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Abstract

Over the past few decades, microfluidics has emerged as a powerful tool for a wide
variety of applications, from chemical applications, such as monitoring of chemical
reactions and material synthesis, to biological applications, such as cell differentiation and single-cell analysis. We have also witnessed the rapid advancement of
related technologies. Despite the advancement, the adoption of microfluidic devices
in daily human life for diagnostic and therapeutic purposes is still very limited,
the reason being that to date, only a few powerful fluid manipulation devices have
been proposed. This thesis has centered on understanding, designing, and prototyping a new class of acoustofluidic (i.e., the fusion of acoustics and microfluidics)
devices to pave the foundation for applications, ranging from biomedical/chemical
research to clinical applications. Implementing the acoustic streaming effect induced by oscillating sharp-edge structures in microfluidics, we have developed a
series of sharp-edge-based acoustofluidic technologies that are able to control and
manipulate fluids and micro-objects.
First of all, an acoustofluidic micromixer is developed where rapid and homogeneous mixing of fluid was achieved via the acoustic streaming induced by
oscillating sharp-edge structures. The acoustic streaming induced by the oscillation of sharp-edge structures allows two fluids to interchange and thus enhances the
mass transport across the channel, greatly improving the mixing efficiency. Our
sharp-edge-based acoustofluidic micromixer possesses desirable characteristics, including excellent mixing performance, simplicity, convenient and stable operation,
fast mixing speed, and ability to be toggled on-and-off, which makes it a promising
candidate for a wide variety of lab-on-a-chip applications.
Built directly on the sharp-edge-based acoustofluidic micromixer, a modified
sharp-edge-based acoustofluidic micromixer is developed for the mixing of highlyviscous fluid samples. The capability of our sharp-edge-based acoustofluidic micromixer for the mixing of highly-viscous samples is demonstrated by liquefying
iii

human sputum samples on-chip, which, to the best of our knowledge, is the first
microfluidic sputum liquefaction device, also known as acoustofluidic sputum liquefier. Our sharp-edge-based acoustofluidic sputum liquefier is a promising candidate
for incorporation with other on-chip components that will enable the development
of a fully integrated, self-contained sputum processing and analysis platform. In
addition, our device can possibly be employed for applications that require the
processing of highly viscous fluids.
By engineering the acoustic streaming patterns generated inside the microfluidic channel, a sharp-edge-based acoustofluidic chemical gradient generator is presented. The generation of concentration gradients of chemical is due to the serial
mixing of different solutions. Through the modulation of the driving signals of
piezoelectric transducer, our sharp-edge-based acoustofluidic gradient generator
can generate spatiotemporally controllable concentration gradients. The biocompatibility of our sharp-edge-based acoustofluidic gradient generator is validated by
carrying out experiments of cell migration, as well as by preserving the cell viability after long-term exposure to an acoustic field. Our device features advantages
such as simple fabrication and operation, compact and biocompatible device, and
generation of spatiotemporally tunable gradients.
Finally, to expand the potential of the acoustic streaming induced by oscillating
sharp-edge structure, a highly reliable, programmable acoustofluidic micropump
is developed. By engineering the geometry of sharp-edge structure, specifically,
tilting the sharp-edge structure, the acoustic streaming pattern generated inside
the channel is altered. This altered streaming pattern then produces a net force
pointing toward the direction where the sharp-edge structure is tilted; as a result
of the net force, fluid pumping motion occurs along the parallel direction where the
sharp-edge structure was tilted. Our sharp-edge-based acoustofluidic micropump
offers advantages over other microfluidic pumps in terms of not only simplicity,
stability, reliability and cost-effectiveness, but also controllability and flexibility,
which, when combined, make it valuable for many lab-on-a-chip applications.
To sum up, a series of acoustofluidic devices are developed and presented to
control and manipulate fluids via the acoustic streaming effect induced by oscillating sharp-edge structures. Due to the advantages of high biocompatibility, ease
of manipulation, high flexibility and controllability, and low power consumption,
the acoustofluidic technologies that we have developed are invaluable for many
microfluidic applications. The work presented in this dissertation serves as an
important example and the foundation for the future development of sharp-edgebased acoustofluidic devices.
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(a) Fluorescent images showing a complete cycle of gradient generation at an ON/OFF frequency of 0.25 Hz (T = 4 seconds). The
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Chapter

1

Motivation and Overview
Lab on a Chip (LOC) devices have attracted great interest and attention over the
past decade due to their diverse applications in areas such as medicine, biology,
chemistry, and physics, in which some of the laboratory functionalities can be
shrunk and integrated onto a single microfluidic chip. Among the vital functionalities of microfluidic devices are fluid mixing and pumping. In this dissertation,
a series of acoustofluidic technologies that exploit the acoustic streaming induced
by acoustically oscillating sharp-edge structures are developed for the applications
of fluid manipulation, specifically, fluid mixing and pumping. In this chapter, a
brief introduction on the physical phenomena — Acoustic Streaming — is given
along with a short literature review on the development of the microfluidic devices
that are built based on acoustic streaming effect. Excellent, in-depth reviews on
acoustic streaming are delivered by Lighthill [1], Riley [2], and Wiklund et al. [3],
and the readers are encouraged to refer to these reviews for a broader scope.

