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Abstract

Microfluidic technologies, and the subset of devices that integrate acoustics into
their designs (known as acoustofluidic devices), present great potential for solving the
challenges of the future. One specific subset of these technologies, termed sharp-edge
based acoustofluidics, has shown promise in a variety applications; specifically, previous
work has explored the use of this technology in applications such as fluid pumping and
mixing, cell stimulation, and bio-sample preparation. However, even though there are a
vast number of applications that sharp-edge based acoustofluidics have been applied to,
there are several shortcomings that need to be addressed.

First, and perhaps most critically, very little is known about the fundamental
mechanism of this platform’s operation. The search for novel applications has left a gap
in the knowledge base for understanding how these devices work on a fundamental level;
gaining a better understanding of how the technology works may open the door to finding
new and previously unimagined applications. Second, although not a problem that is
specifically limited to sharp-edge based acoustofluidic devices, the technology suffers
from serious limitations in real world applicability. That is, even though these devices
have advantages over traditional techniques, including speed, cost, and ease of use, they
are unable to be taken advantage of. For this reason, there is a critical need to demonstrate

a viable pathway to real-world usage.
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In an attempt to tackle these shortcomings, we begin our research by investigating
the vibrational profile generated within a sharp-edge mixer. Throughout this exploration
we uncover that the mechanism behind the technology’s success is relatively low
frequency flexural waves which have wavelengths commensurate with the overall
dimensions of the technology. This is in contrast to the previous belief that waves with
lengths many times larger than the device itself were dominating; as a result, we
developed and explored a novel platform for particle manipulation based on wave
interference (not unlike high frequency based acoustofluidic platforms). This technology
offers a new technique for interacting with micro particles and cells in an open fluid
chamber. In order to improve the technology’s adoptability, we also developed and
characterized two unique and portable control platforms towards eventual point-of-care
(POC) use.

Altogether, this work serves to further the knowledge and relevance of sharp-edge
based technology. It is our hope that this work can serve as a starting point for future
explorations into novel platforms which make use of the small wavelength vibrations
achievable with this low cost setup. Additionally, we hope that this work may motivate
the broader field to transition their technology into equally accessible platforms, such that
the microfluidics community as a whole can bring their useful technology to practical

applications.
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1. Introduction

1.1 Microfluidics

Microfluidics is a specialized branch of fluid mechanics that focuses on fluid flows
at the microscale, typically at or below the millimeter range.! At these small scales, viscous
forces dominate over inertial ones, offering a precise level of control over the fluid
domain. That is, the dominant viscous forces ensure a smooth laminar profile with
extremely predictable flow patterns is established within the fluid.? In dimensional
analysis, the eponymously named Reynold’s number provides a characterizing factor for
relating the inertial and viscous forces. The Reynolds number is given in the following

equation:

pVD
Re = T (1 1)

where, p, V, D, and p represent the density, velocity, characteristic length and dynamic
viscosity of the fluid, respectively. It is commonly assumed that the transition between
smooth, laminar flow and chaotic, turbulent flow occurs around a Reynolds number of
2000 in pipes.® Considering that the density and dynamic viscosity of a fluid are constant
for a given set of conditions (i.e. temperature) the diminished length scale in microfluidics
devices ensures that the flow remains laminar even at higher velocities. It is this
predictable, laminar flow that presents microfluidics its unique control.

Additionally, the small scales related to the microfluidic domain mean that there

is areduction in the cost of reagents needed to achieve a desired analysis. The small scales
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also increase the speed at which reactions can occur. Researchers have leveraged these
benefits to achieve unprecedented control over particulates and biological material within
fluids, unlocking previously unrealizable information and performance related to cellular
dynamics,* biological function,® and even industrial processes.**

While microfluidic devices, and the microchannels that are used to house the
fluids can be constructed from any number of materials, the most common choice for
researchers is polydimethylsiloxane (PDMS). PDMS is an elastomeric material that
conforms well to base substrates, forming a good seal for the channel; the fabrication
process for making PDMS channels also provides it with an advantage over traditional
fabrication techniques like machining. The fabrication of PDMS based microfluidics
devices falls under the general umbrella of soft lithography, a term used to describe
microfabrication techniques involving elastomeric materials.® In this process, a solid mold
is fabricated using traditional photolithographic procedures; that is, a specially designed
mask is used to selectively expose a UV sensitive polymer to a light source. The selective
pattern cures and hardens the desired pattern into the polymer before the uncured
solution is removed. This leaves a positive feature on the mold, which is then used in the
soft lithography process.

Once the solid mold has been fabricated, the uncured elastomeric PDMS can be
poured over it. Curing the PDMS over the solid mold engrains those sold patterns as

negatives in the now solid PDMS. This negative features will form the microfluidic



channel when it is bonded against a backing substrate. Figure 1.1 provides schematics
detailing the general outline for the soft lithography process. As shown in Figure 1.1 iv),
the negative features in the PDMS form enclosed channels once it is bound to another
substrate. The conformal contact achieved between the eleastomeric PDMS and the base

substrate prevents leakage in the microfluidic designs.’
(i) (if)

solid mold from PDMS cured using
photolithography the mold
(iii) (iv)
| |
PDMS removed PDMS bonded onto
from mold solid substrate

Figure 1.1: Steps of the soft lithography process used to fabricate PDMS based
microfluidics device.

A common substrate used beneath the PDMS channels is glass. In order to
promote a strong bond and further decrease the likelihood of leakage, the PDMS and glass
surfaces are typically pretreated with Oz plasma. Inlet an outlet ports in the PDMS allow
for the connection of tubing into the device for fluid injection and recovery.

Now that the basic methodologies for microfluidic device fabrication have been
covered, we can introduce how they function. As stated before, the cornerstone of

microfluidics devices is the precise nature of interactions and motion that can be achieved.



In order to predict these phenomena researchers rely heavily on simulation and modeling.
The foundational equations for analyzing fluidic and microfluidic systems are the
conservation of mass and momentum equations. Respectively, the mass and momentum
balance equations are given as follows:?

dp B
E+V-(pu)—0 (1.2)

Du 1
P = -Vp + ,uV2u+(yb +§M)V(V-u)+ o9, (1.3)
where p, u, p, u, yp are the density of the fluid, velocity vector for the fluid, fluid
pressure, shear viscosity and bulk viscosity, respectively. The momentum balance
equation is also known as the compressible Navier-Stokes equation and balances the
momentum flux through the fluid element to the viscous and pressure forces acting on
the element. These equations can be linked through a linear relationship with the speed
of sound (c§) in a fluid and the pressure and density, where:
p = c§p. (1.4)
While additional relationships and phenomena may be needed to fully
characterize the fluid field, such as the diffusion equation, or heat transfer, the balance of
mass and momentum provide the groundwork for analyzing microfluidics systems.
While the equations governing the fluidic phenomena might be known, that is not to say

that they are easy to solve. In fact, solving these equations is quite expensive, even

numerically, and as such, assumptions are frequently made to reduce the complexity of



the analysis and solutions; typically, modeling is done in two dimensions to immediately
reduce the calculation load.

These equations, in combination with careful modeling and experimentation have
given researchers the tools to investigate and leverage microfluidics as a tool in many
applications. Examples of applications include nanoparticle/ nanostructure fabrication via
precise fluid mixing and interaction,®!* single cell analysis and culture using specially
designed channels to trap and manipulate cells,> on chip DNA analysis through
polymerase chain reaction,!! analytical quantification through colorimetric or reaction
analysis,'>!> and many more. The research presented within this work is primarily focused
on a branch of microfluidics known as acoustofluidics, which combines acoustic

manipulation/interaction with the precise control of microfluidics.?

1.2 Acoustofluidics

Using acoustic forces, researchers are able to interact with microfluidic domains
and the constituents within in a gentle and contactless manner. High frequency waves
have wavelengths on the order of, or smaller than, the microfluidic channels that they are
impregnating, and can be used to establish pressure fields with stable and controllable
patterning.'4'> These pressure nodes enable researchers to interact with particles and cells
in this small scale. As such, it is possible to manipulate, interact with, and probe even

single cells in microfluidics devices.



There are two primary acoustic regimes that are being explored to push the
boundaries of acoustofluidics. In high frequency systems (>10 MHz) that operate based
on surface acoustic waves (SAWs), the primary radiation force is utilized to achieve

particle manipulation. This radiation force can be described by the following equations:2¢

2y,
Fp=— <%) * ¢(B, p) * sin(2kx) (1.5)
_ 5po—2pr P,
d(B,p) = m‘g_f' (1.6)

where, po,V,, A4, k, B, and p are the acoustic pressure, volume of the object, wavelength,
wavenumber, compressibility and density, respectively. The subscripts of o and f refer to
the object and fluid, respectively. The function ¢(S, p) is known as the acoustic contrast
factor and determines the equilibrium position of the objects, where a positive value
means that particles will aggregate at pressure nodes.' Researchers from Dr. Tony
Haung's lab at Duke University have leveraged this technology to achieve single cell
manipulation and continuous separation.

Figure 1.2 provides images from Huang’s previous SAW based work. In the first
set of images, we can see a single C. elegans being translated in a controlled manner using
SAW waves.!” In the second set of images, microparticles of different sizes are separated
in a continuous flow.!® Leveraging these manipulations allows researchers to investigate
cell-cell interactions, as well as separate out critical biomarkers from a bulk fluid for

downstream analysis.



Figure 1.2: SAW based acoustofluidic devices. (A-D) Single organism manipulation
with SAWs. (E,F) Continuous separation of microparticles based on size. Images
reproduced from Ding, et. al. in ref. 7 and ref. 18

The other acoustofluidic regime is concerned with bulk acoustic waves (BAWs),
which involve systems operating at lower frequencies which utilize waves that can
propagate through the bulk of a media, as opposed to remaining on the surface of a
substrate.'*!® These systems may operate at lower frequencies than SAW based devices,
even within the audible frequency range (20-20,000 Hz). Additionally, their operation may
not depend upon the radiation force, so much as the steady mean velocity (known as

acoustic streaming) that is generated as a result of viscous dissipation in the fluid.?**' The



bulk of this paper will be focused on this phenomena, and it will be discussed in more

detail throughout this work.

1.3 Sharp-edge based Acoustofluidics

Sharp-edge based devices are acoustofluidics devices that are designed with
microscale features within the channel.?>” These microscale features have been termed
sharp-edges, and acoustic transducers are used to create vibrations within these tiny
protrusions. These oscillations are exploited to create acoustic streaming and achieve
various microfluidic manipulations including pumping? and mixing.?> A photo of a
generic sharp-edge based device, as well as a microscope photo of the microscale features
are provided in Figure 1.3. Although the microchannel design and sharp-edge features
may vary from device to device, each of the sharp-edge designs have the same basic
features, including a low frequency buzzer, a glass substrate, and a PDMS channel; each
of these components can be seen in the photos of Figure 1.3. In order to gain a better
understanding of the platforms potential, we will briefly review the applications explored

during previous research.

Figure 1.3: Photo of a sharp-edge based acoustofluidic device and a photo of a sharp-
edge pumping channel.
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1.3.1 Sharp-edge Based Pumping

Transporting and pumping liquids is critical to the functionality of many
microfluidics devices. Pumping may be achieved via capillary forces,?® pneumatic
pressure,” or manual methods.*** Most of these methods do not offer the dynamic or
adaptable pumping control that is required by a given application. In order to provide the
desired functionality, syringe pumps are commonly used to precisely control the volume
of fluid being injected into a channel.'”?> However, these systems can be both expensive
and bulky. In order to try and circumvent and overcome these downsides, Huang, et. al.

designed the sharp-edge based pump.

— 5 pairs pumping structures — 7 ™~
J \ / N
L

AN
\ LGN J
— === B AR S
!
PSR - WD 2 R I PR
/ 0.6000 N P \
{ N

/
AN e

0.2500 —

/"Kg'

! /Y=~ 01000

30°'; N

L — 0.6000

Units: mm

Figure 1.4: 2D CAD drawing of a sharp-edge based micropump.

Figure 1.4 provides a 2D CAD sketch of the microchannel for the sharp-edge based
pumping device. In this device, the sharp-edge structures are angled at 30 degrees from
the sidewall. As such, when the sharp-edges begin to oscillate, the acoustic streaming

generated serves to push the fluid to the right, achieving fluid pumping. Figure 1.5
9



provides a schematic of the acoustic streaming as well as a particle tracing showing how
the fluid moves through the channel and interacts with the oscillating sharp-edge
structures. As seen in both images, vortices are generated at the tip of each sharp-edge,
and the angled design allows for a net horizontal motion to be achieved.

Using this pump, varying the acoustic signal applied to the transducer enables
accurate control over the flow rate in the channel down to the nanoliter per minute rate.??
The flow rates and patterns of flow generated within the channel will be explored in more

detail throughout this text.

L“‘\( \'\6 Acoustic streammg’\,f . ‘:‘{‘ |

> . Velocity —=—/'
. Measurement

%U “Regon r%p%

PDMS sidewall — Transducer ON

Figure 1.5: Schematic and particle tracing for acoustic streaming generated by the
sharp-edge based micropump.

1.3.2 Sharp-edge Based Mixing

Accurately and completely combining fluids is a critical task that is necessary for
the completion of many on chip analyses, biological test, and synthesis efforts. While this
task may seem simple, at the miniscule scales of microfluidics devices viscous forces

dominate over inertial ones (the Reynolds number is extremely low); this makes mixing

10



fluids together a potentially difficult task; generally, diffusion is the primary driving force
for mixing at these scales.

Several methods have been developed to mix fluids and reagents on a microscale,
such as magnetic,?* optical,®® thermal,* acoustic,”* and electrokinetic**# methods.
However, wanting to leverage the simplistic and biocompatible design of the sharp-edge
platform to overcome these viscous forces, Huang, et. al. developed the sharp-edge based

micromixer shown in Figure 1.6.

5 pairs mixing structures

Units: mm

Figure 1.6: 2D CAD drawing of a sharp-edge based mixing device

In this device, vertical, triangular sharp-edge structures jut out from the channel
side wall. The oscillations from the transducer on the device cause the tips of the sharp-
edges to vibrate back and forth. These vibrations create counter rotating vortices at the
tip, which vigorously mix the fluids together. A syringe pump must be used to deliver the

two fluids into the inlets.
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Figure 1.7 provides several photos to demonstrate the mixing process achieved
within the sharp-edge based device. In Figure 1.7(a,b) a schematic of the acoustic
streaming generated by the active sharp-edges, and a particle tracing from a fluid being
mixed in the channel are provided, respectively. Figure 1.7(c,d) provide images of a
fluorescent and non-fluorescent liquid that are unmixed and mixed when the acoustic
signal is OFF and ON, respectively. When the signal is OFF (Figure 1.7(c)), the two liquids
flow side by side in a laminar flow pattern as expected. In this instance, mixing only occurs
by diffusion, and is very inefficient. Conversely, when the signal is ON (Figure 1.7(d)), the

two fluids are vigorously mixed and produce a homogenous output.

Figure 1.7: Sharp-edge based mixing. (a-b) Schematic and particle tracing for the
acoustic streaming generated in the sharp-edge based mixer. (c-d) Fluorescent images
of DI water and fluorescene flowing side-by-side in the channel when the micromixer

is OFF and ON, respectively.

These images serve to demonstrate the potential for using the sharp-edge based
platform as a mixer in various microfluidics applications where completely combining

fluids is desired. After the demonstration of these two fundamental operations (pumping
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and mixing), researchers quickly demonstrated numerous other applications which

leveraged this technology.

1.3.3 Additional Applications of Sharp-edge technology

Once the potential of sharp-edge based acoustofluidics was realized, previous
researchers sought to investigate applications where it could be utilized. I will briefly
describe the applications that were explored previously, starting with harnessing the
acoustic streaming generated by sharp-edges to rotate objects and organisms within the

channel.
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Figure 1.8: Sharp-edge based cell rotation. Schematic of a sharp-edge based device
used for rotating cells and organisms. The photo panels at the bottom of the figure
show a HeLa cell being rotated by the acoustic streaming at the sharp-edge tip. Photos
reproduced from Ozcelik, et. al.”

Figure 1.8 shows the simplistic device used as a proof of concept for demonstrating
sharp-edge assisted rotation.” Leveraging the counter rotating vortices generated at the

tip of the sharp-edges, Ozcelik and his collaborators were able to successfully rotate cells
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and other organisms. This rotations was easily controlled by turning the acoustic signal
ON and OFF; the viscous forces quickly damp out motion, so the cells remain fixed once
the signal is deactivated.

a) rmc ,-/PBS z

X

Gradient
profile

Figure 1.9: Schematic and fluorescent images of a sharp-edge based chemical gradient
generator. Photos reproduced from Huang, et. al.?

The research team also used carefully placed mixing structures to selectively mix
fluids in the channel and generate a varied concentration gradient. Figure 1.9 provides the
schematic for this device, as well as the fluorescent images to demonstrate the gradient
effect generated by the mixer.?> A system similar to this was used to investigate the effect
of varied concentrations on cellular response to chemical stimuli.** As a demonstration of
the sharp-edge platforms potential for use in clinical applications, Huang also designed

the first on-chip sputum liquefaction system.?

14



Inlet I
(DTT solution)

Figure 1.10: Schematic of a sharp-edge based sputum liquefaction device, and photos
of sputum liquefied via different methods. Photo reproduced from Huang, et. al.?¢

The strong acoustic streaming and mixing able to be produced using the sharp-
edge device (Figure 1.10) enabled the liquefaction of extremely viscous sputum samples.
In the end, the researchers were able to liquefy the sputum samples equally as well as the
bulk mixing method (Figure 1.10(b)), all while keeping the sample contained in a channel

and ready for downstream analysis.

1.4 Motivation and Contributions

Each of the applications presented for sharp-edge based acoustofluidics devices
served as simple proof-of-concepts for the potential of the technology as a whole. While
these designs did function as successful demonstrations, there is a fundamental gap in
understanding the underlying mechanism that enables these devices to function; that is,
compared to the extensive understanding that researchers have of the working
mechanisms of SAW based acoustofluidics, little is known about how the sharp-edge
platforms work from a wave generation and vibrational standpoint. The lack of

exploration into this line of understanding has potentially masked unknown features that
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the technology could present. As a result, it is my goal to uncover the fundamental
mechanism of wave generation and propagation throughout the sharp-edge based
platform, and determine if there is potential to leverage this understanding for future
developments.

