

undulations, and deflection along a node line.  When separating two particle sizes, these 

trajectory regimes lead to four separation regimes: particle deflection with undulations from no 

deflection separation, particle deflection to a node line from no deflection separation, particle 

deflection to a node line from particle deflection with undulations separation, and particle 

separation with both particle sizes displaying undulations of different amplitude.  

The simplest particle separation regime occurs when the larger particle follows a node line, but 

the smaller particle does not deflect; however, this condition only exists for certain particle sizes 

and types, and inspires a slightly different device design than the other separation regimes. 

Therefore, when designing a PMMA prism device for particle separation in a tilted angle 

acoustic field using bulk acoustic waves, the specific particle separation application is important. 

If the particles to be separated can be separated in the node-line-from-no-deflection regime, the 

static device properties (tilt angle, channel dimensions, PZT thickness) should be chosen to 

enable that regime. The channel active region needs to be long enough for a well-developed 

stable fluid flow, but short enough to extract the particles in separate streams without the larger 

particles becoming stuck to a wall. 

If the particles are closer together in size (or the particle compressibility or density make the 

particle trajectories more similar), a separation device must be designed to operate in the other 

regimes. This will often require a more precise control of the channel length and the relationship 

between flow rate and acoustic amplitude.   

Device design will become more complex if more than two particle types are separated. Particles 

cannot be separated from each other if both particles follow the same type of trajectory (either 
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 node-line-deflection or no-deflection); thus to separate more than two particle types, the acoustic 

and microfluidic conditions must be chosen such that no more than one particle type experiences 

node line deflection and no more than one particle type experiences no deflection. This operating 

parameter does not exist for every distribution of multiple particle types. Therefore, it may be 

necessary to complete separation of a range of particle types in stages. Because it is easier to 

achieve the condition where all but (up to) two of the particle sizes have an undulating path as 

the range of particle size decreases, staged tilted angle bulk acoustic wave particle separation 

will allow the separation of any range of particle in which any two individual particle sizes could 

be separated.  

6.1.1 Key Contributions 

As explained in detail above, my key contributions to ultrasonic continuous flow particle 

separation include: 

• tilted angle configuration 

The tilted angle configuration was developed independently by us and another group (25), and 

enables particle separation of greater than a wavelength. 

• PMMA prism and BAW configuration 

Using a PMMA prism and bulk acoustic waves with a tilted angle device creates a more robust 

and easily fabricated device, suitable for use outside of a laboratory setting. 

• combining simulated and experimental results to generate phase diagrams characterizing 

particle trajectories 
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 By understanding how particles behave in tilted angle acoustic fields, we can better understand 

the key aspects of device design required for effective particle separation in future applications. 

6.2 Device limitations and future work 

6.2.1 Choice of acoustic couplant 

As discussed in Particle Separation in a PMMA prism device, two limitations in current PMMA 

prism devices are the consistency of the operational parameters (acoustic field and flow rate), 

and the pre-concentration of the particles before separation. The acoustic field stability can be 

improved through the choice of a stable acoustic couplant or configuration that minimizes 

couplant evaporation. Either of these choices will depend on the specific separation application 

because the required couplant specifications will depend on the necessary acoustic intensity and 

particle visualization.  

Liquid couplants (water, oil, etc.) are easy to apply, and good at coupling pressure waves into the 

prism, but have the disadvantage of being hard to contain. Water or oil, for example, can be 

applied to the transducers as drops, and couple well, but water evaporates over time, and oil 

coats the entire device over time. This is disadvantageous because it clouds the visualization of 

the particles through the top of the PMMA. Reducing particle visibility is a larger problem 

during research and development of these devices because observing the particle path is the 

primary way we examine how the particles behave; however as this technology advances, it will 

become less necessary to see the particles during the separation process, thus, oil may become a 

more desirable couplant. 
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 Solid couplants are hard to apply, but can be very permanent options; however all of my 

experiments with solid couplants so far (glues and PDMS) have caused the PZT transducers to 

heat up significantly during operation. Excessive heat changes the behavior of the piezoelectric 

transducers, and thus the device stability (and periodically causes the device to catch on fire), so 

solid couplants are undesirable unless we can identify one without this heat problem. 

Gel couplants are more difficult to reapply than liquid couplants, but are slightly less likely to 

end up in undesirable places on the device. Water based acoustic gel is subject to the same 

evaporation problems as water, but couples better. The most desirable couplant may be a gel 

because it has many of the advantages of water couplants combined with some of the advantages 

of liquids. 

The choice of couplant will be important to the technology development for application because 

it will dictate the stability and limitations of the device. 

6.2.2 Particle pre-concentration, hydrodynamic focusing, and acoustic focusing  

Pre-concentration of particles is particularly important in these devices because particles need to 

encounter the same acoustic and drag force conditions to have consistent trajectory responses.  

This increases the efficiency and reliability of particle separation. Currently, the particle starting 

positions are controlled primarily through hydrodynamic focusing, (and secondarily through 

acoustic concentration). Though effective, hydrodynamic focusing requires diluting the sample 

by adding streams of water on either side of the sample stream. Finer stream size control of 

focused particles requires the addition of more water, and thus more dilution. For many 

applications it is disadvantageous to dilute the sample being separated. Specifically, increasing 
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 the volume of high volume samples increases the challenges associated with waste disposal, and 

requires a known stream of clean water with a volume much greater than that of the sample. 

I have attempted, in a limited capacity, to use the acoustic force in our device to enhance 

hydrodynamic focusing; however, the system demonstrated only focused the larger particle size 

into a node line, and requires hydrodynamic focusing to control the location of the smaller 

particle size. This reduces the required dilution to operate the device (the amount of focusing 

necessary for the larger particle size is greater than the requirements for the smaller particle size 

if the smaller particle size isn’t deflecting from the flow path anyway), but still requires some 

additional water.  

Thus, I would like to use the acoustic force alone in this device to pre-concentrate the particles 

before separation. This device is suited for this development because the angle of incidence of 

the bulk acoustic waves from a PMMA prism into the microfluidic channel is favorable for 

particle concentration. By developing an alternative concentration method for tilted angle 

particle separation, I can expand the number of applications for which this technology will be the 

most desirable species separation system. 

6.2.3 Device optimization for a specific applications 

I have demonstrated that I can use tilted angle acoustic nodes in a PMMA prism device to 

separate 2μm particles from 15μm particles.  Theory and simulation predict that this device can 

be used to separate many different biological samples with careful choice of excitation 

amplitude, and channel size, angle and length. It will be advantageous to optimize the device 

parameters for separation of a specific biological sample type in an effort to better understand 
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 how to change the device for specific applications and to advance a specific application to the 

point of use outside of a research laboratory. 

6.2.4 Separation of particles by morphology 

Separating spherical particles by size using the acoustic force is possible because the force from 

the acoustic field scales with particle volume and the opposing drag force scales with particle 

radius. The drag force on a particle is dependent on its shape. Because the mechanism is 

dependent on the drag force on particles, I would like to explore whether particles of similar 

sizes can be separated by morphology in our device. Theoretically, the drag force on a non-

spherical particle will be different from that of a spherical particle, but the fundamental 

calculations for acoustic force, as derived in 1955 by Yosioka and Kawasima (15), assume a 

spherical particle. It is not possible to calculate the acoustic force analytically on particles of 

arbitrary shape, but simulations and analytic calculations should advise us of the effect of shape 

change on acoustic force for particles specific to an intended application.  