Additionally, although numerous applications of sharp-edge based technology
(and other microfluidic technologies) have been developed in the past, researchers have
been unable to translate their work beyond the lab. In most cases, the technology is
abandoned before being transitioned into a commercial product, or the researchers simply
continue to adapt and refine the device without moving into more tangible platforms. In
an effort to address this shortcoming for sharp-edge based technology, I tackle one of the
most common roadblocks to acoustofluidic and microfluidic designs: the external
hardware. In this effort, I seek to simplify the materials and equipment needed to operate
our technology, allowing for a transition to use at the point-of-care (POC).

Altogether, 1 hope that my research contributions will serve to expand the
knowledge of these unique acoustofluidic device and serve as further demonstration of
their potential. It is also my hope that the demonstrations within serve to motivate other
researchers in the field to improve the adoptability of their technology through the
development of more user friendly systems; without this attempt, the efforts of all

microfluidics researchers may be abandoned as more useful methods overshadow.
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1.5 Dissertation Outline

Chapter 2: Framework for Sharp-edge Based Device Operation and Simulation
This chapter provides details for device fabrication and experimental operation
methods, as well as numerical simulations utilized within this dissertation.
Chapter 3: Investigation of Sharp-edge Based Device Mechanism
Chapter 3 details work completed to gain a better understanding of the
mechanisms through which sharp-edge based devices function. The findings are
presented during the exploration of a variable throughput mixing platform.
Chapter 4: Leveraging Flexural Wave Patterns for Particle Manipulation
This work presented in this chapter details the exploration of a novel platform for
particle manipulation based around the sharp-edge device framework.
Chapter 5: Control of Sharp-edge Based Devices Using a Cell Phone
In this chapter we explore the effort taken to design a portable control platform for
sharp-edge devices based on a cell phone.
Chapter 6: Open Source Acoustofluidics
Chapter 6 explores a second stage of development in portable device operation,
centered on open source technology to produce a more capable platform.
Chapter 7: Conclusion
We summarize the dissertation by reviewing our findings and discussing future

directions for the technology.
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2. Framework for Sharp-edge Based Device Operation
and Simulation

2.1 Sharp-edge Device Fabrication

The cornerstone of sharp-edge based microfluidics devices is the ability of the
small features to oscillate when an acoustic signal is applied. The size, shape, and
construction of these sidewall features is critical to the functionality of these designs, and
as such, a precise fabrication process is needed. The UV light and polymers used in the
standard SU-8 photolithography process diffuse too much at high aspect ratios to
properly form the sharp-edge mold; as such, sharp-edge devices are created with a deep
reactive ion etching (DRIE) procedure.* In this process, repetitive, sequential steps of
protective polymer coatings and bombardments with high energy ions are used to carve
out precise features from the wafer surface. This creates deep channels with much more
vertical walls and higher aspect ratios which enable the formation of the small features
that embody sharp-edge based designs.

These solid molds are then used to create PDMS chips that form the acoustofluidic
channels once bound to a glass coverslip. This process is identical to that described above
for general soft lithography and microfluidic device fabrication; however, we will provide
additional detail here. To make the PDMS, Sylgard 184 silicone elastomer and curing
agent are vigorously mixed at a ratio of 10:1. The uncured polymer is then poured into the
mold and degassed under a vacuum. The PDMS and mold are then placed into a 65 °C

oven for one hour to set the polymer. After curing, individual sharp-edge based channels
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are removed from the mold, carefully cut to size, and punched with inlets and outlets per
the requirements of the design. The PDMS chip is then bonded onto the glass coverslip
after a 30s oxygen plasma treatment, which promotes bonding. The microfluidic channel
is formed with the glass coverslip as its bottom, and PDMS for the other walls and channel
features. After bonding the channel to the glass slides, the devices are placed back into the
oven and left for 24 hours to complete the curing process. A piezoelectric transducer is
then bonded onto the glass slide adjacent to the PDMS channel using epoxy. Figure 1.3
provides a photo of the total device, as well as a microscope photo of the channel in a
sharp-edge based pumping device. In the photo, we can clearly see the three critical
elements for a sharp-edge based device that we discussed before: the glass slide, the
transducer, and the channel. In order to ensure that there is a high level of repeatability
across various devices (especially with regards to frequency response), care was taken in
each step of the fabrication process. For example, alignment structures were designed into
the photolithography mask, and a template was used for alignment during bonding of the
channel and transducer; the template consisted of CAD sketch of the device components
(glass coverslip, PDMS channel, and transducer) printed out and used as a visual
reference beneath the glass coverslip for careful alignment during assembly. Together,

these steps improved the consistency of device assembly and performance.
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2.2 Experimental Methods
2.2.1 Experimental Operation of Sharp-edge Devices

Pivotal to operating the sharp-edge device is the delivery of an oscillatory signal
to the piezoelectric buzzer; throughout testing, this signal was produced using a function
generator, and amplified using a power amplifier (if the signal needed to be increased)
before being passed into the transducer. Microscope images were collected using a Nikon
inverted microscope. In order to ensure more consistent operation of the devices, they
were secured in a custom microscope stage (Figure 2.1); this stage ensured consistent
fixture of the sharp-edge based device during acoustic excitation. If fluids needed to be
delivered to the channel (mixing devices), then an external syringe pump was used and

connected to the channel inlets using plastic tubing.

Custom microscope
mounting plate s

Sharp-edge
device

Figure 2.1: Photo of the custom microscope mounting plate which fits the sharp-edge
based acoustofluidic device. The device is taped to the plate at both ends.

Connecting the external tubing to the devices may introduce bubbles into the

channel which may affect device performance; as such, a common practice is to inject

20



isopropyl alcohol in to the channel and overflow the device. The liquid on the outside of
the device prevents bubbles from entering the channel as the tubing is connected to the
inlet. The isopropyl alcohol would then be flushed from the channel, and the device could
be wiped dry. A friction fit was usually sufficient to connect the tubing and prevent leaks,
although epoxy may be placed around the tubing for additional sealing. With the device
connected to the syringe pump and function generator, operation was extremely simple.
Activating the oscillatory signal in the working range for the device (typically 4-6 kHz)
would cause the sharp-edges to vibrate and create acoustic streaming in the desired
manner. Notably, during testing we first determined the optimal frequency of the device
by visually examining which frequency excitation signal produces the best performance;
this is typically done by varying the frequency in steps of 100 Hz from 4 kHz to 6 kHz and
visually assessing the performance. Unfortunately, the need to sweep the frequency
domain for the optimal excitation conditions is a significant hindrance to the widespread
adoption of this technology; many factors including PDMS alignment, transducer
bonding, and how the device is secured can affect the final operational efficiency at a given
frequency. As previously discussed, steps were taken to improve the repeatability of

device operation through consistent manufacturing.
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2.2.2 Analysis of Sharp-edge Device Testing Results

After testing sharp-edge devices, the primary modes of analysis for device
functionality were calculating the pumping flow rate, or calculating the mixing efficiency.
In order to determine the flow rate, we use the publically available Image] software
provided by the NIH to analyze videos of particles moving within the channel.?? This was
done by stacking successive images from a video of particle pumping, and using the
computer software to extract how far the particles had traveled. The distance the particles
had traveled (d), in combination with the frame rate (fyqr.) and number of frames
analyzed (N¢rqmes) Was sufficient to calculate the average velocity in the channel using the

following formula:

d
velocity = * Jrace : 2.1

frames

The flow rate in the channel could then be extrapolated by multiplying the velocity by the
cross sectional area of the channel.

To experimentally test the mixing performance of the device, we made a
fluorescent solution by dissolving fluorescein powder into DI water; this provided us with
a visual method for analyzing the mixing performance of the device. The fluorescein
solution and pure DI water (non-fluorescent) were injected into the channel at varying
flow rates through the two inlets using the syringe pump. Fluorescent images of the outlet
of the channel were then collected and analyzed to access the mixing performance. In

order to compare the mixing performance across various devices, we calculated the
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mixing index as the standard deviation of the normalized fluorescence intensity across

the width of the channel, per the following equation:

; I, — 1)
Mixing index = %, (2.2)

where I, I, and N represents the normalized intensity at each point along the channel,
average intensity, and total number of data points, respectively. As such, the value for the
mixing index can range from 0 (completely mixed) to 0.5 (completely unmixed). A value

beneath 0.1 is commonly used to distinguish complete mixing.

2.2.3 Experimental Measurement of Vibration Patterns

In order to gain a better understanding of the mechanisms through which sharp-
edge based devices work, we sought to explore the wave patterns generated within the
device. During our investigation of the wave patterns generated within sharp-edge
devices, we experimentally imaged the vibration patterns on the glass substrate using a
laser Doppler vibrometer (PSV-400, Polytec). The acoustofluidic mixing device was
secured in the custom microscope slide holder (Figure 2.1) during this testing as well to
ensure that the chip is secured in the same manner for each test, reducing deviations in
vibration patterns. After securing the device to the holder, the back of the slide was
sprayed with an aerosol of white developing particles (Spotcheck® SKD-S2 Developer,
Magnaflux) that make the slide opaque for measurement using the laser Doppler

vibrometer. During testing, we flipped the device holder upside down to expose the
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underside of the coverslip to the laser light; this ensured that we would have a clear, flat
surface at a consistent distance from the laser source, as opposed to the crowded top side
of the coverslip which holds the transducer and the PDMS chip. Next, using the software
of the vibrometer, we established our testing region on the exposed area of the glass
coverslip and assigned the scanning mesh density. For scanning, we analyzed transducer
excitation frequencies from 0 kHz to 10 kHz with a step size of 50 Hz. The vibrometer
would then sweep this frequency range and collect the wave pattern, and vibration
amplitude for each point on the acoustofluidic device. Using a custom Matlab script, we
were able to extract the vibrometer data and plot the wave patterns at any given

frequency, as well as determine the overall frequency response at a selected point.

2.2.4 Numerical Modelling of Vibration Patterns

Throughout our investigation, we also sought to develop a numerical model
which integrated all components of the sharp-edge devices, from the piezoelectric
transducers down to the microfluidic channel; a model which considers all of these factors
would enable us to visualize the wave phenomena within the device and explore how the
acoustic streaming is generated. In order to fully model the wave phenomena in a sharp-
edge based device, one must consider piezoelectric actuation of a transducer, elasticity of
solid materials as the transducer vibrates, and even fluid solid coupling within the domain
of the microfluidic channel if so desired. Modeling piezoelectric materials involves the

coupling of electrical and mechanical forces to calculate displacements. Specific to
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modelling these types of devices, we must consider the inverse piezoelectric effect which
describes the phenomenon wherein an applied electric field creates mechanical strain and
therefore deformation. When modeling this phenomenon one must consider the

relationship between the electric field and electric potential:
E=-WW (2.3)

As well as Gauss’s law, which relates the Electric field to the charge density:
V-E=L, (2.4)

where p, and €, are the charge density per unit volume and the vacuum permittivity,
respectively. These equations can be related to the electric displacement field using the
following constitutive relationship:

D = eq€,E, (2.5)
where D and ¢, represent the electric displacement field and relative permittivity; the
relative permittivity is used to correlate the vacuum permittivity to the specific
permittivity of an object. Together, these equations can be used to compute the electric
field. However, this only covers the electrical component of the piezoelectric system, and
mechanical stresses and strains that result from the motion of the piezoelectric transducer
must be considered.

We begin our discussion of the mechanical deformation in the acoustofluidic
system by considering the relationship between the mechanical stress tensor (T) and

displacement of the elastic media (u), given as:
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pit=V-T+f, (2.6)
where p, and f are the density of the material and the body forces applied to the system.
Atits core, this equation simply represents a viewpoint of Newton’s second law of motion,
where the acceleration is proportional to the applied forces. We can also relate the

displacement in the system to the internal strain through a kinematic relationship:

S = %(Vu + vu’), 2.7)
where S is the strain, and the exponent T represents the transpose of the matrix.
The equations presented thus far can be implemented to solve for electric fields or
mechanical potentials in isolation. However, the inherent nature of piezoelectric
materials, where stress, strain, and electric charges are coupled, necessitates additional
equations to link these phenomena. The following equations provide the governing

equations for an electro-mechanically coupled system:
T=c.S—e"E, (2.8)
D = eS + ¢E, (2.9)

where c,, e, and € represent the elasticity matrix, coupling matrix, and permittivity
matrix, respectively. Together, these equations work in unison to account for strains
induced by applied electric charges as well as electric potentials produced as a result of
applied stresses to the system. In practice, these equations can be coupled and

implemented using commercial finite element method (FEM) software.
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Figure 2.2: Schematic of the acoustofluidic device model implemented in COMSOL
Multiphysics®. An electric potential was applied to the piezoelectric disc, and the
brass base of the transducer was modeled as the ground.

To this end, we designed and implemented a model following the schematic
shown in Figure 2.2 by using the commercial FEM software COMSOL Multiphysics®; the
model included the piezoelectric disc, brass base of the transducer, a thin epoxy layer, the
glass coverslip, and the PDMS chip. Notably, we did not include the fluid domain in this
study, although recent work by Skov showed promise in fully coupling all of these
systems.* We did, however, include an empty channel with a single set of sharp-edges to
investigate their vibration. The user interface of COMSOL simplifies the implementation
of many classical governing equations, and provides a seamless coupling between these
physical phenomena. Specifically, the electrostatics module integrates the electric field
potential equations, while the solid mechanics module accounts for mechanical stresses;
the piezoelectric multiphysics module ensures proper coupling between these systems.
As such, the addition of proper boundary conditions, applied loads, etc. can be simply
managed in the software. Boundary conditions were constructed as follows: For the

electrostatics equations, a voltage was applied to the top surface of the piezoelectric disc;
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the top surface of the brass base was specified as ground (V=0, consistent with the
commercial wiring). For the solid mechanics module, a low-reflecting boundary was
specified at either end of the glass slide; this reduces the reflection of waves at the
boundary. We applied this boundary as opposed to a fixed boundary because we found
that this yielded a more consistent result in comparison to our experimental observations.
We believe that the taping of the device to the holder (seen in Figure 2.1) may help to
reduce the reflection of waves. Values for the material properties were loaded from the
built in materials in COMSOL, and are summarize in Table 2.1.

Table 2.1: Summary of material properties used for vibrational modelling. * Elasticity
and coupling matrices taken from COMSOL and integrated into piezoelectric module.

p(kg/m® E(GPa) v  Thickness (um)

Glass 2230 630 02 150
Epoxy 1290 1.02 04 40
Brass 8490 106 .318 30
PDMS 970 750e-6 .49 3e3
PZT 7500 * * 23

Having fully defined the necessary boundary conditions and applied the necessary
material definitions, we were able to explore oscillatory excitations of the transducer at
any given frequency. This model was used in the corresponding simulations throughout
this dissertation. Further details appropriate for a given simulation are included with the

results when they are presented.
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2.2.5 Numerical Modeling of Streaming Patterns

The model outlined in the previous section investigated the vibration of the entire
mixing device on a large scale; throughout our exploration, we also sought to simulate the
mixing performance within the sharp-edge region of the acoustofluidic mixer during
acoustic excitation; that is, transitioning to the micro-scale and investigating the fluid
motion within the channel. Numerically, exploring the acoustic mixing effect in the fluid
domain requires one to solve the mass and momentum balance equations for the fluid.
Recalling Eq.1.2 and Eq.1.3, for a compressible Newtonian fluid, these equations can be

written in the following form:

dp
- ‘u) = 1.2
5 TPV-w =0, (1.2)
ou 1
Port plu-VYu= —Vp+uvV?u + (/,tb + §y) V(V-u), (1.3)

Here, p, u, p, u, and p,represent the fluid density, velocity, pressure, and the shear and
bulk dynamic viscosities, respectively. Eq.1.4 connected these equations through a linear
relationship between the fluid pressure and the density, as follows:

P =cgp (1.4)

where ¢, represents the speed of sound in the fluid at rest. Solving these equations will
yield the motion in the fluid domain of the channel, but doing so is difficult because of the
large disparities between the length (geometric dimensions of the channel vs. the acoustic
wavelength) and time scales (characteristic time for mean fluid motion vs. acoustic signal

time period);* additionally, due to viscous dissipation, the fluid response to a harmonic
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input is not traditionally harmonic itself,? further complicating the solution methodology.
As such, a perturbation approach is utilized to solve for the acoustic response of the
system. This approach, suggested by Nyborg? and utilized extensively in the
acoustofluidic research field,* splits these equations into zero, first, and second order
components, where the three orders represent the background, oscillatory, and steady
acoustic streaming flows, respectively. This is done by assuming the following form for

the fluid velocity, pressure, and density:

U = ug + £y + €2, + 0(?) (2.10a)
p =po + &Py + 2P, + 0(2) (2.10b)
p =po+epy+e*p, +0(e%) (2.10¢)

where ¢ is a smallness parameter defined as the ratio between the boundary displacement
and the characteristic length. Utilizing this approach requires one to substitute the
expansions from Eq.2.10 into Eq.1.2, and Eq.1.3, while grouping terms of equal order; in
doing so, equations that are successively coupled to the lower order solutions are
obtained. Grouping these terms (while shortening the notation based on the following

scheme: u; = €iiy, u, = €%,, etc.) yields the following governing equations for the fluid

domain:
Zero Order:
dpo _
— + po(V-upy) =0, (2.11)
ot
auo 2 1
P+ po(Uo - VIug = —Vp, + uV=ug + (Hb + §.U) V(V-u) (2.12)
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First Order:

0p;

2t T V- (p1up + pouq) = 0, (2.13)
auo 6u1
P + po ¥ + po(ug - Vug + po(ug - Vug + p1(ug - V)u,
1
=~y + 1V + (i + 5 0) VT ), (2.14)
Second Order:

0p> _

(W) + V- ((pouz) + {p2ug) + {(p1uq)) = 0, (2.15)

auz aul auo
(Po W) +(p1 W) + (p, W) + (po(uz - Vug) + {po(uy - VYug) + {po(uo - V)uy)
+{(p1 (g - V)uy) + (p; (uq - V)ug) + (p2(ug - V)ug)
1
= —Vpo) + V) + (0 +50) VT - () (2.16)

3
where (Q) represents the time average of the value Q over one period. These equations
were further manipulated by converting them to their weak form such that they could be
implemented in the numerical modeling software Comsol Multiphysics®, using the weak
PDE interface. Within the context of this work, we investigated the acoustic streaming
effect within a 2D model of a sharp-edge based mixer, as shown in Figure 2.3 below. This
model included three (300 um tall) sharp-edges within a 600 um wide channel. The
channel was made sufficiently long to avoid influence of acoustic streaming on the inlet
concentration profile. Full details of the implementation into Comsol can be found in the

initial sharp-edge modelling explorations of Huang and Nama.*
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Figure 2.3: Schematic of the computational domain used to numerically explore the
sharp-edge device performance.