Additionally, when comparing particles of different shapes, the drag force on non-spherical 

particles is dependent on the particles’ orientation (with respect to their direction of motion). In 

the tilted angle particle separation scheme, an undulated path includes motion in multiple 

directions for the same particle. Understanding how the particle may rotate, and how a changing 

effective drag force will affect the particle trajectory, will be paramount to understanding the 

limitations of particle separation by shape. Using shape or compressibility as a separation 

parameter will allow for the separation of a greater variety of biological samples. 
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 6.2.5 Enhanced particle separation in fluids of various viscosities 

The separation of 2μm and 15μm polystyrene particles suspended in water using acoustics is 

possible, and I have analyzed the theoretical particle trajectories of particles of a variety of sizes 

suspended in water. Particles become more challenging to separate as their sizes become more 

similar. Separating more similar particles requires a finer control of the particles’ pre-

concentration, the acoustic field amplitude over time, the flow velocity, and the channel 

dimensions.  Though maximizing the precision of control for running these devices alone will 

enable significant advances in particle separation, we can produce a more robust (less sensitive) 

device if we enable effective particle separation with fewer failure mechanisms. 

Thus, it will be helpful in advancing this technology to examine ways to maximize the separation 

of similar particles other than increasing the precision of parameter control. One possible 

solution is to adjust the properties of the fluid in which the particles are suspended. Because the 

acoustic force on particles is dependent on the contrast between the acoustic properties of the 

particles and the suspension fluid, and the particle size, I could explore how changing the fluid 

viscosity affects particle motion.  Decreasing the fluid viscosity will reduce the drag force on 

particles; consequently, it may allow for greater separation of more closely sized particle. 

However, the acoustic force on particles in a fluid is related to the fluid density and 

compressibility. Decreasing the fluid density will increase the acoustic contrast factor (for 

positive acoustic contrast factors), and increasing the fluid compressibility will increase the 

acoustic contrast factor. Increasing the acoustic contrast factor will increase the acoustic force on 

particles, which in turn will change how the particles separate. Understanding this relationship 

will aid in designing devices for effective separation of similar particles. 
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Appendix A. SAW devices 

 
Figure A-1: A 20 MHz device on 128° rotated cut LiNbO3 with an angles PMMA channel on a microscope probe station 
set up for device testing with particles. 

Appendix A.1 SAW device fabrication 

Appendix A.1.1 IDT fabrication by sputtering and contact lithography 

IDT pairs are fabricated on Lithium Niobate wafers using contact lithography. To fabricate the 

IDTs we first cut the LiNbO3 wafer to size either through scribing or a dicing saw and then clean 

the piece in hydrogen peroxide to remove contaminants from the surface. Cutting the wafers 

results in a low yield because cut lithium niobate often breaks in directions other than the 

intended direction. By purchasing wafers small enough (3”) to fit into the vacuum chamber, we 

can create many devices on the same wafer with higher yield than if we split the wafer. 

Additionally, since the wafers, as purchased, are always the same size, it is easier to design the 

contact lithography masks to maximize the number of devices on a wafer than with irregularly 

sized pieces. 
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 To deposit aluminum on the wafer we use a Kurt J. Lester 3 inch sputter target system at 100 W, 

4mTorr in argon for 30 minutes to deposit approximately 400 nm of aluminum onto the 

substrate. We established the thickness and uniformity of the deposition by sputtering at these 

parameters on a substrate with Kapton tape, and then measuring the steps when the tape was 

removed. By using the same sputtering parameters, we assume that the thickness and uniformity 

is similar. 

We use contact lithography to pattern the IDTs onto the device, and then etch with a PAN etch 

with 2 parts water, 16 parts phosphoric acid, 1 part acetic acid, and 1 part nitric acid, all heated to 

50°C, to remove the excess aluminum. We spin photoresist onto the wafer, bake the photoresist 

on the wafer for 20 minutes at 80°C, and then use a transparency mask with IDTs with equal 

finger width and spacing and a UV light to expose the photoresist.  Each IDT has 20 electrode 

finger pairs, with finger overlap of 8.1 mm. We fabricate the IDTs in pairs, separated in the 

propagation direction by 12 mm. For our 20 MHz devices the fingers are 50μm wide, creating a 

wavelength of 200μm, because the SAW velocity in the primary propagation direction on 128° 

Y-cut lithium niobate is 3980 m/s. When we use the same IDT masks on Y-cut Z-propagating 

Lithium Niobate instead, the SAW velocity is 3488 m/s, so the operating frequency of the IDTs 

is near 17.44MHz. After UV exposure for 14 seconds, we bake the wafer again for 20 minutes at 

80°C, and then develop the photoresist in AZ developer for 1minute. After rinsing the wafer, and 

drying it with nitrogen, it is ready for etching.  
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Figure A-2: Photolithography mask with IDTs with for placement on 2 3” wafers. The IDTs shown have finger width and 
spacing of 50 μm and IDT pair spacing of 12 mm (center to center of 16 mm) 

To etch the IDTs onto the devices, we use a PAN etch. After rinsing the etched device, and 

checking with a microscope that the aluminum was sufficiently etched to have equal finger width 

and spacing in the new IDTs, we remove the excess photoresist with acetone, and the IDTs are 

ready for characterization and use. 

Appendix A.1.2 PDMS channel fabrication 

In channel fabrication it is important to create a smooth bottom surface of the PDMS to be 

bonded to the substrate, and to permit visibility into the channel with a microscope. Additionally, 

a smooth wetted perimeter in the channel helps prevent microparticles from sticking to the 

channel walls. PDMS cast either against air or glass is sufficiently smooth and transparent for 

our purposes. We chose a 0.5 mm by 0.5 mm channel to ensure that during testing we can create 

multiple nodes within the channel. Our channels are cast on a glass surface with a 0.5 mm square 

glass capillary defining the shape of the channel and brass tubing defining the sides of the 

PDMS. This mold creates a piece of PDMS that is 5 mm wide by 5 mm high with a length 

greater than the finger length of the IDTs, with the microfluidic channel centered along the 

bottom. In PDMS fabrication we mix the base and curing component in a 1:10 ratio by mass and 
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 remove bubbles from the PDMS by placing it under vacuum at room temperature until the 

bubbles appeared to be gone. By toggling the vacuum on and off, one can remove bubbles 

without the bubbles causing the uncured PDMS to overflow its container. We pour the PDMS 

into the mold and cure it for 3 hours at 60°C. To avoid contaminating the surface that will be 

bonded to the substrate we leave the PDMS channels in the mold until it is time for bonding. 

Appendix A.1.3 PMMA channel fabrication 

It is useful to fabricate PMMA channels sufficiently large for ease in handling and placement on 

the SAW device, but (to reduce attenuation) we want to limit the distance the waves must travel 

through the PMMA. Therefore, using VisualMill we design a PMMA channel with a height of 

1.016 mm and a width (in the direction of wave propagation) of 2 mm, widening to 5 mm or 7 

mm at the ends (outside of the path traveled by the waves) to make the channel easier to place 

and to enable fabricating the channel-world interface. The water channel is either 76 μm or 254 

μm wide and between 75 μm and 300 μm deep. The width of the channels is limited by the size 

of available mill bits. Though a smaller width bit can be used to make a channel wider than itself 

using multiple passes, we get the best visualization through the machined portion of the channel 

if the width of the bit is close to the desired width of the channel, so we attempt to choose bit 

sizes to match well with the intended channel widths. VisualMill creates G-code which can be 

used with the micromilling machine and Mach3 to control the bits.  
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Figure A-3: PMMA channel as designed in VisualMill showing a straight channel and a channel Y leading to a pressure 
equalization cavity to encourage even flow between the arms of the Y.  