Briefly, the coupled zero order equations are solved to yield the background flow
profile in the channel, which typically is a result of fluid injection via an external pumping
system; in the zero order problem, boundary conditions are set as follows:

Ug = Ujnger ON I3 U [y, (2.17a)

uy=0onrl; U I}, (2.17b)

and on I[we employed a “do-nothing” boundary to enable continuous outflow of the
fluid. For the first order equations, we must account for the harmonic oscillations of the
sharp-edges along the top and bottom wall. A quadratic fit was experimentally observed
and applied in an oscillatory manner along the top and bottom boundaries of the channel
(I, Ip). On the inlet and exit boundaries we employ an impedance or “lossy-wall”

boundary condition as described by Bruus:>

WPo

m Cm

n-Vp, =i P (2.18)

where p,,, and c;, are the density and speed of sound of the medium at the boundary (the
fluid medium in the case of this work). As such, we sought solutions of the following form

when solving the first order equations:

u (x,t) = ug(x)e" it (2.19a)
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p1(x,t) = py(x)e™ it (2.19b)

Lastly, the second order solutions can be obtained to reveal the time averaged streaming
velocity components. For the second order problem, we utilized “do nothing” boundary
conditions along inlet and outlet boundaries, and a no-slip conditions was applied along
I, and I}, similar to Muller, et. al.5! Solved in sequence, these equations can accurately
model acoustic streaming effects that results from sharp-edge actuation.

However, in this work, we are primarily concerned with microfluidic mixing based on
acoustic streaming. As such, we integrate the fluid profile extracted from the previous

governing equations into the convection-diffusion equation, which is given as follows:

dc

o TV (cue) = DV, (2.20)

where c,u., and D, represent the concentration of the sample, fluid particle velocity, and
diffusion coefficient, respectively. While most of these terms are simple constants, the
fluid particle velocity must receive additional consideration beyond simply using the
steady streaming terms. In order to obtain the most accurate streaming field and mixing
characterization, we introduce the Lagrangian mean flow; this concept has been shown to
produce a more accurate estimation of experimentally observed flow patterns. The
Lagrangian mean flow, suggested by Biihler,5 assumes that a fluid particle in an acoustic
field is influenced by a phenomenon known as Stoke’s drift, which causes the field to vary

from the steady field. With this assumption, the fluid velocity takes the following form:

u; = ug + (uz) + (1 - Vuy), (2.21)

33



where &4 (x, t) is the first order approximation of the lift field. The lift field, §(x,t), can be
used to estimate the real position of a fluid particle as it deviates from its mean in an
acoustic field. We can solve for the first order lift field using a simple integration of the

first order velocity given the following relationship:

91
— = u;. 2.22
ot Uy ( )
As such, the fluid velocity which accurately describes streaming in the device is seen to
be a combination of the zero, first, and second order fluid velocities. Table 2.2 provides

numerical values for the parameters used during the corresponding simulations

Table 2.2: Representative values used in the simulation of acoustic streaming.

Symbol Value
. kg
DenSIty Po 998 ﬁ
Shear Viscosity U 0.890 mPa * s
Bulk Viscosity Up 247 mPa s
2
Diffusion Coefficient (Fluorescein) D 4% 10710 m
s
. mol
Concentration c —
m3

When considering the motion of fluids within the channel, we also explored three
dimensional models of the fluid profiles without acoustic excitation. Similar to the
implementation in the previous model (vibrational model), we designed this simulation
around the built in laminar flow module of COMSOL. As such, once the channel geometry
was defined, the inlet velocity was the only parameter that needed specification. These
results will also be discussed later within this work.
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3. Investigation of Sharp-edge Based Device
Mechanism

3.1 Introduction

In this chapter, we describe the work completed to gain a better understanding of
sharp-edge based acoustofluidics while also tackling one of the technologies
shortcomings; specifically, we sought to gain a better understanding of the platform’s
working mechanism while also improving the throughput of the mixing technology. To
this end, we present an acoustofluidic mixer that is capable of achieving efficient,
thorough mixing across a broad range of flow rates (20-2,000 uL/min) using a single
device. Our mixer combines active acoustofluidic mixing, which is responsible for mixing
fluids at lower flow rates, with passive hydrodynamic mixing, which accounts for mixing
fluids at higher flow rates. The mechanism, functionality, and performance of our
acoustofluidic device are both numerically and experimentally validated. We found that
due to the device properties, the transducers generate flexural waves that propagate along
the surface of the device and generate vibration in the sharp-edge tips. Additionally, the
real-world potential of our device was demonstrated by synthesizing polymeric
nanoparticles with comparable sizes over a two-order-of-magnitude wide range of flow
rates. This device can be valuable in many biochemical, biological, and biomedical
applications. For example, wusing our platform, one may synthesize

nanoparticles/nanomaterials at lower flow rates to first identify optimal synthesis
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conditions without having to waste significant amounts of reagents, and then increase the

flow rate to perform high-throughput synthesis using the optimal conditions.

3.2 Device Design and Concept

Over the last several decades, researchers have developed many novel methods
for mixing in microfluidic settings. The simplest of these mixing methods are generally
passive mixers,* which traditionally rely on channel geometry to modify the flow profile
and induce mixing; these devices use specialized structures,®* expansions,® or bends* in
the channel to encourage and increase fluid interaction. These devices gained popularity
due to their inherent simplicity and reduced reliance on external equipment.> That is,
simply pumping the fluids through the channel achieves mixing through hydrodynamic
interactions of the sample flows. While this simplicity provides benefits in cost,
maintenance, and operational complexity, achieving mixing based on hydrodynamic or
diffusion based interactions alone severely limits the use of this technology in many
applications.

In this work, we sought to combine the active mixing benefits of acoustic
technology with the high flow rate passive benefits of hydrodynamic mixing. To that end,
Figure 3.1a-b provide a schematic and photo of the assembled acoustofluidic mixing
device, respectively. The primary design of the microfluidic channel geometry (Figure
3.1c) consists of repeated sharp-edge structures and Tesla structures.”” The sharp-edge

structures oscillate in response to vibration from the transducer, producing acoustic
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streaming in the channel to mix the samples. The design of the Tesla structure region was
guided by previous explorations into using so-called modified Tesla structures to achieve
hydrodynamic mixing while staying within the geoemetric restrictions established by the
design of the sharp-edge structures.’ Specifically, the sharp-edge mixer is designed with
a channel width of 600 um and a height of 100pum, which defined the channel size in the
Tesla structure region. In total, there are eight sets of sharp-edge structures and
recirculation zones along the length of the channel to ensure complete mixing across a

range of inflow parameters.

Figure 3.1: Acoustofluidic mixer with modified Tesla structures. a) Schematic
of the acoustofluidic mixing device. b) Photo of the acoustofluidic mixing device with
a close-up (c) of the microfluidic channel design. Sharp-edge structures (vertical) and

recirculation zones (rounded sections) can be seen in the channel. Scale bar: 500 pm.

As an overview of the technological components that contribute to the combined

device, the sharp-edge based mixer is effective at low flow rates, but is less effective in the
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high flow rate region. At the same time, the Tesla mixer, in isolation, cannot effectively
extend its influence to the low flow rate range, thus producing a gap in mixing
perfomance. The combined acoustofluidic mixer, however, has the potential to bridge this
gap. With the acoustic signal OFF, the mixer has performance similar to the Tesla mixer,
where the channel geometry achieves mixing at high flow rates. Noteably, the addition of
the sharp-edges into a Tesla mixer design should add additional obstruction to the flow
and slightly improve the moderate flow rate passive performance. When the acoustic
signal is ON, the synergistic effect of the acoustic mixing and hydrodynamic forces can
effectively combine solutions across the entire flow rate spectrum. An additional concern
in the design of the device is channel clogging; while we did not experience clogging
during our testing, alternative applications and experiments which utilize larger or more
adhesive substances could increase the chance of clogging. If this is the case, then the
overall dimensions of the device could be tailored to reduce this likelihood, similar to our

previous experiments.?

3.3 Results and Discussion
3.3.1 Vibrational Profile Investigation

As stated before, even though all previous sharp-edge platforms have relied on
the vibration of the system,?26% little work has been done to investigate the development
of this actuation on a fundamental level. In order to gain a better understanding of this

principle, we experimentally investigated and numerically explored the generation of
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acoustic waves in the entirety of the mixer, and explored how these waves vibrate the
sharp-edges to generate acoustic streaming.

Considering the commonly used operational frequencies (4-6 kHz), and materials
(water: c ~ 1495m/s, glass: ¢ ~ 5600 m/s), the wavelengths of vibration within these devices
would be expected to be on the order of hundreds of millimeters — much larger than the
device itself. However, based upon the small dimensions of the glass substrate (~150 um
thick), the wavelength of flexural vibrations shrinks to the same scale as the device. The
theoretical equation for the speed of sound of straight crested flexural waves in thin plates

is given as:®0

B[

Ed?
= (i) G

where E,d, p,v, and w are the Young’'s modulus, half thickness, density, Poisson’s ratio,
and angular frequency, respectively. We can also use the relationship between the speed
of sound and wavelength of an acoustic wave,

c = Af, (3.2)
where 4, and f, are the wavelength and frequency of the wave, respectfully. Substituting
property values from Table 2.1 into Eq.3.1, and solving for the wavelength with Eq.3.2,
yields a theoretical wave speed of 88.4 m/s, and a wavelength of 16.7mm (about a third of
the length of the glass slide), respectfully. In order to confirm this result, we sought to

experimentally measure the vibration pattern using a laser Doppler vibrometer.
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As seen in Figure 3.2a, successive waves propagate out from the transducer and
travel towards the other end of the slide, where they are absorbed by the boundary; we
believe it is the tape at the end of the slide that is able to absorb the energy from the wave
with minimal reflection. We found that the wave motion on the glass slide is consistent
with flexural wave theory, where measurements extracted from the vibrometer data
yielded a wave speed of 91.5 m/s. Also, similar to our previous experiments, the frequency
response of the system as measured by the vibrometer (Figure 3.2b) showed a peak at 5.3
kHz. This result is consistent with our previous experimental explorations, which found
that the optimal pumping or mixing frequency was located near 5-5.5kHz, the same
frequency peak as measured using the vibrometer data. Notably, we can see that the peak
of the frequency spectrum measured using the vibrometer begins around 4 kHz, rises to

its maximum at 5.3 kHz, and decreases through around 7 kHz.
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Figure 3.2: Vibration profile measurements and simulations. a) Plot showing the
displacement of the glass coverslip measured using a laser Doppler vibrometer. b)
Frequency response at the point P shown in (a), with a peak at 5.3 kHz. c¢) Simulated
displacement profile generated using COMSOL Multiphysics®. d) Simulated
frequency response for the glass slide. Simulation results qualitatively match with the
vibrometer data for the wave shape, but predict a lower overall vibration speed at the
given frequency; the peaks of the simulated frequency response, however, follow the
same trend as the vibrometer data, with a maximum peak at 5.1 kHz.

The breadth of this response is not unexpected given the damping nature of the
PDMS elastomer and taped boundaries, which will act to damp the system and widen the
resonance peak. Additionally, this is also consistent with experimental findings, where
complete mixing, or measurable pumping can occur over a range of flow rates; this
range/breadth of frequency response makes the device more accommodating to slight
errors in frequency selection while maintaining performance.

Having experimentally studied the vibration profiles on the glass slide, we next

sought to investigate the transmission of waves from the glass slide into the sharp-edge
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tips in more detail. To do this, we constructed a model of the acoustofluidic mixer in
COMSOL Multiphysics.® Using a time domain study, we first visualized the pattern of
the vibration amplitude on the glass slide (Figure 3.2c). Qualitatively, we noted that the
vibration profile measured by the vibrometer and predicted by the model followed the
same wave pattern. In both sources, the wavefronts leaving the transducers start out
uniform, and then focus their energy towards the side of the glass substrate as they
propagate towards the end of the coverslip. Notably, there are subtle differences between
the simulation and experimental results, most readily seen in the lack of symmetry in the
case of the vibrometer measurement. However, this result is to be expected seeing that the
symmetry of the experimental device is going to have minor imperfections including the
alignment of the PDMS chip, transducer, or even the application of the epoxy layer. Using
the model and a frequency domain study, we were also able to plot the frequency
response curve shown in Figure 3.2d; a peak in the frequency spectrum plot at 5.1 kHz is
consistent with our previous sharp-edge device testing, which has shown optimal device
performance near this value (5.3 kHz +/- 0.3 kHz).®* However, the frequency spectrum
produced by the numerical model predicts that the vibration speed with a 5.3 kHz
excitation signal will be significantly lower than its excitation at 5.1 kHz. This is in
disagreement with the experimental findings. However, the peaks of the simulated
response curve follow the same downward trend as the experimental results; considering

that the wave shape predicted by the model agrees with the experimental findings, this
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spectrum plot suggests that the model should be used for identifying a starting point for
frequency and wave mode analysis/optimization, but that it should not be used to provide
an exact value for the magnitude of vibration at a specific frequency.

Next, we sought to investigate the vibration of the sharp-edge tips that results
from the piezoelectric excitation. To do this, we utilized a time domain study which would
enable us to visualize the dynamic movement of the sharp-edge tips as waves propagate
past them. Using a time domain study, we generated a video of the wave propagation on
the glass slide, and compared it to the pattern measured using the vibrometer. Examining
this study, we found that the numerical model and the experimental findings qualitatively
matched with regards to the wave propagation profile. Having visually validated the time
domain study, we focused on analyzing the vibration in the sharp-edge tips of the PDMS
chip. As shown in Figure 3.3, we can see that the tips oscillate from a positive to negative
position. This is consistent with the oscillations seen during experimentation, thus
validating and confirming the vibration mechanism in the acoustofluidic mixing device,
and previous sharp-edge devices for that matter; while this investigation qualitatively
shows the tips of the sharp-edges vibrating in an oscillatory manner, we have

experimentally noted that the sharp-edges will oscillate free of the glass substrate.
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Tip
vibration

Figure 3.3: Numerical and experimental sharp-edge vibration. a) Simulation results
and b) microscope images for sharp-edge tip vibration generated by the propagating
waves on the glass substrate.

We explored the microstructure of the sharp-edge (Figure 3.4), and found that the
end of the tip has a slight curve, most likely a result of the high aspect ratio at the feature’s
tip. We hypothesize that the curve in the sharp-edge, in combination with the vibrational
energy from the transducer, enable the sharp-edge to overcome bonding forces between
the glass substrate and the PDMS achieved during fabrication. Notably, these
observations suggest that it may be possible to encourage larger vibration amplitudes in
the sharp-edge tips by covering them during the plasma treatment phase of fabrication,
thus creating a weaker bond with the glass substrate. Comprehensive modelling of this
free vibration phenomenon, however, was beyond the scope of this work, and the

presented simulations solely validate the working mechanism, in principle.
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Figure 3.4: Sharp-edge tip bonding and geometric profile. (Left) Image of an unfilled
mixing channel showing that the ends of the sharp-edges have come free from the
glass substrate and are not in contact with the surface. (Right) Side view of a sharp-
edge tip showing the curved tip formed during DRIE. We hypothesize that these
curved tips and strong acoustic vibrations encourage the sharp-edges to come free
from the glass substrate and create larger vibration amplitudes. Scale bars: 200 pm.

3.3.2 Computational Streaming and Mixing Investigation

Knowing that previous research already explored the high flow rate fluid profiles
in microfluidic channels with modified Tesla structures,3 here, we sought to
numerically explore the hydrodynamic and acoustic streaming patterns within the sharp-
edge region of the mixing device. We started off by considering the flow profile produced
without any acoustic actuation. In this investigation, we constructed a 3D model of the
entire mixing device in COMSOL. Using the laminar flow interface, we qualitatively
studied the streaming patterns through the sharp-edge region and compared them to
experimental observations conducted with fluorescent tracer particles (Figure 3.5). Flow
rates reported in this figure provide the total flow rate for the channel, as a sum of the

inputs from both inlets. As seen in both the numerical model and experimental image, the
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low (e.g., 20 uL/min) flow rate produces uniform, laminar streamlines that follow the
curve of the sharp-edges, consistent with the Coanda effect.”” Increasing the flow rate to
400 pL/min yields slight flow separation on the back sides of the sharp-edges; this
separation is seen in both computational and experimental figures, and is indicative of the

onset of hydrodynamic mixing.

Computational Model Experimental

400 pL/min 20 pL/min

2000 pL/min

Figure 3.5: Simulated and experimental streaming patterns through the sharp-
edge region. Both simulation and experimental results show uniform, laminar
streamlines that follow the curve of the sharp-edges at the low (e.g., 20 pL/min) flow
rate, flow separation at the 400 uL/min flow rate condition, and larger vortexes
produced at 2000 pL/min. Scale bar: 250 pm.

At the high end of the flow rate spectrum, large areas of recirculation can be seen
within and following the sharp-edge region, which aids in the thorough mixing of the
solutions; capturing experimental images at these high flow rates is difficult, even using
a fast camera, but nonetheless, the recirculation zones in the channel can be seen in the

experimental image for 2000 pL/min. The flow rates studied within this work correspond
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to Reynolds numbers (see Eq.1.1) of 1-100 for total flow rates of 20-2000 uL/min,
respectively; based off of these values, all flows in this work are predicted to be laminar
in nature. This investigation elucidated the hydrodynamic mixing profiles in the channel
at various flow rates, but we still needed to explore the acoustic-assisted mixing
performance.