To manufacture the channel we start with .040" thick Clear Cell Cast Acrylic Glass, and use a 

Minitech micromill and a 0.01” mill bit to machine the part of the channel through which the 

water flows. To improve visibility through the top machined surface of the channel, we can 

apply polishing powder to the etched channel, and use a brass square tipped 0.009” bit as a 

polishing bit to polish that surface. The excess polishing powder can be easily removed after this 

step to avoid excess wear on bits used in the next stages of PMMA channel manufacturing. 

To create access from the top of the channel we use the Minitech micromill and 0.0495” drill bit 

to drill access holes to be tapped for screws, and a 0.05” mill bit to machine the outline and 

shape of the channel. We tap the holes by hand. Once the channels are fabricated we clean them 

using soap and water, rinse well with water, and then clean with methanol to remove any 

remaining residue or contaminants. 

Appendix A.1.4 PDMS lithium niobate bonding 

To bond the PDMS channels to the lithium niobate substrate we clean the channel with Scotch 

Tape, and then heat both channel and substrate to 65°C. We ash the substrate in air for 5 minutes 

using a Harrick Plasma Cleaner, and then use the plasma cleaner on both the substrate and the 

channel for 1 minute. We immediately bring the channel and substrate into contact with the 
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 channel aligned at the desired angle with respect to the IDTs, and heat treat the device again for 

15 minutes at 65°C. When bonding is successful the bond is strong enough to withstand our 

desired flow rates. Cleanliness of the wafer and PDMS surfaces is the most common cause of a 

failed bond. 

Appendix A.1.5 PMMA lithium niobate bonding 

To bond the PMMA channel to the wafer we first clean the wafer with acetone followed by 

methanol, and the channel only in methanol. (PMMA is sensitive to some solvents including 

acetone, so methanol and water are our preferred choices for cleaning PMMA channels.) After 

cleaning we ash the SAW device in air for 5 minutes using a Harrick Plasma Cleaner. Next we 

use the plasma cleaner on both the wafer and the PMMA channel for 1 minute. This appears to 

temporarily increase the hydrophilicity of the PMMA channel, similar to the role of plasma 

ashing when attaching PDMS channels. We then place the channel at the appropriate location on 

the device substrate and heat the channel and wafer together for 25 minutes at 152°C before 

allowing it to cool for 10 minutes. Because lithium niobate is pyroelectric as well as 

piezoelectric, the heating process generates a surface charge on the substrate, which we can 

compensate either using a ion gun on the device, or placing the device back into the plasma 

cleaner temporarily and using the ionized species of plasma to discharge the substrate. 

The heating process softens the PMMA temporarily, and enables it to achieve closer contact with 

the substrate. In an adaptation of the method described in Langelier et al. (17) we apply Norland 

Optical Adhesive 61 in two small drops at either end of the channel at the interface between the 

channel and the substrate. Capillary pressure driven flow moves the epoxy into place between 

the substrate and the PMMA while avoiding the machined channel features because the abrupt 
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 change in hydraulic resistance at the edge of the channel features stops the capillary pressure 

driven flow. Increasing the hydrophilicity of the PMMA using the plasma cleaner in air increases 

the wetting properties of the substrate and the PMMA channel, and consequently increases the 

flow rate from the capillary pressure driven flow. It is important to note that this increased 

hydrophilicity is temporary and decays, so extra time heating or cooling the substrate between 

the plasma cleaning and the application of epoxy affects the time and the effectiveness with 

which the epoxy spreads between the PMMA and the substrate. After applying the epoxy we 

develop it under a fluorescent light for 12 hours to cure the epoxy. Because the channels are 

transparent, light from above reaches the epoxy, but the required exposure time is increased 

because of reduced UV transmission through PMMA. After curing we screw in the drilled 

aluminum screws, attach the Tygon® tubing and test the completed device. 

Appendix A.1.6 PDMS syringe pump interface 

To interface a PDMS channel with the syringe pump, before bonding the channel to the 

substrate, we use an 18 gauge blunt tip luer lock syringe needle to puncture holes from the top of 

the PDMS channels into the water carrying cavity to create both an inlet and an outlet. Before or 

after bonding the channel to the substrate we can insert a short piece of .06" OD miniature clear 

EVA tubing into the holes.  The PDMS will form a pressure fit around the tubing, and 3/16” 

Tygon® tubing slipped over the end of the EVA tubing will all form a pressure fit. The Tygon ® 

tubing can then connect to a syringe on the syringe pump, creating a channel world interface 

which is effective if the pressure within the channel is sufficiently low as to not release either 

pressure seal. 
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 When bonding the PDMS to the substrate, we must choose whether to insert the interface tubing 

before or after bonding. The advantage of inserting the interface tubing before bonding is that 

any deformation of the PDMS will occur before bonding, so that it will bond in the deformed 

state, and thus be less likely to become unbonded when inserting the interface tubing later. One 

disadvantage is that it is more difficult during bonding to ash the appropriate surface of the 

PDMS channel because of the protruding tubing, so we have made a PDMS holder which can 

position the channels in an appropriate position for ashing even with the tubes in place. The other 

main disadvantage is that if the PDMS is deformed significantly it will not lie flat during heating 

during bonding, so may not form a complete bond.  It is visibly apparent during bonding if the 

PDMS channel will lie flat, so if this problem presents the channel can be bonded without the 

tubing in place.  

To reduce the deformation near the bonded surface it is advantageous to insert the interface 

tubing only as far as necessary to seal the tubing in place. The taller the piece of PDMS channel, 

the less strain at the bonded surface the insertion of the interface tubing will cause. 

Appendix A.1.7 PMMA syringe pump interface 

At each end of the channel, a hole is drilled and then tapped for 0-80 screws. We use a 0.0295” 

drill bit to drill holes through the center of 0-80 x 3/32 Socket Head Cap Torx Screws. When the 

PMMA channel is attached to the SAW device, we can advance the aluminum screws into the 

holes, leaving space at the bottom of the hole for unrestricted flow. 3/16” Tygon® tubing slips 

over the socket head cap of the screw and can be easily attached or detached. 
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 To interface a PMMA channel with the syringe pump, during manufacturing, at each end of the 

channel, a hole is drilled and then tapped for 0-80 screws. We use a 0.0295” drill bit to drill holes 

through the center of 0-80 x 3/32 Socket Head Cap Torx Screws. When the PMMA channel is 

attached to the SAW device, we can advance the aluminum screws into the holes, leaving space 

at the bottom of the hole for unrestricted flow. 3/16” Tygon® tubing slips over the socket head 

cap of the screw and can be attached or detached. It can also be pressure fitted over the syringe 

tip. Tygon ® tubing is an easy way to run water from the syringe at the syringe pump to the 

channel on a device; however it is very pliable, so poses some challenge over larger distances in 

maintaining a constant steady flow rate.  

Appendix A.2 IDT electrical characterization 

To test fabricated devices we initially characterize the frequency response of the IDTs. We use a 

Rohde and Schwartz ZVB4 vector network analyzer to measure the complex impedance and S11 

parameters of each IDT; we can also measure other electrical responses of individual IDTs and 

of IDT pairs. The network analyzer can transform the frequency data into the time domain, or we 

can post-process the frequency data into the time domain. 

It is necessary to establish the network analyzer calibration before measuring device 

characteristics. After calibration, we use a probe station to measure and characterize the device 

IDTs during all stages of fabrication, and under various conditions including: just after etching, 

unbonded, but with photoresist as damping outside of IDT pairs; with a bonded channel but 

without added damping; and, with a bonded channel and added damping. It is valuable to take 

these electrical measurements at all of these stages because we receive different information 

from each stage. 
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 In all cases, in the frequency domain the imaginary component of impedance of a properly 

working IDT has a peak and valley near the operating frequency of the IDT. Smaller scale peaks 

and valleys near this operating frequency give information about the reflections; the distance 

between peaks corresponds to the change in frequency (and consequently wavelength) required 

to go from constructive interference in the standing waves created by the waves propagating 

from the IDT, and the waves propagating back towards the IDT from its reflection. In a simple 

system with one reflective discontinuity the round trip distance from the center of the IDT to the 

reflective discontinuity and back can be approximated (if we assume surface waves) as the 

surface acoustic wave velocity divided by the frequency difference between two adjacent peaks. 

 
Figure A-4: We can surmise the distance from the center of an IDT to a boundary by taking the difference between two 
adjacent frequency peaks in impedance, f1 and f2, because a whole extra wavelength fits in the distance between the IDT 
and the edge during the change in frequency. 

In real devices there may be multiple reflective surfaces, making it difficult to parse peaks in 

relation to discontinuities. It is helpful to transform the frequency domain impedance or S11 

measurements (from frequencies near the IDT operating frequency) into the time domain. Peaks 

in the time domain are analogous to the round trip distance from the excited IDT to the reflective 

discontinuity, with the relative magnitude of the peaks giving some indication of reflectivity of 

the discontinuity in question and the loss along the path to and from the discontinuity. To 

determine which time domain peaks correspond to which device discontinuities, we can use the 
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 wave propagation velocity in combination with the peak times to determine possible distances 

from the IDT at which these reflections occur.  

When using constructive and destructive interference patterns to ascertain information about 

reflection and loss in the devices, we look near the operating frequency of the IDT. With 200μm 

wavelength IDTs on 128° rotated Y-cut Lithium Niobate these features appear in the 18.5MHz to 

20.5MHz range. At the same wavelength on the Y-cut Z-propagating Lithium Niobate substrate 

these feature appear in the 16.5 MHz to 18 MHz range. 

Appendix A.2.1 Unbonded, un-damped IDT characterization 

Measurements of IDTs (or IDT pairs), on a bare wafer without a bonded channel, indicate 

potential fault types of the IDT itself and provide a baseline for measurements after changes are 

made.  

When an IDT has many broken fingers, the impedance spectrum will show an inclined, mostly 

resistive response. It may still contain peaks characteristic of reflections because surviving 

fingers may create waves, but with lower amplitude than a perfect IDT.  

When the IDT has minor shorts, the real part of the impedance decreases (instead of increasing) 

near the operating frequency. It is useful to set a quantitative cutoff to sort IDTs as acceptable or 

unacceptable. Because the amplitude of the peaks in the characterization spectra is depressed in 

damaged IDTs as compared to undamaged IDTs, it is helpful to look at the time domain 

transform of the S11 measurements. The peak in the time domain that corresponds to a reflection 

from the opposing IDT will occur near 8 μs. If the magnitude of the peaks in the time domain at 

8 μs is greater than -25 dB, I pass the IDT as acceptable. 



138 
 

 

Figure A-5: Magnified views of IDT fingers with defects causing shorts between some fingers. 

 
Figure A-6: Real part of impedance measurement in the frequency domain of an IDT without damping, with damping, 
with a channel without damping, and with a channel with damping. The shape and amplitude of the frequency response 
demonstrates that the IDT is imperfect. 

 
Figure A-7: Real part of impedance measurement in the time domain of an IDT without damping, with damping, with a 
channel without damping, and with a channel with damping. The relatively low magnitude of the peak near 8 μs suggests 
that the IDT may have minor shorts.  
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Figure A-8: Real part of impedance measurement in the frequency domain of an IDT without damping, with damping, 
with a channel without damping, and with a channel with damping. The shape and amplitude of the frequency response is 
indicative of a well-functioning IDT. 

 

 
Figure A-9: Real part of impedance measurement in the time domain of an IDT without damping, with damping, with a 
channel without damping, and with a channel with damping. The magnitude of the peak near 8 μs in comparison with the 
same peak in Figure A-4 suggests that this IDT was fabricated closer to design. 

Appendix A.2.2 Unbonded, damped IDT characterization 

To better separate and control reflections when driving an IDT, we apply photoresist as a 

damping agent outside of the IDT pair and repeat the characterization measurements. As shown 

in the figures above, the magnitude of the time domain peak corresponding to the opposing IDT 

near 8 μs should not change significantly, but the magnitude of the peaks corresponding to other 
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 reflective points outside of the pair should change with added damping.  In some instances we 

observe that the damping is not providing total damping of waves that travel outside of the IDT 

pair. The damping agent is applied to the top surface of the wafer, so is more effective at 

damping surface waves than bulk waves. This means that if the waves created by the IDT have 

significant bulk involvement, they will be damped less by the photoresist than a purely surface 

wave. Additionally, the amount of damping varies, and in some cases the waves are damped, but 

can still make the round trip to and from a reflector outside of the IDT pair. 

We observed instances where the damping did not completely remove the reflections from some 

points outside of the IDT pair, but some damping was noted by the decrease in amplitude of the 

corresponding peaks in the time domain. It is important to note that with an IDT pair separated 

by 16 mm (center to center) we expect peaks from the pair alone at 8 μs, 16 μs, 24 μs, etc. so 

some discontinuities which cause reflection may be at distances from the IDT which would have 

travel times similar to those of any of the responses from the opposing IDT, and adding damping 

may help separate those signals in our comparison to the undamped signal. 

Appendix A.2.3 Bonded, un-damped IDT characterization 

Characterizing the IDT after bonding a channel to the device provides information about the 

couples system. Photoresist damping must be removed before bonding the channel to the device. 

Measurements before reapplying the damping can provide useful information when accompanied 

by measurements in other states. Measurements with and without PDMS channels show that 

PDMS provides significant damping to the surface waves.  
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 The figure below shows components of impedance with and without a PDMS channel. Without 

the PDMS channel we can see the reflection peaks from both the opposing IDT and the near 

edge of the IDT (~12 mm from the IDT center). After bonding the PDMS channel, the opposing 

IDT reflection peaks almost completely disappear, but the edge reflection peaks are more 

apparent. 

 
Figure A-10: Real part and imaginary part of impedance measurements in the frequency domain of an IDT bare and with 
a PDMS channel. The shape and amplitude of the frequency response is indicative of a functioning IDT. The 
measurements with the PDMS channel damp out the IDT pair reflections but emphasize the edge reflections in the device. 

PMMA has less damping and is more acoustically active than PDMS. The figures above show 

that the reflection from an opposing IDT is still apparent with a PMMA channel. 

Appendix A.2.4 Bonded, Damped IDT characterization 

The normal operational state of the device is with a channel bonded in the IDT pair and with 

damping outside of the IDT pair. Characterizing the IDT in the operational state, helps isolate 

information about the waves within the pair. This information, as presented above, is best used in 

conjunction with all of the other electrical characterizations. In addition to identifying possible 

reflections and damping from the channel, and separating that information from potentially 

confounding reflections from points outside of the IDT pair, this measurement is the normal 
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 operational state of the device. Consequently, by knowing the starting electrical conditions, we 

can better determine if damage has occurred to an IDT over the course of handling with particle 

testing. Additionally, the peaks in the frequency domain identify constructive and destructive 

interference within the device. We use this information to choose an operation frequency that 

couples wave energy maximally.  