In order to properly model the acoustic streaming within the fluid domain, we
experimentally measured the tip displacement so that we could utilize the proper
vibration magnitude in the simulation; we found that the tips oscillated 30 pm from
maximum to minimum and so we used this value in our numerical model. Notably, we
can consider the increase in relative velocity occurring at the tips of the sharp-edges as a
results of their oscillations. However, given the small displacement of the sharp-edge tips
during their oscillation, the Reynolds number only increased to approximately 120, still
within the laminar regime; this is consistent with previous hypotheses which noted that
the mixing mechanism occurs through strong vortex streaming which creates laminations
within the streams of liquids, decreasing the diffusion distance and encouraging thorough
mixing. This is similar to the forced interactions at the recirculation zone of the modified
Tesla structures.

As an additional consideration for mixing in the channel, we thought it relevant
to consider the vibration of the tips in the Tesla structures. However, although the design

of the modified Tesla structures inherently creates additional “sharp-edges” in the
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channel that would be subject to acoustic excitation, our numerical model and
experimental exploration showed that there is very little vibration in these tips (Figure 3.6
provides experimental evidence of this diminished vibration); these structures are
oriented perpendicular to the traditional sharp-edges, and our numerical model
suggested that the vibration amplitude in this direction is 100 times smaller than the
vibration that excites the sharp-edges. As such, we only considered the vibration of sharp-
edges that were perpendicular to the flow path. In doing this simulation, we also
attempted to avoid including the effects of hydrodynamic mixing by utilizing a similar

background flow profile in each flow rate case.

Figure 3.6: Experimental comparison of sharp-edge versus modified Tesla structure
tip vibration.

This zero order velocity profile was calculated assuming Stokes flow, which
ignores non-linearity in the governing equations that can cause the profile to deviate at
higher flow rates (Figure 3.7). Utilizing this relatively consistent laminar flow profile

reduces the effect of hydrodynamic mixing in the model, and enables us to probe how the
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acoustic streaming velocity is able to disrupt the background flow at different speeds (and
inherent inertial energies). Figure 3.8 provides the results of the mixing simulation
conducted at the same three flow rates shown in Figure 3.5. It can be seen that at 20
uL/min, the acoustic streaming is strong enough to overcome the background flow and
fully mix the samples in the channel. This concentration profile predicted in the
computational result (Figure 3.8a) is visually consistent with the low flow rate
experimental result (Figure 3.8b). However, at the higher flow rates, the acoustic
streaming is not able to overcome the inertial forces of the strong background flow, and
the solutions remain unmixed. We can see from the computational result that the acoustic
streaming is only able to slightly disturb the flow near the sharp-edge tip in the 400
pL/min condition. These results are visually consistent with previous experimentation
where increasing the flow rate in the channel eventually overpowers the acoustic

streaming and limits the effect of the sharp-edge acoustofluidic mixing platform.

Figure 3.7: Simulation of the background flow profile used to explore sharp-edge
mixing; the zero order solution was produced assuming Stoke’s flow, yielding
velocity profiles that were nearly identical for the various flow rates. The maximum
velocity magnitudes (red areas) for the 20, 400, and 2,000 pL/min simulations were
approximately 7.5e-3, 150e-3 and 750e-3 m/s, respectively.
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However, these experimental results include hydrodynamic effects (unable to
be decoupled), so the results are not a direct comparison to the simulations; this deviation
can be seen in the photos directly after the sharp-edge region, where hydrodynamic
mixing occurs at higher flow rates. Due to the complexity of the model, we have yet to
model the entire system numerically with a high degree of accuracy. Nonetheless, we
believe that when the recirculation and flow separation around the sharp-edges is
combined with acoustic streaming effects and flow manipulation via the Tesla structures,
the two mechanisms (acoustic streaming, hydrodynamic mixing) will be able to overcome

viscous and inertial effects regardless of sample flow rate.
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Figure 3.8: Numerical and experimental mixing comparison. a) Simulated mixing
performance in the acoustofluidic device across varied flow rates. b) Experimental
mixing performance in the acoustofluidic device across various flow rates. Further
mixing can be seen as the fluid leaves the sharp-edge region due to hydrodynamic

effects (right sides of the photos), but due to numerical complexity this hydrodynamic
effect was not modelled in the COMSOL simulation. Scale bar: 250 pm.
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3.3.3 Mixing Characterization Experiments

Having simulated the mixing performance of the acoustofluidic device, we sought
to experimentally validate its functionality across a range of flow rates. Based on a visual
observation of the mixing performance at various input frequencies, we found that the
frequency of 4.9 kHz provided optimal mixing performance, which was consistent with
the location of the peak seen in the frequency response curve of the vibrometer data and
COMSOL simulation. Using this frequency, and an applied voltage of 56 V, we then
captured fluorescent images of the mixed solutions at the outlet of the device for various
flow rates. We also captured images of the channel exit for various flow rates with the
acoustic signal OFF. We characterized the mixing performance under these various
parameters using the mixing index, and plotted all of the results in Figure 3.9a; flow rate
values in this figure are reported as the sum from both inlets. The mixing index is defined
as the standard deviation of the normalized fluorescence intensity in the channel; a more
homogenous solution will have a smaller standard deviation, which implies that a smaller
mixing index is indicative of better mixing. A value of 0.1 is commonly used to define
complete mixing.?#’ As can be seen in Figure 3.9a, when the acoustic signal is OFF, the
mixing index follows the expected trend. At the lowest flow rates (20-100 uL/min), the
mixing index actually worsens with an increase in flow rate. This can be attributed to the
reduction in diffusion based mixing that occurs due to the shorter time the fluids spend

in the channel.
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After this low flow rate regime, the mixing index begins to improve, with a
sizeable decrease seen between 200 and 400 uL/min, which was identified as the start of
the flow separation in the sharp-edge region during our simulations (Figure 3.5). At the
highest flow rates tested (1,500-2,000 uL/min), the mixing performances with and without
the acoustic effect were indistinguishable from one another. Once the acoustic signal was
turned ON, complete mixing was achieved across the entire flow rate spectrum (20-2,000
pL/min). At the lowest and highest flow rates, the mixing index was well below the value
for complete mixing, and even the middle of the flow rate range maintains complete
mixing.

Representative photos of this mixing have been provided in Figure 3.9b-c, where
low, middle, and high flow rate mixing photos are provided for when the acoustics are
OFF (Figure 3.9b) and ON (Figure 3.9c). The vertical dashed line in Figure 3.9b (right)
provides the location that the fluorescent profile was collected in order to evaluate the
mixing index. The large gradient in the channel at low flow rates is erased when the
acoustic signal is activated. And, although there is a relatively large gradient in the
fluorescence signal in the 400 pL/min channel without acoustic actuation, this
inhomogeneity is significantly improved with the addition of acoustic mixing. The high
flow rate photos show that the hydrodynamic effects are sufficient to achieve mixing on
their own, but that the acoustic streaming does remove some signal inconsistencies as

well. Altogether, these results demonstrate the successful combination of acoustic and
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hydrodynamic effects to design a single device capable of mixing at a large range of flow

rates (20-2,000 uL/min).
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Figure 3.9: Experimental mixing performance in the variable throughput mixer. a) Plot
of mixing performance across a range of flow rates (20-2,000 pL/min). Mixing
performance is characterized using the mixing index, where 0.1 or lower indicated
complete mixing (dashed red line). With the acoustic signal ON, uniform mixing was
achieved across the entire flow rate range tested (n = 3). Blue dashed circles
correspond to the fluorescent photos taken at the outlet of the device at various flow
rates with the acoustic signal (b) OFF and (c) ON, respectively. The dashed line in the
right photo of (b) indicates the line used to evaluate the mixing index shown in (a).

3.3.4 Nanoparticle Generation Over a Wide Range of Flow Rates

Nanomaterials have garnered significant attention in recent years because of their

unique and advantageous properties;*2¢ however, if these nanoparticles cannot be

synthesized in a repeatable manner, then their advantages cannot be applied to real-world
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applications. Effectively and consistently combining reagents is critical for the self-
assembly or nanoprecipitation of synthetic nanoparticles and nanomaterials; incomplete
mixing of nanomaterial synthesis reagents can alter the physical properties of the particles
that are generated, greatly affecting their effectiveness in their final application.®* With
regards to nanoparticle synthesis, reliance on hydrodynamic forces usually entails the use
of high flow rates that may waste expensive reagents during parametric optimizations;
decreasing the channel dimensions to combat this high flow rate requirement can drive
up fabrication costs, and increase the risk of clogging or pressure build up during fluid
delivery. On the other hand, relying on diffusion alone results in extremely low
production rates, and struggles to fully combine the samples, potentially generating more
inconsistent and less desirable batches of nanoparticles.®

In order to demonstrate a practical application of our acoustofluidic mixing
platform, we generated nanoparticles that have been shown to be good carriers for drug
loading and other therapeutic applications. To form our nanoparticles, we chose the
poly(lactic-co-glycolic acid)-poly(ethylene glycol) (PLGA-PEG) copolymer. As described
in previous studies, this copolymer is well-suited for drug delivery since it is
biodegradable and biocompatible;** the structures of the PLGA and PEG also improve
drug loading and delivery performance as well. In order to synthesize the nanoparticles,
a PEG methyl ether-block-PLGA (764752-1G, Sigma Aldrich) was dissolved in acetonitrile

(26WD84, Grainger) at a concentration of 10 mg/mL. The dissolved polymer and
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acetonitrile were injected into the channel where they were mixed with DI water at a ratio
of 3:7. Upon mixing with the water, the PLGA-PEG polymer strands form nanoparticle

complexes such that the hydrophobic PLGA is protected by a shell of hydrophilic PEG;

this process is illustrated by the schematic in Figure 3.10a.
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Figure 3.10: Sharp-edge based nanoparticle generation. a) Schematic detailing the
mechanism for PLGA-PEG nanoparticle generation. b) Plots of the sizes of
nanoparticles generated at various flow rates with the acoustics OFF and ON. Similar
to the mixing performance, the size of the nanoparticles generated with/without
acoustic mixing became closer as the flow rate increased and the hydrodynamic
mixing effect became more prevalent.

With the acoustofluidic mixer outlined in this work, we were able to generate
nanoparticles across a wide range of flow rates, from those used in our previous

experiments (<100 uL/min) to much higher levels (up to 2000 uL/min). We analyzed the
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nanoparticles generated with and without acoustic actuation at total flowrates of 20, 400,
and 2,000 puL/min using dynamic light scattering technology (Zetasizer Nano ZSP,
Malvern). Table 1 provides a summary of nanoparticle sizes and polydispersity indices
generated during testing (Figure 3.10b-d provide plots of the particle distributions as
well). Notably, similar to the mixing performance shown in Figure 3.9a, the difference in
size distribution between samples with and without acoustic actuation decreased as the
flow rate increased. This is expected since the mixing performance achieved by
hydrodynamics alone approached the combined mixing performance as the flow rate was
increased.

Table 3.1: Summary of nanoparticle synthesis results (from DLS) across various flow
rates using the acoustofluidic mixer.

Acoustics OFF Acoustics ON
Flow Rate
(uL/min) Zavg (nm) PDI Zavg (nm) PDI
20 177.64 0.076 93.76 0.163
400 110.46 0.052 65.76 0.070
2000 75.56 0.095 64.51 0.062

Additionally, it can be seen that the average size of the nanoparticles generated at
low flow rates was slightly higher than the increased flow rate samples; this could be
attributed to the relatively higher mixing time that occurs due to the slow inlet flow rate.
It may possible that by modifying the inlet region of the channel, we could prevent
premature fluid interaction and create a more consistent mixing time across all flow rates,

thus improving the consistency of nanoparticle size. Nonetheless, the results presented
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here demonstrate the ability of the acoustofluidic mixer to synthesize nanoparticles across
a range of flow rates (20-2,000 uL/min), all using the same device. This is potentially
beneficial in synthesis applications that involve expensive reagents; using a single device
that offers similar performance across various flow rates would enable technicians to use
smaller sample volumes during exploration, before increasing the throughput when

experimental parameters are better defined.

3.4 Conclusions

Altogether, we numerically and experimentally validated the performance and
mechanism of the sharp-edge based platform and demonstrated its application in the real-
world scenario of nanoparticle generation. For the first time, we combined numerical
simulations with experimental explorations into the mechanism of vibration generation
in our sharp-edge acoustofluidic system; we were able to qualitatively model the vibration
of our acoustofluidic mixer, and explore the generation of acoustic streaming through
sharp-edge tip vibration. Future experiments will focus on expanding the scope of
applications that the device can be used in, such as clinical sample preparation, or
diagnostic testing; future work will also explore the customization that can be achieved
when tailoring the balance between the acoustic and hydrodynamic mixing regimes. An
additional challenge that remains is improving the consistency of device performance and

operation; factors such as the connection of the device to external equipment, streamlining
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the determination of the working frequency, and improving the adoptability of the

technology may be investigated in an attempt to improve the device.
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4. Leveraging Flexural Wave Patterns for Particle
Manipulation

4.1 Introduction

This chapter builds upon the knowledge gained during the experimental and
theoretical exploration of the acoustofluidic mixer developed in the previous chapter.
After uncovering the working mechanism, and visualizing the wave patterns on the glass
slide, we sought to utilize wave interference to create a manipulation platform akin to
SAW based devices. To that end, we introduce a flexural wave based acoustofluidic
particle manipulation platform that utilizes the same low-frequency (4-6 kHz) commercial
buzzers as traditional sharp-edge tools to achieve dynamic particle concentration and
translation in an open fluid well. The device has two primary modes of functionality,
wherein particles can be concentrated in pressure nodes that are present on the bottom
surface of the device, or particles can be trapped and manipulated in streaming vortices
within the fluid domain; both of these functions result from flexural mode vibrations that
travel from the transducers throughout the device. Throughout our research, we
numerically and experimentally explored the wave patterns generated within the device,
investigated the particle concentration phenomenon, and utilized a phase difference
between the two transducers to achieve precision movement of fluid vortices and the
entrapped particle clusters. With its simple, low-cost nature and open fluidic chamber
design, this platform can be useful in many biological, biochemical, and biomedical

applications, such as tumor spheroid generation and culture, as well as the manipulation
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of embryos. Additionally, the work presented within this chapter serves to bolster the
fundamental understanding of sharp-edge technology and how these simplistic systems

can be used to explore new avenues of acoustofluidic manipulation.

4.2 Device Concept and Mechanism

One specific application in which microfluidic devices have seen particular
attention is the manipulation of micro and nano-sized materials or bio-specimen.®”-7° With
the decreased dimensions of the microfluidic settings, researchers are able to probe and
influence these small objects in previously unimaginable manners. Manipulation
techniques that utilize fluids,”"* optics,”*7 electronics,”*”® magnetics,”® or acoustics®-%
have all been proposed and demonstrated. Of these tools, acoustic based manipulation
methods can be advantageous in some applications, due to their high level of
biocompatibility when working with fragile samples.®> For example, researchers have
utilized acoustics to concentrate micro/nano particles for numerous applications,*” or for
patterning/moving cells or particles for tissue engineering,®-! or analysis.”>** However,
many of these systems rely on complex, high frequency acoustic transducers.’* While
these high frequencies improve the manipulation capability, they also complicate the
operation of the device. Additionally, many acoustic based platforms manipulate particles
in a closed chamber."” This closed design may keep the sample contained, but it limits the
amount of interaction that the researcher can have with the sample. Additionally, the

closed chamber may complicate the ability to culture, harvest, and analyze bio-samples
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after manipulation is complete. For this reason, researchers have begun exploring more
‘open’ microfluidic concepts.?%

Based off of these deficiencies, and the background knowledge we gained during
our previous exploration, we present the low frequency particle manipulation platform
seen in Figure 4.1a-b. This flexural wave based acoustofluidic device utilizes a large glass
substrate (25 x 75 mm) that can accommodate two transducers. Additionally, the fluid
domain is constrained within an open fluid well. The walls of the chamber in Figure 4.1b
have been labeled with symbols to denote the parallel ( //) and perpendicular (1) sides of
the device for future reference; namely, the parallel sides are in line with the x direction
(primary direction of wave propagation), whereas the perpendicular walls are aligned

with the y direction as noted in the figure.

a) b)

Transducers

PDMS well

Figure 4.1: Flexural wave based particle manipulation (a) Schematic and (b) photo.
The opposing transducers on either side of a glass coverslip create an interference
pattern; adjusting the phase between the two signals enables translation of particle
vortices in a controlled manner. The notations in the fluid region of (b) indicate the
parallel (/) and perpendicular (1) sides of the device for future discussion.

The dual transducers of the device are used to create an interference pattern on the

glass substrate and within the fluid domain; actuating the transducers produces two
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different effects within the fluid domain depending on where an object of interest is
located. That is, particles that have sank to the bottom of the fluid domain are concentrated
at pressure nodes along the surface of the glass slide. However, particles that remain
within the fluid domain are influenced by vortex streaming patterns that can also be used
to concentrate the objects within the fluid domain. Both of these phenomena are shown in
the composite image in Figure 4.2, where the red circle shows the rotating mass of particles
(within the fluid domain), and the green portion of the image shows the particulates on

the glass surface translating to a pressure node (marked by the white arrows).

Figure 4.2: Dual mechanism particle manipulation. Stacked images showing the
rotating particle group on the surface of the liquid (red), and particle group
aggregating on the surface of the glass slide (green). Photo was taken along the
parallel wall of the device. Scale bar: 500 pm.

By selectively varying the phase difference between the excitation signals applied
to each transducer, we are able to manipulate the microparticles in a controlled manner.
Specifically, we are able to translate the particles on the glass substrate, and translate a
fluid vortex within the fluid domain; manipulation of particle clusters trapped within the
fluid vortex follow a precise relationship with the phase difference between transducer

excitation signals.
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We investigated the generation of wave patterns on the glass substrates of the
device as a result of acoustic excitation of the transducers. Recalling the equation for the
speed of sound of straight crested flexural waves, we can predict that the wavelength of
vibrations in the device (in the 4-6 kHz range we traditionally operate) should be around
17 mm. This means that there could be multiple wave fronts occurring on the glass slide
at the same time. As a result of this finding, we sought to determine if we could utilize an

interference pattern between opposing vibrations to achieve a new method for particle

manipulation.
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Figure 4.3: Schematic and analysis of phase cancelation in a sharp-edge based pump
with two transducers.