Appendix A.3 Wave propagation and type 

Appendix A.3.1 Node patterns with height in SAW devices 

As shown in the cross section of an idealized acoustic field in Figure A-11, node lines are created 

at different depths within the channel. Node lines at the same depth are separated from each 

other by half a wavelength. Node lines at a different depth are offset by a quarter wavelength 

from the node lines above and below them. Therefore, when viewed from above, there are stacks 

of node lines with quarter wavelength spacing. These node lines can be distinguished from each 

other because the flow velocity is different in different parts of the channel. (The particles in a 

node line towards the middle depth will move faster than particles near the top or bottom of the 

channel.) 
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Figure A-11: Cross section of an analytic acoustic field (as excited by a SAW device) with particle migration paths (red) 
towards the nodes. 

When attempting to model SAW device channels with a sufficiently large height to require 

multiple layers of nodes, the analytic expression I use for the acoustic force is 

 𝐻 = sin �4𝜋
𝜆𝜆

|𝑧+𝜆𝑦+𝜆𝐿1|
√𝜆2+1

� + sin �4𝜋
𝜆𝜆

|𝑧−𝜆𝑦−𝜆𝐿2|
√𝜆2+1

� Equation A-1 

where y and z are the particle coordinates, 𝑚 = sin (𝜃𝑅) scales the waves excited in the substrate 

to length in the water with 𝜃𝑅 = 25.1° as the Rayleigh angle between 128° rotated cut lithium 

niobate and water, and L1=8 mm and L2=-8 mm as the distances from our origin that the 

analytical waves on the substrate originate from. 

From H, I can calculate the applied analytic force. In the x direction, the force on each particle 

would be Frx=cr3(∂H/∂y) , and in the z direction, Frz=cr3(∂H/∂z). 

The forces arise from the addition of waves traveling at the Rayleigh angle from the substrate 

into the water in the channel. 

y 

z 
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 Appendix A.3.2 IDT simulations on wafers 

To understand how standing waves form and interact in our surface acoustic wave device, I 

simulated sections of the LiNbO3 substrate, with and without pieces of PDMS or PMMA as a 

channel, and with and without water internal to the channel.  

Simulations of IDTs on LiNbO3 wafers are different depending on the cut of the LiNbO3. For Y-

cut LiNbO3 the primary propagation direction is simpler than for 128° rotated cut LiNbO3. When 

modeling only a slice of the device through the IDT fingers and across the substrate, we can 

model the Y-cut variety as a 2D model. To model out-of-plane propagation, we use a thin 3D 

model (pseudo-2D) with periodic boundary conditions on the two out-of-plane surfaces for the 

128° rotated cut LiNbO3. Figure A-12 illustrates how a 2D simulation section models a complete 

device. 

 
Figure A-12: Diagram of 2D COMSOL equivalent as it relates to the device being simulated 

By simulating devices with 200 μm wavelength IDTs, we can observe how waves travel through 

the substrate and understand the IDT behavior.  To examine the wave types created by our IDTs 

we performed a 2D frequency domain simulation of IDTs on a 0.5 mm thick piece of Y-cut, Z-

propagating lithium niobate. To simplify the model both computationally and conceptually, we 
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 modeled a smaller portion of a device, (15 mm long wafer) with a symmetry condition so we 

could look at half of a 200 μm IDT. We applied free boundary conditions to the top and bottom 

edges of the wafer in the simulation. To reduce the effect of reflection from the right boundary, 

we applied an absorbing boundary condition as suggested by Nielson (27) by applying boundary 

loads fx and fy at the edge given by fx=-ρcpvx and fy=-ρcsvy, where cp=7288 m/s is the 

longitudinal wave velocity, cs=3570 m/s is the shear wave velocity, ρ is density, vx and vy are the 

velocities in the x and y directions, respectively. 

To understand how waves are launched from the IDT, we first performed this simulation with 

substrate damping chosen to attenuate the wave before reaching the right edge. Figure A-13 

shows the y displacement resulting when a wave is launched by the IDT with an excitation 

frequency of 16.25 MHz. It is apparent that waves are not confined to the surface. This is not a 

consequence of mode conversion at the right edge, because the waves are attenuated before 

reaching that edge. We conclude that the waves created by IDTs on this substrate of this type are 

not pure surface waves. 

 
Figure A-13: Frequency domain simulated 0.5 mm thick X-Y cut lithium niobate wafer with 200 μm wavelength half IDT 
at the left edge excited at 16.52 MHz. Color shows y component of displacement. Simulated damping is high so that waves 
do not reach the opposing end, and there is no opportunity for boundary mode conversion. 

The through-thickness displacements we observe here are corroborated by eigenmode 

simulations near the operating frequency, and simulations of the reflectivity of an opposing IDT 

on a 0.5 mm thick substrate and on a 4 mm thick substrate.  
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 Appendix A.3.3 Simulations of through thickness substrate displacement 

Appendix A.3.3.1 Open vs. short simulation 

To see if we could electrically change from standing waves to traveling waves with a simple 

mechanism, we evaluated the results of opening and closing an opposing IDT. Consequently, we 

performed a similar simulation as shown in Figure A-13, but with an opposing IDT centered 13 

mm from the left edge, and with a damping parameter chosen to match experimental results.  

(We found this damping parameter by simulating IDTs, in models with the geometry chosen to 

match experimental geometry, at many different frequencies and taking the line integral over the 

surface charge on one set of the electrodes along with the dimensions to find the current, and 

using the voltage input and current to calculate impedance versus frequency. We choose a 

damping value that closely matches the shape for the peaks of the capacitance representing 

reflections near the resonant frequency in the electrical measurements of an experimental IDT.) 

With a realistically chosen damping parameter, we evaluated the electrical effect on the driven 

IDT of shorting or not shorting the opposing IDT. The results are best seen as electrical 

measurements plotted against frequency, as shown in Figure A-14. 

 
Figure A-14: Simulated conductance of a 200 μm wavelength IDT on Y-cut, Z-propagating lithium niobate with an 
opposing IDT either open or shorted, and a substrate thickness of either 0.5 mm or 4 mm. 
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 As shown above, we compare the open and short electrical responses of the IDT to the same 

responses with a thicker substrate. This demonstrates the difference in the behavior of the waves 

produced by an IDT with significant through-thickness displacements (a wafer 0.5 mm thick). As 

contrasted to a 4 mm thick wafer in which surface waves dominate. As the simulations 

demonstrate, the surface acoustic waves reflect from the opposing IDT more than the waves with 

bulk displacements. Additionally, an opposing IDT will reflect waves whether it is open or short, 

with only a slight decrease in reflectivity for a shorted opposing IDT. 

Appendix A.3.3.2 Eigenmode analysis 

To better understand the wave types appearing in our 0.5 mm thick substrate, we performed a 2D 

finite element Eigenmode analysis. We simulated a piece of lithium niobate 0.5 mm thick and 

200 μm long with periodic boundary conditions on the two sides, and with the top and bottom 

surfaces free. We then identified surface wave-like modes with one and two wavelengths in the 

200 μm length of the model, corresponding to wavelengths of 200 μm and 100 μm respectively. 