We began our investigation by exploring the effect of using two transducers to

operate the acoustofluidic pump that was previously developed in our lab.2?2 As a
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modification of this device, we bonded a second transducer to the bottom of the glass
coverslip, as shown in Figure 4.3. Monitoring the pumping performance would offer us a
simple strategy to demonstrate and explore the interactions of the transducer vibrations.
In order to study the flow rate, we collected videos of particle motion in the channel using
a fast camera and Image]J software; this analysis showed that the decrease in the average
flow rate in the channel followed a sinusoidal pattern as the phase difference between
transducer excitations was varied (Figure 4.3). With this result, we moved forward to
design a system based around a larger glass coverslip which could accommodate two
transducers in an opposing orientation. The results that follow detail our experimentation
with that device. Additional information pertaining to experimental operation and
numerical simulation setup can be found in the Materials and Methods section after the

conclusion of this chapter.

4.3 Results and Discussion

4.3.1 Vibration Profile

We began our investigation by exploring the wave patterns generated on the
surface of the glass slide using experimental and numerical methods. Utilizing the laser
Doppler vibrometer and our custom Matlab script we were able to determine the
experimental wave pattern on the bottom of the glass slide as shown in Figure 4.4a, with
the walls of the chamber superimposed on the image. The wave pattern shown was

produced by a signal of 4.8 kHz applied to both transducers in-phase, and represents the
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magnitude of vibration throughout a period. We then compared this result to our
numerical model (Figure 4.4b) and noted that both results show a strong antinode in the
center of the chamber. Notably, the model predicts slightly higher vibration amplitudes
outside of the chamber, but the pattern within the chamber agrees with the vibrometer
measurement; additionally, the higher amplitude nodes seen in the model, although
diminished, can be seen in the experimental results. We further explored the experimental
and computation domains by extracting the frequency response spectrum for each set of
data (Figure 4.4c-d). Both the vibrometer collection and Comsol simulation predict a peak
in the frequency response near the 5 kHz mark (Vibrometer peak: 5.2 kHz, Simulation
peak: 4.8 kHz). As expected, the peak in the frequency response measured experimentally
spans several frequencies from approximately 4-6 kHz; this is most likely caused by
damping from the chamber and external connections, and is typical in a damped
resonance system. The Comsol simulation, on the other hand, predicts sharper peaks,
which decay rapidly. Notably, this may cause the amplitude predicted by the simulation
to be lower than expected. Nonetheless, the overall response from both the simulation and
experimental measurement are consistent with our prior experimentation with these
tlexural-wave-based acoustofluidic devices,*3! and provides use with a relative starting

point for experimental determination of the optimal working frequency.
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Figure 4.4: Vibration analysis in the dual transducer manipulation device. (a)
Experimental and (b) Simulation results for the amplitude of vibration on the bottom
surface of the flexural-wave-based acoustofluidic chip; vibration is the result of a 4.8
kHz in-phase excitation signal applied to both transducers. (c) Experimental and (d)

simulation based plots showing the frequency response spectrum at the points P
indicated in (a, b).

We next explored the vibration patterns when the excitation signals applied to the
two transducers were out of phase. Figure 4.5 provides the vibration amplitude profiles
produced by the vibrometer measurement and simulation, respectively. As these results
both show, a clear pressure node (low pressure line) located in the center of the channel,
which is consistent with the experimental particle patterning shown in Figure 4.5(right).
Additionally, we can utilize the distance between the pressure nodes in the channel to

estimate the wavelength of the interference wave pattern; measuring these distances in
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Figure 4.5 yields approximate wavelengths of 16.75 mm, and 17.2 mm for the vibrometer
and simulation, respectively. These results are similar, and consistent with the expected

wavelength calculated using the flexural wave equation (16.5mm @ 5.43 kHz).

Vibrometer Simulation Experimental

O

Figure 4.5: Vibrometer measurements and simulations for out of phase transducer
excitation in the flexural wave based manipulation device. Measurements and
numerical simulations produced by 5.42 kHz signals which are out of phase. The
vibrometer and simulation results show a clear pressure node located in the center of
the chamber, consistent with the particle cluster seen in (g) our experimental
observation. Colorbars indicate scale for each individual image. All scale bars: 10mm.

As with any comparison between numerical and experimental results, subtle
differences in the size of the glass slide or PDMS chamber, or alignment disparities
between model and experimental device can contribute to errors between results;
however, comparison presented here suggests that the model could be used as a
qualitative tool for analyzing wave shapes and vibrational responses to guide
experimentation. Using the data collected from the vibrometer, we were also able to
visualize the propagation of waves across the surface of the glass slide. In these videos,
we visualized the wave patterns when the transducers were operated with signals that

were both in phase, and out of phase. We saw that the in-phase wave pattern does not
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produce a particularly strong, or consistent node location, whereas the out of phase
pattern maintains a lower pressure along the centerline. This is consistent with the
vibration amplitude profiles for these scenarios, where the lack of localized low pressure
fields relative to the pressure antinodes hinders particle concentration. That is, the wave
pattern produced via the out of phase excitation signals is more conducive to particle

patterning, as highlighted in Figure 4.5(right).

4.3.2 Vortex Based Particle Manipulation

While exploring the patterning of particles on the surface of the glass substrate,
we noticed that the motion within the fluid domain was also serving to concentrate
particles. Upon further inspection, we found that at the top of the fluid domain, near the
surface of the water in the PDMS well, vortex streaming was created. Figure 4.6 provides
still images of the concentration process collected when both transducers had a 5.3 kHz,
10 V signal applied to them. As the figure shows, the 20 um particles are drawn into the
center of a vortex within 20 seconds of activating the transducers. We found that the
vortex-based particle patterning and concentration was able to occur with only a single
transducer being activated. However, we also found that the streaming velocity increased,
and as a result the particle concentration occurred more rapidly when both transducers

were activated.
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Figure 4.6: Frames depicting the particle concentration effect in the acoustic vortex (20

um particles) generated in the flexural-wave-based acoustofluidic device. Using a 5.3

kHz signal applied to both transducers, a rotating mass of particles has formed on the
surface of the liquid in the device within 17 seconds. Scale bar: 500 pm.

In our testing, the concentration occurred approximately twice as fast with the
second transducer being active; this would be consistent with a constructive interference
between the waves of the two transducers, creating a strong vibration, and more active
vortex. Additionally, we would like to note that the vortex streaming was isolated to near
the walls of the chamber, with multiple vortices being generated around the perimeter of
the device, and the rotation direction of the different vortices alternated from clockwise

to counterclockwise along a wall of the chamber.
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Figure 4.7: Concentration of 10 um (Left) and 1 um (Right) fluorescent microparticles
using the acoustofluidic vortex device.

We next tested the device’s ability to concentrate particles with smaller diameters.
Figure 4.7 provides fluorescent images that show the particle concentration effect when
utilizing 10 pm and 1 pm particles. We found that a small portion of 10 um particles were
able to be concentrated at the center of the vortex, but a larger portion simply follow the
fluid streamlines in a circular pattern. Similarly, the 1 um particles follow the circular
streaming patterns, but do not concentrate. We believe that the concentration efficiency
could be improved by utilizing a larger voltage signal, which could increase the streaming

velocity, and the concentrating force on the particles as well.

4.3.3 Phase Modulation and Particle Manipulation

Based off of our initial interest in using this technology as a tool for manipulation
based on signal interference, we began to explore the effect of modulating the phase
difference between the two transducers. We first analyzed the effect of a phase change on

a particle cluster adjacent to the perpendicular wall of the chamber. A 5.56 kHz signal,
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with an amplitude of 10 volts was applied to both transducers, and a particle cluster
concentrated along the wall. We fixed the phase of one of the output channels, and
adjusted the phase of the second channel to produce a difference between the two signals.
As we modulated the phase difference between the two signals, we noted that the rotation
speed of the particle cluster varied; the photos in Figure 4.8 provide a visualization of this

phenomenon captured using the CCD camera.

Figure 4.8: Particle cluster rotation and phase cancelation in the flexural wave based
device. (a) Stacked photos showing 25 pm particle rotation with various degrees of
phase difference between the two transducer excitation signals; this particle mass was
located along the perpendicular wall of the device, adjacent to the transducer (Figure
4.1b). As such, varying the phase difference between the signals affected the rotation
speed of the particle mass. 360 degrees apart (-120° and 240°), the particle group
stopped rotating and started drifting to the side of the image before being brought
back to rotating with a change of phase. Scale bar: 250 pm.

At specific phases in this device (-120° and 240° specifically), the signals from the
two transducer destructively interfered with each other to prevent rotation of the particle
cluster. As one would expect, the two frequencies that produce this cancellation occur

360° apart from each other. At these points, the cluster began to drift away (noted by the
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white arrows), before being sucked back into the vortex upon its reformation at a new
phase difference. Next, we quantitatively explored this cancellation effect using a fast
camera and recording the rotation across a range of phase differences (Figure 4.9). The
plot shown in Figure 4.9 compares the rotation speed of the particle cluster to the phase
difference, with a clear oscillatory response; that is, the rotation speed peaked at nearly
190 rpm with a phase difference of 90° between transducer excitation signals, and
decreased away from this point; this is expected from the interference of two wave
patterns, similar to the initial pumping experiment (Figure 4.3) Using the interference of
the two transducer signals, it is possible to modulate the rotation speed of the particle

cluster, and produce different forces on the particles within the mass.
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Figure 4.9: Plot showing the rotational speed of a separate group of particles; results

were collected with a fast camera and analysed using Image]. Results are consistent

with the phenomenon in a), where the rotation speed varied based off of the phase
angle.

Noting that these phase differences could affect the particle rotation along the

perpendicular wall, we explored what would happen to the vortices along the parallel
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section of the device. We expected that since the wall was aligned with the general
propagation direction of the waves, a phase change could potentially translate the particle
vortex along the wall. As such, we focused our attention onto a vortex adjacent to the
parallel wall, and began modulating the phase. Figure 4.10a provides photos, while Figure
4.10b provides a plot of the displacement of the rotating cluster along the parallel wall. As
we hoped, modulating the phase difference enabled us to vary the position of the rotating
particle clusters. In fact, this particle translation was highly repeatable and linear in

fashion, as would be expected from uniform standing wave fields utilized in other

acoustofluidic devices.17489
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Figure 4.10: Particle cluster manipulation based on signal phase difference. (a)
Microscope images showing the translation of the rotating particle group achieved by
modulating the phase difference between transducer excitation signals. Results were
collected along the parallel wall of the device (Figure 4.1b), and showed a consistent

translation as the phase change was modulated. Scale bar: 250 um. (b) Plot showing
the linear relationship between phase difference and translational distance. Data is
shown * one standard deviation for n=4 samples, with a linear best fit of R2 =0.9963
included; the equation provided correlates the translational distance (d), as a function
of the phase difference (0) measured in degrees.

We found that with the 5.42 kHz signal, the phase-dependent displacement was

equal to an average of 30 um/deg; we also used this data to calculate an apparent
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wavelength of 9.97 mm for the given frequency, which we found to be in disagreement
with the wavelength prescribed by the straight crested flexural waves in Eq.3.1. However,
this result is not unexpected based on the findings of Chen, et. al. who explored the effect
of coupled fluid layers on the surface of thin plates;”” they found that a thin layer of water
served as a pathway for energy to radiate from the vibration surface, which reduced the
velocity of wave propagation, and the apparent wavelength of the signal.”” Nonetheless,
to verify this phenomenon, we returned to the study of particle patterning on the surface
of the glass slide. Specifically, we compared the apparent wavelength of particle

patterning on the glass substrate to the wavelength for phase manipulation of the vortex.

Figure 4.11: Particle patterning in the flexural wave based device. (Top) Photos
showing the 3 rows of particles patterned by a 5.42 kHz signal applied to the
transducers 180° out of phase. The central and right rows of particles are more clearly
defined, suggesting a stronger node at these locations. (Bottom) Schematic of a
standing wave which has the same 11.42 mm wavelength as the particles patterned in
the top photo.
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Analyzing the particle patterning on the surface of the glass slide with an out of
phase excitation pattern, we can actually see three node lines of particles in the fluid
domain (Figure 4.11). Measuring the distance between these lines yields an apparent
wavelength of 11.41 mm, which is similar to the 11.56 mm wavelength for the specific
device which provided the comparison. Thus, it seems as though the vibration of the glass
substrate, fluid domain, and the PDMS walls combine to form a complex flexural mode
vibration which enables the particle manipulation; the fluid domain also serves to slightly
reduce the wavelength when compared to the empty chamber testing we completed
earlier. We further explored this phenomenon by measuring the phase-dependent
displacement at another frequency; one would expect that a lower frequency would

produce a larger wavelength.
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Figure 4.12: Plot showing the difference in translation distance produced using the
same device and varied excitation frequencies. As expected, the smaller frequency
corresponds to a larger wavelength and inherently greater slope per degree of phase
change.
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Analyzing the phase change for a 4.89 kHz excitations signal, we found that the
apparent wavelength increased to 15.19 mm (Figure 4.12). This increase is generally
consistent with the inverse relationship between the wavelength and square root of the
frequency that is produced by Eq.3.1; that is, by manipulating Eq.3.1, we can arrive at the

following wavelength-frequency relationship:

Mo
= _j% (4.1)

This suggests that the mechanism of particle manipulation, although slightly
shifted from the wavelengths predicted via Eq.3.1 due to fluid coupling, is a result of the
flexural vibration of the system. Additionally, slight variations between numerical and
experimental results can be explained by subtle inconsistencies in device fabrication,

component manufacturing, and experimental data collection.

Phase = 0° Phase = 60° Phase = -60° Phase = 0°

Figure 4.13: Photos showing the concentration and movement of 10pum particle
clusters. After changing the phase difference to +60°, and then -60°, the particle cluster
returns to the initial condition for no phase difference. Red line provides a reference
for relative particle movement.

As a final experiment, we explored the phase manipulation of 10 um particles.

Similar to our previous exploration, a small portion of the particles were concentrated,
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with the remainder of the particles following the streamlines (Figure 4.13). As we
expected, the phase manipulation was still repeatable, with the concentrated cluster
moving in a predictable and consistent manner; as the center of the vortex moved, the
particles trapped in the outer streamlines translated to align with the new vortex center
as well. This suggest that with a higher power, dense clusters of 10 um objects could be

formed and manipulated as well.

4.4 Conclusions

The flexural-wave-based acoustofluidic platform developed in this work validates
the mechanistic exploration we presented in Chapter 3. Leveraging the low frequency, yet
relatively small wavelength flexural waves produced in the thin glass slide, we are able
to manipulate particle clusters at resolutions similar to much higher frequency signals. In
fact, the 11.5 mm wavelength achieved using this platform would be similar to the
wavelength produced by a greater than 300 kHz signal in LiNbOs, or approximately 130
kHz signal in water. These results demonstrate how the low cost, mass-produced
transducers utilized in this device, paired with its simplistic, open fluidic chamber design
(no microstructures involved), offer a unique and inexpensive method for particle
manipulation. Throughout our investigation, we numerically and experimentally
explored the wave patterns generated on the surface of the device, as well as the
patterning of particles within pressure nodes on the glass coverslip. These pressure nodes

can potentially offer researchers a way to form clusters of cells or embryos within the
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device. Additionally, we uncovered a unique potential to generate vortex streaming on
the surface of the liquid in the device; this streaming enabled particle concentration and
the dual transducer design allowed for precise control over the special location of the
vortex. This capability could potentially be used to form cancer spheroids for biomedical
research; the open chamber is also conducive to downstream culture and analysis of the
patterned bio-samples. With future exploration, there is the potential to concentrate

smaller particles, expanding the potential applications.

45 Materials and Methods
45.1 Device Fabrication

The design of the flexural-wave-based acoustofluidic device utilized in this
experimentation is relatively simple, even compared to the sharp-edge based devices
described above; that is, the open nature, and lack of microstructures inherently simplifies
the design and fabrication of the system. Instead of relying on soft lithography to form a
channel, we can simply cut our chamber by hand. For this device, an approximately 3.5
mm thick polydimethylsiloane (PDMS) layer was cured before being cut into the well
shape using a razor blade. The square chambers were cut from the PDMS with inner and
outer dimensions of 15 and 20 mm, respectively. These PDMS squares were then bonded
onto the surface of a 25x75mm glass coverslip, which has a thickness of approximately
150 um; the remaining fabrication procedures (curing, transducer bonding) followed the

standard procedure.
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4.5.2 Numerical Simulation Setup

In order to gain a deeper understanding of the device performance, we created a
custom numerical model using the finite element software Comsol Multiphysics®. The
3D model (Figure 4.14) was similar to the setup described in Chapter 2, but now included
a second transducer on the opposing side of the device. The remainder of the conditions
for the model followed our outline presented before, including boundary conditions and

user interface interaction.
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Figure 4.14: Schematic of the Comsol model for modeling device vibration patterns.
4.5.3 Experimental Operation of the Flexural Wave Based Device

Experimental operation of the flexural-wave-based acoustofluidic device was
simplified by using a dual channel function generator to apply varying signals to the two
transducers on the device. The function generator output is limited to 10 Volts, which was
sufficient to achieve functionality with the acoustic devices, and removed the added
complexity of an additional power amplifier. Similar to testing with standard sharp-edge
based devices, a custom microscope plate holder was used to secure tehe device for
testing. Throughout initial testing, it was found that having a hydrophilic interaction

between the fluid domain and the chamber of the device improved device performance.
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As such, devices were treated with the air plasma for 10 seconds prior to experimentation
using the high frequency generator to modify the surface of the device. It is well known
that this treatment can significantly affect the hydrophobicity of PDMS.® For testing, 400
uL of liquid was injected into the fluid chamber, to which 50 uL of the desired particle
solution was added; this resulted in an approximate height of 2 mm for the fluid domain.
This fluid volume was chosen because it sufficiently filled the channel without a risk of
overflow; we did not notice a significant change in device performance when varying the
height of the fluid, and the hydrophobicity of the chamber showed to be a much more

influential factor in device functionality.
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5. Control of Sharp-edge Based Devices Using a Cell
Phone

5.1 Introduction

Throughout the last two chapters, we have validated the working mechanism of
the sharp-edge platform, and leveraged our new knowledge to design a novel particle
manipulation platform. While these investigations have been helpful for gaining a better
understanding of the fundamentals of device operation and present a unique opportunity
for interacting with samples, the technology is still relatively ineffective in its current state.
That is, each of these devices remains reliant on bulky and cumbersome external
equipment. Although this is not a problem that is unique to sharp-edge based technology,
but rather most microfluidic solutions, it is nonetheless a deficiency that must be
addressed.

In this chapter, we report on the effort to provide an easy-to-use and portable
system for controlling sharp-edge based acoustofluidic devices. With the use of a cell
phone and modified Bluetooth® speaker, on-demand and hands-free pumping and
mixing are achieved. Additionally, a novel design for a sharp-edge based acoustofluidic
device is proposed that combines both pumping and mixing functions into a single device,
thus removing the need for external equipment (Figure 5.1) typically needed to
accomplish these two tasks. These applications serve to demonstrate the potential
function that acoustofluidic devices can provide in point-of-care platforms. To further this

point-of-care goal, we also design a portable microscope that combines with the cell phone
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and Bluetooth® power supply, providing a completely transportable acoustofluidic
testing station. This work serves to bolster the promising position that acoustofluidic

devices have within the rapidly changing research and diagnostics fields.

5.2 Motivations
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Figure 5.1: Comparison between traditional acoustofluidic device operation and cell
phone controlled operation

In this work, we are devoted to developing a system that can transfer our
previously established sharp-edge based acoustofluidic technology from the laboratory
setting into a more accessible and adaptable form. We sought to accomplish this transition
through the development of a portable control system that could relieve the constraints
associated with typical operation. When developing a portable system, the first device

that comes to mind is the cell phone: one of the most common electronics devices. The cell
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phone is readily available to, and understood by, most users, and provides the ability to
customize functionality and accessibility (through applications development). Using a
cellular phone as the control center of our portable design, we developed a system to
control and power our sharp-edge based acoustofluidics technology using solely battery

power.

5.3 Experimental Design
5.3.1 Portable Control Platform Design and Operation

Conventionally, the operation of acoustofluidic devices relies on the use of a plug-
in function generator and power amplifier to provide the necessary signal to activate the
piezoelectric transducer which transfers its energy into the chip.>?* In this work, we
sought to find an alternative route to powering our acoustofluidic platforms. To this end,
we established a completely portable control system for our sharp-edge based

acoustofluidic devices.

Bluetooth®

' &4 Power supply

Cell Phone

>
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Figure 5.2: Photo of the Bluetooth® enabled, portable control platform for use with
sharp-edge devices.
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Conveniently, the driving frequency of the piezoelectric transducers used in the
sharp-edge devices lie within the audible frequency range, allowing for commercial audio
equipment to provide the power source. This concept provided us with our starting point
for developing our alternative route to acoustofluidic control. A Bluetooth® speaker
(Klipsch® Groove®, Klipsch®) was deconstructed and the speaker was detached from the
control board. The leftover components from the Bluetooth® device were mounted into
an acrylic box shown in Figure 5.2. Within the box, the outputs from the control board
were connected to a Resistor-Inductor-Capacitor (RLC) resonant circuit. The RLC circuit
serves to amplify the voltage of the AC signal across the capacitor and inductor in the
circuit. This amplification occurs at a specific resonance frequency where the impedances
of the inductor and capacitor cancel each other. The PZTs used in sharp-edge based
acoustofluidic devices mimic a traditional capacitor, and thus only an appropriate
inductor is needed to create resonance at the operational frequency of the device. Figure
5.3 provides oscilloscope images with and without the resonant circuit, as well as various
resistance values within the circuit to show how the output voltage is affected. A
significant increase in voltage can be seen, as well as an improvement in the shape of the
signal exiting the Bluetooth® control board. Further explanation of the use of the RLC

circuit can be found in Appendix A.
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Figure 5.3: Schematic of the RLC circuit and the equivalent circuit when the system is
at its resonance frequency, as well as the various signals produced with different
resistance values.

The use of a Bluetooth® speaker as the power source of our devices not only
provides numerous control possibilities, most notably, the connection to a cellular phone,
but also demonstrate the potential that our devices can be powered by widely used,
cheaply available audio equipment. Pure tone sound files were created using an audio
editing software (Audacity®) and loaded onto a smartphone (Samsung Note4). The use
of audio editing software allows users to create any possible combination of sound signals
(e.g., frequency changes, pauses, and volume changes) to fit their device needs. From this
point, the cell phone and Bluetooth® control board were paired and formed the
connection to pass audio signals to the acoustofluidic device. It is important to note that
the maximum output signal from the current cell phone platform is limited to below 20

Vpp with slight variations due to the influence of the RLC circuit. Throughout testing, the
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voltage was varied using the volume control on the cell phone. Lowering the phones
volume from 100% to 40% transitioned the voltage incrementally from its maximum down
to roughly 3 Vpp. While this output is not as high as the function generator and amplifier
setup, different commercial speakers, or custom electronics could easily yield higher
signals. We then used the compact, portable system to operate both our acoustofluidic
micropump and micromixer as a demonstration of its adaptability and functionality.
Additionally, we used the system to showcase a new design in which the pumping and
mixing devices are combined onto a single chip that can accomplish both functions
simultaneously.

As a demonstration, we used the newly designed portable power system to
operate both our sharp-edge based micropump and micromixer, as well as a newly
designed chip which combines both the pumping and mixing function onto a single
device. Successfully combing the micropump and micromixer onto a single chip serves to
simplify and miniaturize two critical microfluidics components. Finally, as a further
progression towards portability, we demonstrated a simple portable microscope station
capable of utilizing the camera on the cell phone to monitor the operation of our sharp-
edge based acoustofluidic devices. Both the acoustofluidic and microscopic aspect of these
designs are battery powered, providing a significant improvement in mobility over
current acoustofludic device operation and monitoring. In combination, the removal of

the need for a syringe pump to mix two fluids together, as well as the powering and
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control of sharp-edge designs with a portable system represents a significant progression
in the acoustofluidic platform. We believe that this system can serve as a starting point for
the development of more highly integrated, portable, and functional acoustofluidic

technologies for the rapidly evolving medical testing landscape.

5.4 Results and Discussion
5.4.1 Cell Phone Controlled Pumping

With the development of more complex electronics systems, researchers have
striven to automate systems that can be used for conducting common biological testing.
Systems have been created to perform on chip PCR, ELISA and numerous bio-assays.*-10?
However, the majority of these platforms do not take advantage of the wide variety of
microscale pumping devices that have been developed, and rely heavily on bulky and
expensive external syringe pumps.” In this work, we aim to combining the benefits of
both electronic control and our micropump to provide a portable, inexpensive, hands-free
yet precise, controllable, and reliable microfluidic pump.

To visualize and characterize the pumping, we designed the PDMS channel to
have a velocity measurement region, where five pairs of sharp-edge structures were
constructed on either side, and a gap was left for optical viewing. The channel had inlet
and outlet ports punched with a 3.0 mm biopsy punch. Upon activation of the device’s
PZT, the oscillation of sharp-edge structures induces an acoustic streaming effect that

pumps fluids and particles in the channel.
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Figure 5.4: Flow rates generated by the sharp-edge based micropump when varying
the frequency and voltage of the applied signal.

To quantify the functionality of our cell phone controlled system, we characterized
the flow rate that could be generated within the channel by tracing the movement of 6 um
polystyrene (PS) particles. The fluid velocity was calculated as an average of 25 randomly-
selected PS particles for each frequency. To validate the reliability and reproducibility of
our pumping device, the velocity from three devices was used to determine an overall
average for a given frequency. A plot of the fluid velocity in the channel versus the
frequency of the applied signal is provided in Figure 5.4. The presence of a peak in the
pumping velocity along the frequency spectrum is characteristic of the sharp-edge based
devices, and indicates the resonant frequency of the PZT-glass slide-PDMS chip system.
The plot shown on the right side of Figure 5.4 provides a comparison between the
pumping performances when powered by the cell phone and Bluetooth® speaker or
designated function generator. The volume control on the cell phone provides a simple

method for modulating the signal amplitude passed to the acoustofluidic device, and the
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data points shown in the plot represent the 60, 80, and 100 percent volume increments on
the cell phone. The peak volume of the cell phone was able to produce a flow rate of 5.99
puL/min with a measured input of 11.8 Vpp, whereas the function generator generated a
flow rate of 5.53 uL/min with an input of 15 Vpp. The slight variation in the flow rates
produced by the cell phone and function generator, while within statistical reason, could
be caused by differences in the waveform shape produced by the two methods. The
function generator produces a perfect sine wave, whereas the output from the Bluetooth®
speaker could be slightly different (i.e., Figure 5.3). The energy density of this waveform
could vary from the perfect sine wave (we have seen this effect when comparing square
waves to sine waves generated from the function generator). Nonetheless, both of these
plots serve to demonstrate the capabilities of the cell phone and Bluetooth® design to
perform comparably to the traditional function generator method when controlling our

sharp-edge based micropump.

5.4.2 Cell Phone Controlled Mixing

Complete mixing is difficult to achieve on a micro-scale due to viscous domination
in laminar flows.!%-1” The development of acoustic methods, particularly, the sharp-edge
based acoustofluidic mixer, requires no moving/mechanical parts, providing an excellent
platform for efficiently and uniformly mixing fluids, even highly viscous fluids.?
Combining the sharp-edge based micromixer with a portable power and control system

provides a cheaper and more compact alternative to traditional mixing strategies, and
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demonstrates a feature that can be extremely useful to the development of point-of-care
platforms.

The acoustofluidic micromixer was fabricated in a similar manner to the pumping
device; however, a different PZT (2.0 kHz resonance frequency) was used because it had
been shown to achieve better mixing.? An external syringe pump was used to deliver both
fluorescein and DI water to separate inlets of the PDMS device (flow rate = 2.0 pL/min
from each inlet). Upon activation of the PZT, the 90-degree sharp-edge structures create a
strong streaming pattern that act to uniformly mix the two fluids together. The mixing
index, as described in Chapter 2, was utilized to compare the mixing performance across
different frequencies and devices. As a reminder, a lower mixing index indicates more
thorough mixing, with the value of 0.1 being used to define complete mixing. As a further
comparison between the function generator and cell phone powered design, the mixing
index versus applied voltage was plotted. Once again, the data points for the cell phone

correspond to the 40, 60, 80, and 100 percent volume levels on the phone.

o
(3

0 40.‘; = Cell Phone
04 0 354: - = Function Generator
§ 03 HR A g 3 030
£ : | E 0.254
D02 l 2o 20«: !
X I X 0.15]
= 0.1 =010/ :
0.0 0 osf ’
. e S 0.00- ———— . .
1.5 2.0 25 3.0 35 4.0 45 50 55 6.0 2 4_6 8 10 12 14 16 18
Frequency (kHz) Signal Amplitude (V)

Figure 5.5: Mixing performance when varying the frequency and voltage of the
applied signal.
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As shown in Figure 5.5, the cell phone functions adequately when compared to
the mixing performance achieved by the function generator. As the voltage applied to the
transducer is increased, the strength of the acoustic streaming generated by the oscillating
sharp-edge structures increases and, therefore, improves the mixing performance. At the
higher range of the cell phone system’s voltage output, the mixing index falls below 0.1,
indicating complete mixing. The cell phone was able to produce an input voltage of 17.3
Vpp at its maximum volume, which yielded a mixing index of 0.063. The traditional setup
produced a mixing index of 0.054 with an input voltage of 15 Vpp. Once again, the
disparity in performance could be due to different shapes of the voltage signal, and a
resultant change in power density. Additionally, the increase in maximum voltage from
the pumping to mixing experiments should be noted, and is the result of the change in
capacitance of the transducers used in the pumping and mixing devices interacting with
the inductor in the RLC circuit. Figure 5.5 provides a plot of the average mixing index of
three devices across a wide driving-frequency spectrum. A characteristic dip near the
resonant frequency of the device can be seen, where the mixing index dips below 0.1, thus
indicating complete mixing of the two components. The larger standard deviation in
points surrounding the dip in mixing index is due to the slight variation in resonant
frequency across each device, which can be explained by slight variations in PZT
alignment, epoxy volume, PDMS size, etc. Nonetheless, each of the devices exhibited

acceptable mixing performance near 4.0 kHz range, thus establishing a safe average
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resonant frequency at that point. The results, once again, demonstrate that the wireless
control platform, as an alternative power source to a function generator, operates sharp-

edge based devices with comparable performance in a portable manner.

5.4.3 Combined Pumping and Mixing on a Single Chip

As explained previously, micropumping and micromixing both enable precise,
controlled, and rapid reactions, assays, and diagnostics tests.?1%-110 While each of these
functions is critical for many microfluidic applications, they remain discrete innovations.
Having developed the sharp-edge based technology necessary to achieve both functions
separately, herein we also demonstrated that by combining the design of sharp-edge
structures for micropumping and micromixing together, concurrent pumping and mixing
can be achieved on a single acoustofluidic chip. Thus, the device can achieve thorough
mixing without the need for an external syringe pump to deliver the fluids. Successfully
integrating these devices hinged on properly integrating the structures so that flow would

be developed and mixed using only a single transducer.
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Figure 5.6: Schematic and microscope image of a sharp-edge device that achieves
simultaneous pumping and mixing, as well as a plot of the flow rates generated in
each inlet of the device.
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The chip was designed using the same processes as our other sharp-edge based
devices, but contains both the tilted (pumping) and vertical (mixing) sharp-edge
structures. Two inlet chambers allow for the storage and loading of two separate reagents,
and a single outlet provides a collection port. The entrance region (where the two inlet
channels meet) was carefully designed to facilitate an even flow from each channel as fluid
is pumped from the inlets. The tilted sharp-edge structures serve to propel the fluid
through the channel, whereas the vertical structures induce vortices spanning the full
channel width to mix the two streams. Figure 5.6 provides a schematic of the acoustic
streaming that develops within the device as well as a microscope image of the device. A
quantitative comparison of the flow rates generated from each inlet was conducted in
order to assure that equal volumes of the fluids would be introduced from either channel
(Figure 5.6).

Entryway Pumping Region

Pre-mixing Region

Figure 5.7: Fluorescent images of simultaneous pumping and mixing at various
locations throughout the channel.

The smooth entrance of the two inlet channels facilitates an even flow from either

inlet. As a demonstration, DI water and fluorescein were placed in either inlet and the
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device was activated via the Bluetooth® power supply. Fluorescent images at different
location throughout the channel can be found in Figure 5.7. The fluorescent images
confirm the streaming patterns proposed in Figure 5.6, where vortices remain isolated to
either half of the channel within the pumping region (creating a uniform solution in the
bottom and top half of the channel), and encompass the entire channel within the mixing
region (providing a fully mixed solution after the last sharp-edge structure). This result
demonstrates the functionality of this all-in-one acoustofluidic chip that can concurrently

achieve two vital microfluidic functions in a single device.

5.4.4 Portable Microscope Station

When discussing a POC device, one must consider all aspects of the analysis
needed to accomplish the “care” being provided. The cellular phone provides an excellent
platform for controlling the Bluetooth® device used in our design. It also has the added
benefit of a high-resolution camera, creating the possibility for an even more functional
portable device. Many recent research ventures have begun to exploit the cell phone for
its imaging technologies and potential benefits to POC designs.*102111-113

In this work, after demonstrating the control of sharp-edge based devices using
cell phone, we further used the cell phone as the base to create a simplified, portable
microscopy system that is capable of viewing microstructures and even analyzing

fluorescent samples.
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Light source / Filter / Diffuser

Figure 5.8: Photo of the portable microscope station and power supply.

The system was constructed using laser-cut acrylic sheets with nuts and bolts
providing the structural support system; this laboratory-made system also allows for a
moveable sample platform (Figure 5.8). A portable cell phone microscope was modified
and fixed into the top platform of the design (Figure 5.8). The cell phone was placed above
the microscope, with a 3D printed holder used to align the lens of the phone camera with
the lens of the portable microscope. White (7000K) and blue (470 nm) LED lights were
mounted beneath the sample platform to provide both a bright-field and fluorescent light
source, respectively. A variable resistance potentiometer allows the user to adjust the
LED’s intensity, allowing for a tunable light source. A diffuser (part no. 43-723, Edmonds
Optics) was placed in between the light source and the sample to smooth out the light
field.

For fluorescent detection, an excitation (AT480/30x, Chroma) filter was placed in

between the light source and sample. An emissions filter (part no. 86-939, Edmonds
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Optics) between the sample and cell phone was implemented to isolate the fluorescent
signal emitted by the sample. Further explanation of the simplified microscope can be
found in Appendix A. The image shown in Figure 5.9(a) provides a bright-field image of
an empty channel with tilted sharp-edge structures used for pumping. Figure 5.9(b-c)
serve to demonstrate the capability of the simplified microscope for fluorescence
detection, providing images of unmixed and mixed DI water and fluorescein within the
channel, respectively. This simple fluorescence image could be useful in simple assays,
including direct fluorescent antibody testing; this test requires only a positive fluorescent

signal detection to identify specific bacterial or viral targets.
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Figure 5.9: Portable microscope characterization. (a) microscope image of a pumping
channel. (b-c) Fluorescent images of unmixed and mixed solutions, respectively. (d)
Quantitative flow rate comparison using videos taken by the cell phone and benchtop
microscope.

As a further display of the use of inexpensive, portable microscope equipment for
research (and eventually medical) investigations, we used video recorded from the cell

phone to quantify the pumping velocity (Figure 5.9(d)). For the same three pumping
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devices, we used both the traditional benchtop microscope and the portable microscope
to characterize the velocity of 6 um particles within the channel. The results taken from
the cell phone correlate very well with the results from the benchtop microscope and fast
camera, proving the functionality of the cell-phone based simplified microscope.

While the images may be limited in their detail, they actively demonstrate the
potential that an inexpensive imaging system, paired with a low-cost acoustofluidic
approach could have for portable diagnostics and testing. Paired with the acoustofluidic
micromixer and micropump, a baseline detection could be made, with a portable and

inexpensive system.