Figure A-14 shows four of these modes, with color representing vertical displacement. The 

eigenmodes with 100 μm wavelength are very similar in appearance to surface waves that appear 

on a very thick substrate. (There are two distinct eigenmodes with nearly the same frequency 

which differ in the alignment of waves on the top and bottom surface.) Eigenmodes at 200 μm 

wavelength show nearly constant displacements through the entire substrate, approaching the 

appearance of S0 and A0 plate modes, and also displaying greater frequency splitting. It is 

evident, especially at the 200 μm wavelength, that there are substantial displacements through 

the entire thickness of the substrate. This, in conjunction with the simulation in Figure A-13, 

demonstrates the non-surface wave qualities of the waves created in our devices. 



148 
 

 
Figure A-15: Eigenmodes, FEM model 200 μm long, 500 μm thick Y-cut, Z-propagating lithium niobate, free boundary 
conditions top and bottom, periodic boundary conditions left and right. Color represents vertical displacement in the 
Eigenmode. 

These through-thickness waves (as demonstrated by the wafer simulation and the eigenmode 

analysis) are on Y-cut LiNbO3, but similar through-thickness waves are seen on 128° rotated cut 

LiNbO3 in other (similar) simulations. 

Appendix A.3.4 Simulations with PDMS channels 

We simulated a PDMS channel on LiNbO3 wafers. The channel and substrate are only relevant 

in their capacity to couple acoustic energy into water, so for this type of model we simulated the 

channel material as a linear elastic material with the piezoelectric physics module in COMSOL, 

and we simulated the water in the channel as a liquid in the pressure acoustics physics module in 

COMSOL. We then coupled the two physics together at their shared boundaries (edges of the 

channel) by making the accelerations match. This enables us to drive waves from the substrate 

into the water and vice versa.  

Figure A-16 shows one such simulation on 128° rotated cut LiNbO3 driven from both sides at a 

frequency of 20.05 MHz with a PDMS channel. The channel in this simulation is 1.016 mm tall 
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 and 2 mm wide with a water cavity 150 μm tall and 254 μm wide. The channel is centered on a 

0.5 mm thick substrate 22 mm wide with two opposing IDTs of 20 electrode pairs each with a 

center to center separation of 16 μm. We applied an isotropic loss factor of 0.1 for PDMS as 

estimated from the model of Johannsson et al. (9) 

 

 
Figure A-16: Cross section of pressure simulation of  PDMS channel, 1.016 mm tall by 2 mm wide, with water cavity, 254 
μm wide by 150 μm tall, on 0.5 mm thick 128° rotated cut lithium niobate with 200 μm wavelength IDTs excited at 
20.05MHz. 

The simulation clearly shows how the waves from the substrate travel into the PDMS channel at 

the Rayleigh angles, and attenuate as they progress.  

Appendix A.3.5 Simulations with PMMA channels 

For comparison, and because we intend to make channels from PMMA, we repeated the 

simulation in Figure A-16 with PMMA as the channel material. We choose an isotropic loss 

factor of 0.05 for the PMMA as the best approximation based on manufacturer’s testing at other 

frequencies. (28) Figure A-17 shows the results of this simulation. 
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Figure A-17: Cross section of pressure simulation of  PMMA channel, 1.016 mm tall by 2 mm wide, with water cavity, 254 
μm wide by 150 μm tall, on 0.5 mm thick 128° rotated cut lithium niobate with 200 μm wavelength IDTs excited at 
20.05MHz. 

The Rayleigh angle from the substrate into the PMMA channel is less steep than with a PDMS 

channel. This means the waves move more horizontally across the channel, and enables more 

coupling from the channel into the water rather than from the substrate into the water alone. 

Additionally, since Figure A-16 and Figure A-17 use the same scale, it is clear that the 

attenuation difference between the PDMS and PMMA leads to a significant difference in how far 

waves travel in these materials.  
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 Appendix B. PMMA prism device operation 

Appendix B.1 Driving the device 

I use a National Instruments PXI-5421 100 MS/s, 16-Bit Arbitrary Waveform Generator to 

generate the signal to drive the transducer pair. The signal from the signal generator is amplified 

by a NP Technologies Model NP-520 RF amplifier with a linear range of 3-90 MHz and a 

maximum power of 50 watts. A voltage divider is placed in the circuit between the amplifier and 

the transducers to protect the amplifier. Attenuators are placed in the circuit between the function 

generator and the amplifier to help scale the output of the function generator to better fit our 

needs after amplification. Figure B-1 shows a block diagram of the electrical setup for driving 

the transducer pair.  

 
Figure B-1: Block diagram of the electrical components driving the transducers during operation 

Appendix B.2 DAQ and control settings 

When testing a device operation it is helpful to record the exact parameters of the experiments in 

real time with the experiments. To this end, I have networked together the function generator 

control, the serial control of the syringe pump, and the camera. The experiment videos record, in 

Transducer 
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 real time, the frequency and amplitude of excitation, and the flow rate of the fluid. This helps 

with record keeping, and evaluation of videos of experiments. A schematic of the network I 

employ to control and record the device testing is shown in Figure B-2. 

 
Figure B-2: Block diagram of device testing network used to control and record operational parameters during testing. 
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 Appendix C. Notes on SAWs traveling into water 

In SAW devices, the waves enter the channel at the Rayleigh angle (θR) from the substrate. As 

shown in Figure C-1, the primary wave path has less acoustic energy in the wedge between the 

Rayleigh angle and vertical.  

 
Figure C-1: Time domain simulation of water on a lithium niobate substrate with a 200 μm wavelength IDT excited at 
16.1 MHz at time 2.1e-7 s. This simulation shows the wedge at the Rayleigh angle between the waves in the water and the 
edge of the channel. 

Nodes are formed from standing waves, and standing waves are formed from waves traveling in 

opposite directions from each other. The opposing IDT (creating waves traveling left to right), 

will excite waves that travel into the wedge but these waves will be traveling towards the wall 

(from left to right). All of the wave energy traveling away from the channel wall (from right to 

left) must come from secondary wave paths (internal reflections or paths through the channel 

material and into the water). Consequently, it is challenging to create useful nodes in this wedge 

θR 
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 that can move the particles away from the walls. (The most efficient, primary wave path travels 

towards the channel wall.) 
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 Appendix D. Cross sectional simulation of the PMMA prism device 

I used COMSOL Multiphysics 4.3b to simulate cross sections of the PMMA prism device by 

creating a 2D model coupling the Piezoelectric Devices (pzd) module and the Pressure 

Acoustics, Frequency Domain (acpr) module. I created a rectangle with the material properties of 

PMMA (as defined by COMSOL, but with an added Isotropic Loss Factor of 0.5.) that was 

PMMAWidths*2 wide, and PMMAHeight tall, with a corner at x= -PMMAWidths, and y=0. The 

variables used for the size of the device are listed in Table D-1 and shown in Figure D-1, and 

were chosen to match fabricated devices. 

I created two rectangles of height, PZTHeight, and width, PMMAWidths*2, located flush with, 

and above and below the PMMA rectangle respectively. These rectangles had the material 

properties of lead zirconate titanate (PZT-4), as defined by COMSOL. 

I created two rectangles of height, WHeight, and width, PMMAWidths*2, located flush with, and 

above and below the PZT rectangle respectively. These rectangles had the material properties of 

tungsten, as defined by COMSOL, with an added Isotropic Loss Factor of 0.9. 

I created a rectangle of height, Height, and width, Width, with a corner at x=0, and 

y=PMMAHeight/2-Height/2+Shift, and the material properties of Water, as defined by 

COMSOL. This rectangle is the cross sectional shape of the tilted angle channel. By conducting 

a parametric sweep varying Shift, this rectangle models the cross sectional shape and position of 

the channel relative to transducers along the length of the channel. 
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 Device parameter Variable name Value 

Device width between 
transducers PMMAHeight 6 mm 

PMMA stock thickness PMMAWidths .125 in 
PZT transducer thickness PZTHeight 0.039 in 
Tungsten rubber thickness WHeight .05 in 
Channel height Width 300 μm 
Cross sectional channel width at 
a 30° tilt angle assuming a 1.27 
mm wide channel 

Height 1.466 mm 

Shift of cross sectional position 
of the channel relative to the 
center of the PMMA prism 

Shift -1000 μm by 20 μm to 1000 
μm 

Table D-1: Parameters, variable names, and values used in COMSOL simulations of cross sections of the PMMA prism 
device 

 
Figure D-1: 2D cross section COMSOL simulation labels 

I defined all of the rectangles except for the channel under the Piezoelectric Devices (pzd) 

module, and I defined the PMMA and tungsten rubber components as Linear Elastic Materials 

with damping and an isotropic loss factor from the material properties. I applied a grounded 

voltage to the two interior edges of the PZT transducers, and an electrical potential of 1 V to the 

Tungsten 
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 outer edges of the PZT transducers. All external sides of the device we left as free. I provided a 

Prescribed Acceleration on the four walls of the channel cross section to match the acceleration 

from waves traveling within the water, (calculated simultaneously in the Pressure Acoustics, 

Frequency Domain (acpr) module), of acpr.ax in the x direction and acpr.ay in the y direction.  

I defined the channel rectangle under the Pressure Acoustics, Frequency Domain (acpr) module, 

and created a normal acceleration on all four walls from the calculation in the Piezoelectric 

Devices (pzd) module. I conducted a parametric sweep frequency domain simulation at 6.6 MHz 

over the Shift values of -1000 μm to 1000 μm with a step size of 20 μm. 

From the frequency domain solution data set, I extracted a Cut Line 2D data set of parallel lines, 

with the first line running from x=0 to x=0 and y=0 to y=PMMAHeight, and the remaining lines 

spaced 15 μm apart across the width of the channel rectangle. By plotting the absolute acoustic 

pressure in the channel on the cut lines, and exporting the data, I extracted the acoustic pressure 

at points in 3D along the tilted angle channel. The cut lines represent different heights within the 

channel, the position across the channel in the y direction represents the width of the channel, 

and the value of Shift, represents different positions along the length of the channel. I 

recombined this extracted data into x, y and z coordinate pressure values, and imported it as an 

interpolation function, back into COMSOL, generating a 3D model of the acoustic environment 

within the tilted angle channel. 
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 Appendix E. Massless Particle Trajectory Simulations 

Numerical calculations of the particle trajectory were done using a Matlab streamline function 

for the flow velocity across a channel coupled with analytic acoustic forces at each point in the 

channel. The code used for the calculation of the relationship between acoustic pressure, particle 

radius, and particle angle of deflection is included below. The same method was used for the 

other simulations, while varying the parameters of interest. 

%Massless simulation of particle deflection vs acoustic pressure 

close all; clear all; clc 

 

spf.rho=999.62; % kg/m^3, the density of water 

spf.mu=1.0093e-3; %viscosity of water 

betam=4.4e-10; %compressibility of water 

lambda=200e-6; % meters, wavelength of the device 

rho_p=1050; % kg/m^3, the density of polystyrene 

betap=2.16e-10; %compressibility of PMMA 

eta=8.94e-4; %viscosity of water 

L=4000e-6; %length of the channel in the x direction 

h=1270e-6; %width of the channel in the y direction 

w=300e-6; %channel height in the z direction 

FontSizeAll=10; % font size for graphs 

theta=-30*pi/180; %device tilt angle 

N=2000; % number of grid steps 

xs=-L/2:L/N:L/2; 

ys=-h/2:h/N:h/2; 

[x,y]=meshgrid(xs,ys); 

 

dP=0.44; % pressure across the channel driving a flow averaging 1 mm/s 

z=0;%midpoint of the channel in channel height. 

%calculation of the velocity from profile 

sumsection=0; 

for n=0:1:11 

sumsection=sumsection+(32*(-

1)^n*cosh(((2*n+1)*pi*z)/h).*cos(((2*n+1)*pi.*y)./h))/((2*n+1)^3*pi^3*cosh(((2*n+1)*pi*w)/(2*h)))

; 

end 

VW=((dP*h^2)/(8*spf.mu*L).*(1-(4.*y.^2./h^2)))-((dP*h^2)/(8*spf.mu*L)).*sumsection; % fluid 

velocity at each point in the cross section of the channel 

 

P=0:0.1e5:17e5;%Pa, range of acoustic pressures 

R=[1:1:10].*1e-6;%meters, range of particle Radii 

for k=1:1:length(R) 

for i=1:1:length(P) 
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     p=P(i); prad=R(k); 

    c=((4*pi^2*p^2*prad^3*betam)/(6*lambda))*((5*rho_p-2*spf.rho)/(2*rho_p+spf.rho)-betap/betam); 

    acousticforcex=(c.*sin(4*pi/lambda.*(x.*sin(theta)-y.*cos(theta)))).*sin(theta)-

6*pi*eta*prad.*(0-VW); %particle force in the x direction 

    acousticforcey=(c.*sin(4*pi/lambda.*(x.*sin(theta)-y.*cos(theta)))).*cos(theta); %particle 

force in the y direction 

 

    h=streamline(x,y,acousticforcex,acousticforcey,-L/2,0); % the path of a particle through this 

force field 

    ytot=get(h,'ydata'); %y path of the particle 

    xtot=get(h,'xdata'); %x path of the particle 

    G(i,k)=atand(abs(ytot(end)-ytot(1))/abs(xtot(end)-xtot(1))); % caluclation of the deflection 

angle 

end 

end 

 

%plot of Deflection angle vs. pressure 

fig=figure('Position', [1 41 1366 652],'PaperSize',[6.5 

5],'PaperUnits','inches','PaperPositionMode','manual','PaperPosition',[0 0 6.5 3]); 

ax1=axes('fontsize',FontSizeAll,'Position',[0.075 0.15 0.79 0.75]); 

plot(P,G,'linewidth',2); 

xlabel('Pressure (Pa)','fontsize',FontSizeAll) 

ylabel('Angle of deflection (degrees)','fontsize',FontSizeAll) 

legend('radius, 1\mum','radius, 2\mum','radius, 3\mum','radius, 4\mum','radius, 5\mum','radius, 

6\mum','radius, 7\mum','radius, 8\mum','radius, 9\mum','radius, 10\mum','location','EastOutside') 

ylim([0 30]) 

 

%log log plot of Deflection angle vs. pressure 

fig=figure('Position', [1 41 1366 652],'PaperSize',[6.5 

5],'PaperUnits','inches','PaperPositionMode','manual','PaperPosition',[0 0 6.5 3]); 

ax1=axes('fontsize',FontSizeAll,'Position',[0.075 0.15 0.79 0.75]); 

loglog(P,G,'linewidth',2); 

xlabel('Pressure (Pa)','fontsize',FontSizeAll) 

ylabel('Angle of deflection (degrees)','fontsize',FontSizeAll) 

legend('radius, 1\mum','radius, 2\mum','radius, 3\mum','radius, 4\mum','radius, 5\mum','radius, 

6\mum','radius, 7\mum','radius, 8\mum','radius, 9\mum','radius, 10\mum','location','EastOutside') 

ylim([0 30]) 
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 Appendix F. Particle Trajectory Simulations in COMSOL 

To simulate particle trajectories in a tilted angle channel I used COMSOL Multiphysics 4.3. To 

compute the fluidic flow in the device I did a 3D stationary simulation using the laminar flow 

module of a channel with a width of 4000 μm, a depth of 1270 μm, and a height of 300 μm. The 

corner position of the geometric box in the x, y, and z directions was -2000 μm, -635 μm, and 0 

μm respectively. The channel was filled with water, as defined in COMSOL 4.3. The sides of the 

channels had a no slip boundary condition. The side at -2000 μm in the x direction was an inlet 

with a velocity boundary condition and a normal inflow velocity of v0. The side at 2000 μm in 

the x direction was an outlet with a “Pressure, no viscous stress” boundary condition and a 

pressure of 0 Pa. 