5.5 Conclusions

With our sharp-edge based acoustofludic technology, and cell phone control, we
have removed the need for much of the bulky and expensive equipment typically
associated with acoustofluidics research and biological assays. Additionally, we
demonstrated a functional, portable microscope that allowed for fluorescent detection,
thus providing a completely portable system that can be taken anywhere with ease. The
battery powered nature of the cell phone and Bluetooth® speaker used in our design
eliminated the requirement of a wall based power source, making the system capable of
traveling wherever researchers need to go. While this system is only a first step towards
POC detection, it is a true demonstration of the potential that acoustofluidics technologies

have in this field. The ability to remotely operate microfluidic devices using cost-effective,
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compact, and commercial components has immeasurable benefits to the medical and
diagnostics community. The characteristics of microscale reactions, including diminished
reagent volumes and lessened reaction times are well known as benefits towards lowering
cost, and our system capitalizes on this advantage. We believe that this system can act as
a starting point for further development of a capable and portable diagnostic tool;
however, the limitations of this device, such as a reliance on external pumping equipment,
leave room for improvement and innovation. A system that can integrate all necessary
components would serve as a better surrogate for the traditional setup. Next, I will

describe our recent effort to address these shortcomings.
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6. Open Source Acoustofluidics

6.1 Introduction

In the previous chapter, we introduced a first stage in developing a portable
platform for operating sharp-edge based acoustofluidic devices. However, this platform
fell short in many areas of device operation, and incompletely addressed the needs to an
all-encompassing control system. This work describes an effort to produce a low cost,
expandable platform for controlling acoustofluidic devices. At the conclusion of this
work, we developed and characterized a low-cost, expandable, and multifunctional
system for controlling acoustofluidic devices in the audible to low ultrasonic frequency
range (31 Hz to 65 kHz). The system was designed around the readily available Arduino
prototyping platform because of its user-friendly coding environment and expansive
network of open source material; these factors enabled us to create a system capable of
generating high voltage oscillatory signals and controlling microscale flows in
acoustofluidic devices. Utilizing the established open-source system, we achieved a series
of acoustofluidic applications involving the manipulation of fluids and biological objects
in a portable fashion. . Additionally, using an open source syringe pump design, we also
achieved size-based portable particle separation, using low-frequency flexural waves.
Microscopic imaging functionality was also demonstrated with the use of low-cost optical
components and an Arduino compatible camera. Even with all of the components, the

system could easily fit into a backpack, and weighs less than 5 Ibs. This makes the entire
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system easily transportable, capable of being brought to the POC without difficulty. Table
1 provides a summary of the device performances achieved by the power control portion,
as well as the add-ons.

Table 6.1: Acoustofluidic device control requirements and open source equivalents

used to achieve this functionality. Parameters achieved by the portable system are
included in the right side of the table.

Acoustofluidic System Operation

e . ) Parameter Achieved with
Traditional Device Needed = Open Source Equivalent
Open Source System

Function Generator Arduino Uno Board 30 Hz - 65 kHz

. DC power and Motor
Amplifier 12-50 V

Driver Board
Syringe Pump 3D Printed Syringe Pump >3.3 uL/min

. Arduino Compatible )
Microscope >3.5 um resolution

Camera

In particular, we used our open-source acoustofluidic devices to achieve active
rotation of cells and microorganisms, and operation of an acoustofluidic mixing device
which has previously shown potential for viscous sample preparation, in a portable
fashion. Additionally, using low frequency flexural waves and our portable system, we
achieved acoustofluidc separation of particles based on size. This is the first time that size
based separation has been achieved using the low frequency, sharp-edge based system,
and provides additional support for the unique potential of these low cost flexural wave
dependent designs. It is our hope that the open source platform presented here can pave

the way for future acoustofluidic devices to be used at the point-of-care, as well as simplify
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the operation of these devices to enable resource limited users to leverage the benefits of
acoustofluidics in their work. We believe that the work presented here serves to
demonstrate and showcase the potentially simple and effective nature of our
acoustofluidic technology, making the platform more approachable to a wide variety of

potential users.

6.2 Control System Design
6.2.1 Arduino System Design

When replacing the bulky equipment needed to operate acoustofluidic devices,
the primary concern is delivering the requisite input signal to the acoustic transducer. To
accomplish this task, we used an Arduino UNO prototyping board to control a high
voltage signal that was passed to the transducer. A dual full-bridge motor driver control
board interfaced with both the low voltage Arduino platform and the high voltage power
supply and acted as an intermediate between them. Figure 6.1 provides a photograph of
these critical elements; from left to right, there is the Arduino Uno (this could be replaced
with any similar prototyping board which offers similar functionality), a solderless
breadboard for simple prototyping (which could be replaced with a printed circuit board
after finalizing your system), and the motor driver to pass a high voltage signal to the

acoustic transducer.
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Figure 6.1: Photo of the open source control platform designed around the Arduino
prototyping board.

The Arduino must be supplied with a voltage between 5 and 12 volts, and the
motor driver should be supplied with a higher voltage DC source that is at the amplitude
you wish to supply your device with. The L289N microchip is limited to 50 V for the high
voltage signal. Since the transducer requires an alternating signal to generate its
oscillations, the high voltage DC source must be converted into an oscillatory signal using
the Arduino board. Figure 6.2 provides a schematic to describe the process through which
the high voltage DC signal is converted to an alternating signal using the system. Simply,
the low voltage Arduino board is used to produce an oscillatory ON/OFF signal which

opens and closes the high voltage circuit between the motor driver and the transducer.

Arduino | [ Alternating
Control Signal DC Voltage Output Signal

Figure 6.2: Schematic detailing the working mechanism of the control platform. The
Arduino provides an alternating signal that controls a motor driver that gates a high
voltage source. As the motor driver opens and closes the circuit, the high voltage
signal is passed to the transducer in the requisite alternating pattern.
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That is, a 5-volt signal leaves the Arduino and enters the motor driver. This signal
causes the motor driver to close the circuit connecting the high voltage DC supply to the
transducer. The Arduino signal is then switched off, causing the motor driver to open the
circuit between the transducer and the supply, removing the voltage from the transducer
element. Therefore, if a control signal from the Arduino is sent to the motor driver at a
given frequency, the high voltage alternating signal will be applied to the transducer at
the same frequency. This alternating frequency is the frequency that the transducer
receives and is translated into oscillatory motion necessary to operate various
acoustofluidic devices. As such, the user only needs to specify the frequency of the desired
signal, and the Arduino will pass that signal into the motor driver to power the
transducer. The operator can connect either a wall powered DC supply, or a battery to the
high voltage IN lines of the motor driver, allowing for an adaptable system based on the
operational setting. In order to give the user basic control over the system, we designed
the platform with 3 control buttons. Two buttons control the frequency (increasing or
decreasing the frequency by a pre-set interval) and a third button turns the signal ON or
OFF. An LCD screen displays the current frequency and updates as the user sets their
desired value, and an LED indicates whether the system is currently operating. Additional
control parameters, such as pulsed operation, could either be coded into the program or

integrated via additional control buttons.
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It is important to note that using this code and these specific components imposes
several limitations on the operational parameters. We have already mentioned that the
motor driver imposes a 50V max on the high voltage input, and the Arduino code used
restricts the output frequency to between 30 Hz and 65 kHz. Further discussion of these
limitations is included in the Supplementary Information. Additionally, alternative code
or components could be used to adjust these limits to the needs of a specific application.
For example, many acoustofluidic technologies rely on signals with frequencies
approaching and exceeding the MHz range. If desired, researchers could manipulate the
Arduino microchip’s timers directly and generate signals that extend into the low MHz
range; pairing these signal with appropriate circuitry could produce the higher frequency
signals needed to expand the range of acoustofluidic devices that can be operated at the
POC. Once we verified that the system was functional with these specific parts, we sought
to validate the system using a variety of acoustofluidic demonstrations. This involved
testing new acoustofluidic devices, as well as verifying the performance of devices we

have already created in the lab.

6.2.2 Acoustofluidic Device Design

Using the control platform, two different acoustofluidic device subgroups are
demonstrated within this work. The first type of device is the sharp-edge based
technology that has been discussed extensively in this work; the second type of device is

known as a bubble based acoustofluidic device. The bubble based acoustofluidic device
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relies on higher frequency signals which approach and exceed the audible and ultrasonic
boundary (>20 kHz). These vibrations cause the surface of the bubble to oscillate, once
again creating acoustic streaming. We chose to also demonstrate bubble based operation
to demonstrate the improved performance over the initial cell phone based platform; that
platform was limited to the lower frequency audible range, whereas the Arduino system
can extend its frequency into the ultrasonic range, thus widening the scope of devices able
to be controlled. The application of these devices to interact with fluids will be explored
in various experiments throughout this work.

Both of the acoustofluidic device types used in this work were fabricated using
similar methods, both relying on soft lithography techniques. The sole difference is that
the mold for the bubble based devices relied on a basic SU-8 photolithography process.!!*
The differences in fabrication requirements arises from the fact that the small feature size
in the sharp-edge based system requires a higher aspect ratio that can only be achieved
with the DRIE process. Although a cleanroom is needed to fabricate a master mold, once
it has been created it can be used to fabricate many PDMS devices; with an extensive
curing process at room temperature, and a simplified bonding procedure, these devices
can be assembled outside of the cleanroom with minimal external equipment; we note this
fact to acknowledge that the fabrication procedure can be simplified for settings that lack

some of the extraneous tools and equipment of a larger lab.
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6.3 Results and Discussion

6.3.1 Wall Powered Operation

When first testing the system, it was simplest to design and operate using a wall

powered electrical supply. We believed that these power systems, seeing as they are

commercially manufactured, would provide a more consistent and workable source for

the early stages of development. As such, we conducted our initial testing using wall

powered supplies for both the Arduino (low voltage input) and the motor driver (high

voltage input). That is, a standard 9 V, 650 mA wall plug was used to power the Arduino,

and a variable voltage DC supply was used to provide the high voltage source that would

be passed to the acoustic transducer. Using these devices, we were able to produce the

alternating high voltage signal that is found in Figure 6.2.
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Figure 6.3: Sharp-edge based mixing using the open-source platform. a) Fluorescent
mixing achieved when applying varying frequencies to the sharp-edge based
acoustofluidic device. b) Plot of the mixing index versus frequency for the sharp-edge
based acoustofluidic mixer controlled by the Arduino system. A 35 V signal and a 10
puL/min total flow rate was used for the mixing experiment.
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As an initial demonstration of our system, we sought to operate the acoustofluidic,
sharp-edge based micromixer and micropump. The micromixer was infused with DI
water and fluorescein from a Nemesys syringe pump and the Arduino signal was varied
from 3.0 to 4.5 kHz. Figure 6.3a provides fluorescent images of the mixing performance
with varied input frequencies, and Figure 6.3b provides a plot of the mixing index given
across the entire range of frequencies tested. The DC power supply was set to 35V and the
total flow rate from both inlets of the mixer was 10 uL/min. A characteristic dip in the
mixing index was achieved with respect to the frequency domain, indicating the
resonance frequency of each device. As usual, subtle differences in the construction and
fabrication of each device instils variations into each device’s specific frequency response,
resulting in the standard deviations shown in the plot. Even though the individual
responses of each device vary across the frequency spectrum, certain frequencies are
shared across all devices; for this acoustofluidic mixing device, the frequency of 3.6 kHz
could be specified as the optimal frequency, and would provide complete mixing across

all devices.
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Figure 6.4: Sharp-edge based pumping using the open source platform. a) Overlaid
particle tracing when the sharp-edge based acoustofluidic micropump was operated at
two different frequencies. Both particles were pumped with a 30V signal; the black
and red circles track particles pumped using a 5.4 kHz and 6.1 kHz signal,
respectively. Time between t0 and t2 was 288 ms. b) Plot of the pumping flow rate
versus frequency for the sharp-edge based acoustofluidic micropump controlled by
the wall-powered Arduino system. A 30V signal was applied to the sharp-edge pump.

A similar procedure was used for the acoustofluidic pumping device, where we
varied the frequency supplied by the Arduino signal from 4.0 to 6.0 kHz, while setting the
DC power supply to 30V to obtain Figure 6.4a,b. Figure 6.4a shows overlaid images
tracking two particles moving in the channel when supplied with excitation signals of
varied frequency (5.4 kHz and 6.1 kHz). We can see that in a time frame of 288 ms, the
particle moving in the pump excited by the 5.4 kHz signal outpaces the 6.1 kHz particle.
Viewing the results of the plot in Figure 6.4b, we can see the expected resonant response,
and note that the peak occurs at 5.4 kHz, where the average flow rate was approximately
three times that of the flow rate when the pump was excited by the 6.1 kHz signal (9.56

puL/min vs. 3.11 pL/min, respectively). The flow rate was determined by tracking the
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particle velocity using ImageJ software and analyzing videos of the flowing particles.
These results are comparable in performance to our previously reported results,?2115
validating the performance of the system for controlling sharp-edge based devices; that
is, these results serve to demonstrate the functionality of the system within the audible
range where the sharp-edge chips operate. However, the majority of acoustofluidic
devices operate above the audible range, and as such, a successful control platform must

be able to function in this region.
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Figure 6.5: Bubble based acoustofluidic device. a) Schematic of the bubble-based
acoustofluidic device. b) Schematic of out-of-plane streaming used to rotate C.
elegans.

For our next investigation, we sought to determine whether or not the system was
capable of operating other acoustofluidic devices that function at much higher frequencies
than those of sharp-edge based devices; previously developed solutions for portable
operation were not able to generate signals above the audible range.’> For this
exploration, we used the acoustofluidic technique of harnessing the vibrations of
oscillating bubble surfaces to achieve fluid manipulation.’® A schematic of the bubble
based device used in this experiment can be found in Figure 6.5a. Although the strength
of vibrations generated within the glass slide and microfluidic system are much lower at
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these higher frequencies, the vastly lower stiffness of a bubble surface compared to a solid
PDMS structure creates stronger streaming with less vibrational input. The vibrations of
the bubble surfaces creates acoustic streaming and radiation forces that act on the fluid
and particles or organisms within the fluid domain. The acoustic streaming affects local
particles through an induced drag force which can be approximated using the equation
for Stokes’ drag and the velocity of the microstreaming generated by the bubble. These

equations are given by:!?”

FAD = 61T,uapus (6 1)
4
ap

u= E 0)82, (6 2)

where y, a,, and u, are the dynamic viscosity of the fluid, radius of the particle, and non-
oscillatory velocity of the particle relative to the fluid, and the streaming velocity of the
particle is dependent upon the radius of the bubble (a;), distance from the bubble (d),
angular frequency of the applied signal (w), and the displacement of the bubble surface
(€). The non-oscillatory velocity relative to the flow can be calculated by taking the
difference between the background flow velocity and the streaming velocity given in
Eq.6.2. The acoustic radiation force produced by an oscillating bubble also acts to attract

or repel particles based on the following relationship:!”

4

4 a
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where p, and p; represent the density of the particle and the surrounding fluid,
respectively. When the density of the particle is greater than that of the fluid, an attractive
force is generated, pulling the particles towards the bubble surface. Conversely, a particle
density which is less than that of the bulk fluid results in a repulsive force acting on the
particle. These are the two primary forces that act on particles and cells within an acoustic
streaming velocity field, and it is the balance between these forces which determines how
these objects act when the acoustic field is active. All of the objects manipulated in this
article have a density greater than the water they are contained in, and so they are
attracted to the bubble. As such, it is the balance of this attractive force and the streaming

related drag that governs particle motion.

Figure 6.6: C.elegans rotation using the open source platform. a) Photos taken
throughout rotation. A 20V, 19.1 kHz signal was applied to the transducer to induce
bubble vibration and C. elegans rotation. The blue box indicates the location of the

(b) close-up of the proximal distal gonad provided on the right hand side of each
photo. Red arrow indicates the view for out of plane rotation seen in Figure 6.5b.
Oocytes can be seen as they rotate into and out of the focal plane of the camera.
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Leveraging the streaming pattern generated in the channel, we were able to use
our portable acoustofluidic control platform to rotate an important model organism, the
nematode Cenorhabditis elegans. Rotation of the worms relied on the out-of-plane
streaming generated by the bubble and sketched in Figure 6.5b; this view looks at a cross
section of the channel, as marked by the red arrows in Figure 6.6a. Using this device, C.
elegans are rotated along their long axis, which was previously reported as advantageous
when investigating the internal structures of the worms.!* Certain features may be
obstructed when viewing C. elegans from a given angle, and so the ability to rotate the
worm for viewing from multiple angles can help researchers unearth hidden, potentially
critical data.

In order to ensure that clear images are captured during rotation, C. elegans are
paralyzed using a 1 mM solution of sodium azide before being injected into the channel;
this prevents the worm from moving during image capture and creating unfocused
images. Figure 6.6a provides a full body view of an approximately 8-day old adult C.
elegans, as well as a close-up of the proximal posterior gonad captured throughout
rotation. In order to rotate the nematode, a signal of 20 V and 19.1 kHz was applied to the
bubble based device. As seen in the photos, the worm is smoothly rotated around its entire
length. In the initial frame, the oocytes can be seen clearly in the gonad region, before
rotating out of sight in the middle frames, and returning in the final frame. Using these

oocytes as markers, we can see that one full rotation for this worm took 1.144s,
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corresponding to a rotation speed of 52.4 RPM, which was extremely consistent
throughout the rotation (see Video 1 in the ESI for video of the rotation). In another
experiment, worms rotated with a 30 V and 18.5 kHz signal were consistently rotated at
227 RPM, much faster than the worm shown in the video, and consistent with the expected

increase in velocity from a larger input voltage and larger bubble deflection.

6.3.2 Battery Powered Operation

To this point, we had been operating the system using power supplies that depend
on electrical outlets. However, not all POC situations allow for an unlimited supply of
electricity, and more portable power solutions need to be devised. In order to address this
situation, we developed and modified the Arduino platform for use with a battery power
supply system. This system was composed of several rechargeable lithium ion batteries
(Part no. 1568-1429-ND, Digi-Key Electronics) like those found in most portable
electronics wired in series to generate the high voltage source that would be applied to
the transducer. Each battery had a rated voltage of 3.7 V, and so six of them were used to
obtain atleast 22 V (actual voltage ranged up to 25V due to variations in individual battery
performance). Two additional batteries were used to supply the Arduino board with the
power it needed. For this power system, it would also be easy to integrate a DC-DC
voltage converter with the battery supply to further increase the voltage, or offer dynamic
control. For the demonstration of this system, we simply used the batteries in the

described configuration.
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After validating the signal produced by the battery powered device, we chose to
demonstrate the functionality of the system by using the in-plane rotation capabilities of
the bubble-based acoustofluidic platform. In the in-plane mode, counter rotating vortices

are generated on either side of the bubble when viewed from the top of the device.

a) b)

QA @)

Bubble PDMS

Figure 6.7: In-plane rotation in the acoustofluidic device. a) Schematic and b) particle
tracing of in-plane rotation using the bubble-based acoustofluidic device and a
battery powered Arduino control platform.