After computing fluid flow, (as a second study step), I did a time dependent simulation over a 

range of 0 to 3 seconds, with a step size of 0.01 seconds, using the Particle Tracing for Fluid 

Flow module. The particle properties formulation was Newtonian, and the Wall accuracy order 

was 2. The wall condition for all walls of the channel, except for the outlet, was “Stick.” The 

particle density was set to rho_p, and the particle radius was radius. The outlet wall condition 

was to freeze. I applied a drag force on the particles following the Stokes drag law, using the 

Velocity field and Dynamic viscosity as calculated in the stationary simulation for the fluid flow. 

The particles started with the initial coordinates of x=-2000 μm, y=0 μm, and z=150 μm, with a 

velocity of v0. I applied a force on the particles in the x direction of 

c*radius^3*sin(4*pi/lambda*(x*sin(theta)-y*cos(theta)))*sin(theta), in the y direction of 

c*radius^3*sin(4*pi/lambda*(x*sin(theta)-y*cos(theta)))*cos(theta), and in the z direction of 0. 

In the force equations, c= -((4*pi^2*p0^2*beta_m)/(6*lambda))*((5*rho_p-
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 2*rho_m)/(2*rho_p+rho_m)-(beta_p/beta_m)), and the variables used are described in Table 

F-1. The mesh size was physics controlled as normal.  

I ran each simulation as a parametric sweep varying the two specified parameters over the ranges 

shown in Table F-1, with each of the other parameters as the default values shown in Table F-1. 

To extract the data, I created a particle data set from the simulation solution, a minimum data set 

referencing the particle data set, and a maximum data set referencing the particle data set. Under 

Derived Values, I created two Point Evaluations. The first one used the minimum data set, all 

parameters for both variables of interest, and the last time selection to calculate qy, the final 

minimum position of the particle in the y direction. The second one used the maximum data set, 

all parameters for both variables of interest, and the last time selection to calculate qx, the final 

maximum position of the particle in the x direction. I exported the tables produced by the 

Derived Values segment and used Matlab to calculate and plot the particle deflection angles 

using the starting and ending positions of the particles. 

The default values and parametric sweep ranges of the parameters used in the COMSOL 

simulation of particle trajectory are shown in Table F-1. 
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Parameter Variable 
name 

Default 
value Range value 

Acoustic 
pressure p0 20 bar 

0 Pa by 5e5 Pa to 100e5 Pa and 110e5 Pa by 10e5 Pa 
to 400e5 Pa for radius 1 μm 

0 Pa by 5e5 Pa to 100e5 Pa for radii 2 μm to 6 μm 
0 Pa by 3e5 Pa to 60e5 Pa for radii 7 μm to 12 μm 

Acoustic 
wavelength lambda 200 μm 50 μm by 50 μm to 500 μm 

Compressibility 
of the fluid beta_m 4.4e-10 

m2/N - 

Compressibility 
of the particle beta_p 2.16e-10 

m2/N - 

Density of the 
particle rho_p 1050 kg/m3 - 

Density of the 
fluid rho_m 999.62 

kg/m3 - 

Tilt angle of the 
device theta -30*π/180 -45*π/180 by 5*π/180 to -5*π/180 

Particle radius radius 6 μm 1 μm by 1 μm to 10 μm (to 12 μm in pressure 
simulation) 

Flow velocity v0 0.001 m/s 0.5 mm/s by 0.5 mm/s to 6 mm/s 
Table F-1: Parameters, default values, and parametric sweep range values used in COMSOL simulations of particle 
trajectory 
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 Appendix G. Methods for visualizing and extracting particle trajectories 

To evaluate particle separation, it is helpful to observe the paths of the particles with time.  For 

each experiment in particle separation or trajectories, I took a video of the experiment using a 

1/2.5" Micron CMOS, monochrome, USB 2.0 compatible camera viewing the device through a 

10x eyepiece and a 4x objective using a Fisher Scientific™ Micromaster™ II Microscope. The 

microscope is positioned on its side, and the device is mounted in a machined PMMA device 

holder with the force of gravity parallel to the direction of flow in the active region of the device.  

The camera has a resolution up to 2592x1944, and a frame rate dependent on the selected 

resolution, (approximately 6 fps at the largest frame size).  For most images I used a camera 

resolution of 2000x960 with a frame rate of 14 fps. This choice has good balance between frame 

rate and resolution, observing the entire width of the channel, but not much extra PMMA. 

After taking the videos during testing I used post processing to observe what occurred. First I 

adjusted the contrast to better see the particles. Figure G-1 shows the first frame of one such 

video, without and with this contrast adjustment.  

 

Figure G-1: The first frame of the video used to produce Figure 5-1, as taken in video (A), and after adjusting the contrast 
to better display the particles (B). 

 

A B 
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 It is visually challenging to find the location of the same particle, and determine if it has moved 

relative to other particles when observing video frames alone. As seen in the different frames of 

the same video in Figure G-2, it is possible to see a stream of 2 μm particles, but it is not possible 

to differentiate between aberrations, defects and stuck particles, and the moving particles of 

interest without carefully comparing frames.  

 

Figure G-2: Frame 1, 21, 41, 61, 81, and 101 from the video used to create Figure 5-1, contrast adjusted. 

Thus to better observe the paths of the particles, I take the minimum of each pixel of along the 

length of the channel.  Because the videos are monochrome, and the particles show up as dark 

spots with low values (8-bits per pixel. 0 is black, 255 is white) the minimum values of the pixels 

across many frames gives an image of a particle if a particle ever passed through that point. If 

there were no particles at a particular point, the background image of the channel remains. This 
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 enables us to see the paths of particles through the channel, relative to the channel background in 

a single image rather than a video. Figure G-3 shows one such image.  

 
Figure G-3: Image of particle paths of 2 μm and 15 μm particles separating. 

Each frame is a snapshot of the locations of the particles at discrete points in time. Because the 

frame rate is constant, the distance between the images of a particle that make up its path in these 

images is indicative of the particle velocity. A wider spacing between a particle trace points 

indicates a faster moving particle.  

This method is good for comparing particle paths, and for distilling an entire video into a single 

image. However, if the particle paths cross (even if the particle were not actually in the same 

place at the same time), it can be challenging to understand what happened to which particle. 

Thus, this method is most useful with dilute samples of particles, and carefully chosen lengths of 

video, to minimize the total number of particles included. 
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