Figure 6.7a provides a schematic of the in-plane streamlines generated by the
oscillating bubbles, and Figure 6.7b provides a particle tracing for 1 um red fluorescent
particles. Streamlines on the left side of the bubble travel in a counterclockwise direction,
whereas the right side experiences clockwise rotation. To take advantage of this
streaming, we rotated Hela cells using this in-plane rotation. Both clockwise and
counterclockwise rotation was achieved depending on which side of the bubble the cell
was located. In Figure 6.8a, a cell on the left of the bubble was rotated with a signal of 20.9
kHz, and the cell on the right side of a bubble (Figure 6.8b) was rotated using a signal with
a frequency of 21.8 kHz. Figure 6.9 provides plots of the rotation angle versus time for
each of the cells. It can be seen that the rotation speeds varied between these two

cells/frequencies from 104 RPM to 61.7 RPM, respectively. This is counterintuitive to the
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idea that the streaming velocity should increase for higher frequency excitation (Equation
2); although, this inconsistency is a common issue found in resonance based systems.
Inconsistencies in bubble shape, size, or location within the device create variations in
each of the parameters affecting the streaming and radiation, thus varying the

performance.

ol
O
=
n
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.8 ms 180° 126ms 270° 16.2ms 360°

Bubble

Figure 6.8: Rotation of Hela cells using the open source platform. a) Counterclockwise
and b) clockwise bubble-based rotation of Hela cells using a battery powered
Arduino system. The top and bottom cells were rotated via excitation by a 25V, 20.9,
and 21.8 kHz signal, respectively.

Nonetheless, when an attempt is made to keep parameters the same, generally
consistent performance can be achieved. Regardless of this fact, with the proper frequency
and amplitude adjustment, the battery powered device would be capable of rotating cells

and C. elegans at any desired rate or pattern.
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Figure 6.9: Plot of counterclockwise and f) clockwise rotation angle of cells versus
time using the bubble-based acoustofluidic device (as shown in Figure 6.8).

This cell-based experiment has served to demonstrate the successful transition of
the Arduino based platform from wall powered operation to portable, battery powered
functionality, even at ultrasonic frequencies. While the battery powered Arduino system
significantly increases number of settings that the acoustofluidic devices can be operated

in, some devices may still be reliant on additional external equipment for full

functionality.

6.3.3 Adaptations and Expansions

One of the benefits associated with using an open source platform like the Arduino
prototyping system is the availability of commercial components that can be seamlessly
integrated into the design. As a critical element in the operation of many acoustofluidic
and microfluidic designs, we developed and integrated a portable syringe pump based
on a stepper motor.""® This is a perfect example of the open source nature, owing to the
fact that these portable pumping systems have already been proposed and developed for

alternative applications. As such, it is up to the researcher to determine how to modify
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and tailor the plethora of available technologies to suit their needs. The portable syringe
pump system that was created to be compatible with our acoustofluidic setup has been
included in Figure 6.10a. The working principle of the fluid delivery system is that a
stepper motor turns a threaded rod which passes through a nut which is affixed to a
syringe “sled”. In this configuration, rotating the threaded rod causes the nut/sled system
to translate and depress the syringe plunger. A motor shield was used as an interface
between the 12V power signal for the motor, and the lower voltage circuitry of the
Arduino board. 3D printed parts were used to fabricate a mount for the motor, as well as

create the syringe sled and syringe fixture (Figure 6.10a).

b) =

3

Flow Rate (uL/min)
$ 8
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Motor Rotation Speed (RPM)

Figure 6.10: Portable syringe pump operation and sharp-edge based particle
separation. a) Photo of the portable syringe pump that is controlled by an Arduino
board. b) Flow rate characterization at different rotational speeds of the motor; a
linear fit is included with the data (r2=0.9995). c) Fluorescent images of mixing in the
sputum liquefaction chip with the acoustic signal OFF (left) and ON (right). The total
flow rate in the channel of 79 pL/min. d) Trapping and e) release of 20 um particles
using a sharp-edge acoustofluidic device. 2.5 um particles continue to flow through
the channel even when the acoustic signal is on. Red arrows indicate large particle
motion, and the bulk flow and small particle movement is marked by the blue arrows.
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Using the code library associated with the motor shield, we were able to develop
our own control code and demonstrate variable flow rate generation across a range of
speeds. Figure 6.10b provides a plot of the flow rates generated by the portable syringe
pump when varying rotational speeds are input. A strong linear correlation (r2 = 0.9995)
was achieved, and is expected when turning the threaded rod with a constant pitch. With
the ImL syringe that we used during the calibration, we were able to achieve a minimum
flow rate of 11.2 uL/min at 1 RPM. Calibrating the device based on the rotational speed
also enables users to create an even wider range of flow rates simply by changing the
syringe size. That is, since the syringe sled will move at a constant rate based on the motor
rotation, a syringe with a wider cross sectional area will inherently eject more fluid when
it is depressed the same distance as a smaller syringe. We leveraged this fact to decrease
the minimum flow rate to 3.33 uL/min by using a 250 pL syringe.

Once we had calibrated the pumping system, we used it in conjunction with the
Arduino-based acoustofluidic control platform to validate an acoustofluidic design for
mixing viscous biological samples, as well as demonstrate, for the first time, sharp-edge
acoustofluidic based separation of particles based on size. If the sharp-edge is modelled
as a cantilevered beam, then the tip deflection can be shown to be proportional to the
length cubed. This means that a significant increase in mixing performance can be
achieved with the longer sharp-edge length. This increased streaming is necessary for

properly mixing viscous samples such as sputum. The outlet of the chip has a filtration
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region which serves to remove the unwanted debris from the sample before it leaves the
microfluidic channel. We tested this system by mixing fluids at various flow rates (Figure
6.10c). With an applied signal of 30 Vpp (from a DC power supply) and 4.8 kHz (regulated
by the Arduino system), the acoustofluidic chip was able to mix the DI water and
fluorescein at a total flow rate of up to 79 uL/min before the performance began to suffer.
Although this work is preliminary in nature, we hope to create future platforms which
integrate this strong mixing performance with downstream analysis techniques for POC
testing and diagnosis. It is important to note that the strong mixing performance of this
acoustofluidic chip while using DI water and fluorescence is only representative of the
potential to achieve viscous sample mixing. In experiments with more viscous fluids, the
flow rate of the samples must be reduced to maintain sufficient mixing performance,
similar to our previous results.?

To achieve sized based separation of particles using the sharp-edge acoustofluidic
platform, we leveraged the acoustic streaming and radiation forces generated from their
vibration. This technique balances the drag force experienced by a particle in the bulk flow
with the radiation force and acoustic streaming related drag force generated by the
vibrating surface. Using the syringe pump and 250 uL syringe, we generated a bulk flow
rate of 3.33 uL/min in the channel. By activating the acoustofluidic chip with a 24.5 V and
4.8 kHz signal, we were able to trap 20 um particles along the sharp-edge surface, while

the 2.5 um particles continued to be pumped through the channel (Figure 6.10d). This is
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consistent with the acoustic radiation force and streaming equations used to describe
bubble-based systems, where the acoustic radiation force scales with the radius of the
particles cubed. Thus, the larger particles experience significantly larger radiation force
and are pulled towards the oscillating sharp-edges while the smaller particles do not
become trapped. Turning off the acoustic signal releases the larger particles and they
resume their path towards the channel outlet (Figure 6.10e). Similar to other streaming
based particle traps, there is a limit to the number of particles that can be held within the
trap before it starts to lose efficiency.! The limit for the entire system could be increased
by increasing the length of the channel, as well as the number of traps for particles to be
captured in. A separation system could then be operated in a pulsatile manner, where the
particles of interest flow freely through to be collected as a purified sample. Once the traps
reach capacity, the user would turn off the acoustic signal and collect the next portion as
waste before reactivating the acoustic signal and resuming collection. Alternatively, if the
larger particles are desirable, then this system could be used to concentrate many particles
into a smaller volume. In combination with the portable power supply and syringe pump,
this system could be used to isolate particles of interest from biological samples for POC
diagnosis.®120

As an additional example of the expandable nature of the Arduino system, we
integrated a camera and lens system to enable portable microscopic imaging. To achieve

this, we combined a 5 MP Arduino compatible camera with the low-cost microscope lens
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system we presented in the previous chapter. We tested the imaging capabilities using the
1951 USAF Resolution test (Figure 6.11a), which contains successively smaller bars to
identify the resolution limit of an optical platform; the system has a group/element system
that is used to identify the approximate resolution of a system. The cut-out provided in
Figure 6.11a shows that the smallest bars discernible by the system are located in element
2 of group 7, which suggests an optical resolution of 3.48 um. We then compared the
image quality of the platform side-by-side with our benchtop microscope (comparison

provided in Figure 6.11b).

Figure 6.11: Open source based microscope imaging. a) Photo of a 1951 USAF
Resolution Target and expanded view of the smallest discernible section. The visible
lines in the second element of the seventh group suggests a resolution limit around
3.5 um. b) Comparative photos of 100 pm wide pillars imaged using the Arduino (top)
and benchtop microscope with a 10x objective (bottom). Scale bar is 100 um. c¢) Image
taken of a C. elegans in the rotation device using the Arduino microscope.

The pillars shown in the images are 100 um wide and located at the end of the
sputum liquefaction chip as a filtration system for undesirable particles; although the

edges in the photo taken by the Arduino platform are not as crisp, the image still provides
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a detailed view, even at these microchannel sized resolutions. Lastly, we used the portable
platform to image a C. elegans within the rotation chamber (Figure 6.11c). The quality of
the image is not as high as those provided in Figure 6.6, but the oocytes within the worm
are still discernible. We also note that with the low-cost microscope lens we used, there is
some distortion near the edges which blurs the head and tail. This issue could be remedied
with higher quality components, or numerical schemes. Obviously, these higher quality
components would come with an increased cost; it is up to the future developer to identify
their desired image quality and price-point to determine the optical components that
work best for their needs. Additionally, integrating excitation and emissions filters into
the lens system would enable fluorescent imaging of the worms, potentially providing a
comprehensive and portable platform for worm analysis. In total, the image testing
conducted serves to demonstrate the feasibility of creating a completely portable
acoustofluidic platform. Integrating portable data storage into the system would enable
POC data collection, where it could be analyzed immediately, or stored for analysis where

resources are available.

6.4 Conclusions

The Arduino based platform presented in this work serves to replace the
complex external equipment typically associated with acoustofluidic device
operation. Throughout the design of this Arduino based open source system, we

demonstrated how the system could be modified for use in settings where power
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is available from outlets, or where battery power is required. Additionally, we were
able to achieve, for the first time, highly precise rotation and manipulation of cells
and microorganisms, as well as the control of a chip which has previously been
utilized for the liquefaction of sputum samples, and even portable separation of
particles based on size, all in a portable fashion. The expandability of the platform
was also illustrated through the addition of a portable syringe pump, as well as
portable microscope functionality. These applications have great potential in
transforming biomedical research, and personal medicine in lower resource
settings; paving the way for future progress and discovery. The ability to expand
the open source acoustofluidic system with any number of commercially available
parts means that researchers can tailor their unique acoustofluidic system to meet
their specific needs. Additionally, the open source nature of the platform means
that researchers will have access to the hardware and software needed to
successfully modify their own platforms. With further modification, it is possible
to expand the frequency range of the technology to much higher values; this
provides researchers with the opportunity to implement additional acoustofluidic
technologies at the POC, well beyond the scope of devices presented in this work.
Altogether, the open source acoustofluidic system designed in this work presents
many unique and influential opportunities for the acoustofluidics and

microfluidics communities. It is our hope that this system can serve as a roadmap
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for how research groups in other fields can begin to adapt their technologies for use
by a broader community. We also hope that this work can serve to demonstrate the
simplistic nature of acoustofluidic technologies and that the open-source nature of
the materials enables a wider audience to incorporate these solutions into their

work.
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7. Conclusion

7.1 Summary

Since its inception, sharp-edge based technology has proven to be a versatile and
simple acoustofluidic platform which is capable of achieving success in numerous
applications. However, these experimental explorations avoided investigations of the
fundamental working mechanism of the technology. Additionally, although impressive,
the adoptability of the technology was lacking due to its reliance on external equipment
and intricate operation. Towards addressing these shortcomings, we made the following
contributions (summarized by chapter):

Chapter 3: Investigation of Sharp-edge Based Device Mechanism

In this Chapter, we detail our work to explore and understand the fundamental
mechanism of sharp-edge device operation. Throughout our exploration, we found that
low frequency, and low wavelength (~17 mm) flexural waves propagate throughout the
device and enable sharp-edge based acoustic streaming generation. We also explored the
microstructure of the sharp-edges and uncovered that the inherent properties achieved
during microfabrication may encourage increased acoustic streaming and device
performance. This work was done in combination with exploring the design of a variable
throughput mixer which leverages both acoustic streaming and hydrodynamic mixing.
Through both numerical and experimental investigations, we validate the performance of

the mixer and the sharp-edge platform as a whole; we also demonstrated the precision
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synthesis of synthetic nanomaterials which have applications in drug delivery and
therapeutics.
Chapter 4: Leveraging Flexural Wave Patterns for Particle Manipulation

The work presented in this chapter follows the findings of our in-depth
investigation into the vibration patterns within sharp-edge based devices. Having
uncovered the vibration mechanism in the device, we utilized the relatively small
wavelength vibrations to achieve dynamic particle manipulation in an open fluid well.
This achievement was made possible by the interference between opposing flexural waves
generated within the acoustofluidic device, similar to high frequency wave
manipulations. Altogether, we showed how the technology could achieve precise
manipulation over a fluid vortex, with resolutions akin to much higher frequency signals.
Although this work was preliminary, this exploration demonstrates the untapped
potential that these low frequency systems have, considering their relatively low cost and
simple design compared to other manipulation platforms.
Chapter 5: Control of Sharp-edge Based Devices Using a Cell Phone

In this Chapter, we explore the first run at brining sharp-edge based acoutofluidic
technology to a more user-friendly platform. This was accomplished through the design
of a portable oscillatory signal generator based around a cell phone and commercial
Bluetooth® speaker. Together, these pieces of equipment can deliver the oscillatory signal

necessary for device operation to the sharp-edge platform, using only battery power. We
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also designed a portable microscope station which leverages the high quality imaging
capability of the cell phone to remove an additional roadblock to using acoustofluidic
technology at the POC. However, this platform left room for improvement, where
additional external elements (i. e. a syringe pump) remain necessary.

Chapter 6: Open Source Acoustofluidics

Chapter 6 presents our second stage of development in portable device operation,
centered on open source technology to produce a more capable platform. Leveraging the
expandable capability of the commercially available Arduino prototyping board, we
developed an all in one system which enables sharp-edge device actuation, syringe based
pumping, and microscope imaging. Additionally, the technological capabilities of the
platform enable higher frequency operation to broaden the number of acoustofluidic
devices which can be controlled using our technology.

Altogether, this work presents a comprehensive investigation and exploration of
both the mechanism of sharp-edge based device functionality, as well as an exploration
into novel applications and modifications to the platform as a whole. As demonstrated by
the development of a unique particle manipulation technology, our better understanding
of the platform’s vibrational profile uncovered a new direction for acoustofluidic based
interactions with particles in a fluid environment. Additionally, our exploration into
portable control of these systems will hopefully improve the adoptability of the

technology, and encourage other researchers to follow a similar pattern of development.
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7.2 Future Work
7.2.1 Numerical Modelling

Although the numerical modelling of vibrational patterns presented within this
work helped us to uncover the fundamental mechanism of the technology, there is much
room for improvement. For example, our vibrational model spanned the physical
systems of the device from the transducer to the channel, but did not look inside the
channel. As such, developing an all-encompassing model which considers the
piezoelectric driven vibration of the substrate, as well as the fluid interaction that is
derived within the channel could enable explorations into novel acoustofluidic designs
without the need for experimental fabrication. As mentioned previously, the work by
Skov, et. al. gives promise for the successful development of such an integrated model.*
Of particular interest would be developing a model for the flexural wave based particle
manipulation platform, which would help uncover the mechanism of vortex generation

and manipulation.

7.2.2 Sharp-edge Device Explorations

The generation of nanoparticles over a wide range of flow rates introduced in
Chapter 3 presented only one application of this improved mixing technology. In fact,
the reason that we sought to develop the improved mixer in the first place was to
increase the overall throughput of the design. One application where the throughput of

the sharp-edge based mixer has been especially limiting is in the liquefaction of viscous
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samples. For example, during the liquefaction of human sputum, the biological sample
was pumped through the device at a sluggish 15 pL/min, meaning that the device

needed to operate for an hour to process 1 mL of raw sample.?
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Figure 7.1: Schematic of the proposed chip to liquefy nasal lavage samples. A
filtration unit at the end of the chip is shown in an expanded view.

As such, modifying the newly designed acoustofluidic mixer for liquefaction of
biological samples could offer a vast improvement over current technologies. Reflecting
on the design of the sputum liquefaction device, we see that simply modifying the outlet
of the channel to accommodate a filtration region (as shown in Figure 7.1) would
transition the technology to a more practical mixer for biological sample preparation.

Additionally, the particle manipulation experiments presented within Chapter 4
present only an initial investigation into this mode of interaction’s potential. As
discussed previously, we believe that future experiments could investigate this tools
ability to interact with biological samples in applications such as tumor spheroid

generation, or tissue engineering. Also, it may also be possible to find alternative
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methods for using this platform to interact with the fluid domain, through either

numerical simulations or experimental explorations.

7.2.3 Integration with Other Microfluidic Technologies

Many microfluidic advancements have been overlooked due to their potentially
narrow scope. That is not to say that these advancements were without potential or that
they performed inadequately, they simply were not leveraged to their full potential. To
that end, by exploring new applications of the sharp-edge platform, we can highlight the
potential for use in collaborative and innovative projects. For example, the successful
combination of sharp-edge and hydrodynamic mixing presented in this work
demonstrated the potential for integrating different microfluidic technologies to
leverage their individual strengths. In the future, I believe that demonstrating
combinations of sharp-edge and SAW based acoustofluidics could yield even more
capable and attractive systems for biological and industrial applications. Exploring ways
to connect these fluid and sample manipulation platforms with successful analysis
techniques in an enclosed system would vastly improve the relevance of acoustofluidics

and microfluidics as a whole.
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