1.1

Acoustic streaming

Acoustic streaming, referring to any flow induced by the force stemming from the
presence of a gradient in the time-averaged acoustic momentum flux in a fluid [3],
has been recently regarded as a powerful tool for a wide variety of microfluidic applications. Depending on the forms in which it may stem, acoustic streaming can
be categorized into boundary-driven and bulk-driven acoustic streaming, as illustrated in Fig. 1.1 [4]. Both mechanisms originate from the attenuation of acoustic
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energy flux, that in turn, induces momentum flux gradients and as such results in
acoustic streaming. To be more specific, bulk-driven acoustic streaming, typically
referred to as Eckart streaming, stems from the attenuation of acoustic energy in
the bulk fluid, which decreases the amplitude of the acoustic presssure with the
distance from the source of acoustic energy (typically an acoustic transducer) [5];
the attenuation of acoustic energy in turn drives a steady velocity in the propagation direction of the acoustic wave, as shown in Fig. 1.1(a). In boundary-driven
acoustic streaming, which can be referred to as Schlichting streaming (i.e., inner
boundary layer streaming) [6] and Rayliegh streaming (i.e., outer boundary layer
streaming) [7], the acoustic energy dissipates primarily within the boundary layers
at the solid walls because of the viscous stresses present in the boundary layer [5].
The attenuation within the boundary layer results in an acoustic velocity that transits from its bulk value to zero at the solid wall. As illustrated in Fig. 1.1(b) for the
case of a standing wave parallel to the solid wall, the attenuation due to the vicous
stresses induces a steady velocity that is parallel, close to the solid wall. The dominance of one mechanism over the other is determined based in large part on the size
of the device that is studied. For example, devices that have comparatively smaller
length scale of microchannel dimension in comparison to the acoustic wavelength
and the attenuation length, will induce boundary-driven acoustic streaming upon
acoustic actuation. It is important to note that in this work, the acoustic streaming generated in all of our devices are of boundary-driven acoustic streaming. As
a result, only boundary-driven acoustic streaming is discussed and investigated in
this dissertation.

1.2

Literature review

In this section, we give a brief reveiw, specifically, on microfluidic devices that are
built based mainly on boundary-driven acoustic streaming, and their applications.

1.2.1

Acoustic streaming based on oscillating bubbles

In the past decade, acoustically oscillating microbubble has been proved to induce
acoustic streaming, also known as cavitation microstreaming, and has drawn much
attention and interest due to its single-layer fabrication of device, ease of device
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Figure 1.1. Schematic showing the category of acoustic streaming based on different
generating mechansim: (a) bulk-driven acoustic streaming, and (b) boundary-driven
acoustic streaming. Green arrows: steady flow. Blue region: bulk of fluid. Pink lines:
acoustic wave. Dark blue: boundary layers. This figure is adopted and reproduced from
Ref. [4].

operation, and comparatively high streaming velocity. The acoustic streaming induced by oscillating microbubble can be viewed as the steady flow resulting from
the visocus dissipation of acoustic energy in the boundary layer of the oscillating microbubble. The “soft” boundary layer of the microbubble, upon acoustic
excitation, oscillates at a much higher amplitude than the oscillation of a solid
boundary layer, thereby attenuating significantly the acoustic energy. This drastic
loss of acoustic energy locally amplifies the first order velocity [8] and as a result,
comparatively high-velocity streaming are induced near the surface of oscillating
microbubble. Microbubbles of different sizes, when excited at or near their corresponding resonance frequencies, can induce acoustic streaming with a wide range
of streaming velocity for various applications, including fluid mixing [9–12], pumping [10, 13–15], particle manipulation [16–19], cell manipulation [20, 21], microobject manipulation [22–24], and cell lysis [25]. Among these applications, fluid
mixing and pumping, the two most vital functions of microfluidic devices, have
gained much attention and been proven as promising candidates to be integrated
with other microfluidic components for the development of integrated LOC devices.
1.2.1.1

Fluid mixing based on oscillating microbubbles

Rapid mixing and homogenization of chemical/biological species at the microscale
is of great importance for a wide variety of applications, including chemical kinetics
studies and material synthesis. While microfluidic devices seem to be an excellent
3

Figure 1.2. (Left) Schematics showing the experimental setup of the micromixer based
on the oscillating microbubbles trapped in sidewall pre-defined cavities. (Right) Experimental images and characterization plot showing the mixing performance of two different
liquids acheived by the bubble-based mixer. This figure is adopted and reproduced from
Ref. [11].

platform for carrying out these studies due to their short reaction times, high
throughput, and reduced reagent consumption, effectively mixing fluids at the
microscale is not a trivial process. Due to inherently small channel dimensions,
the flow of fluid in microfluidic devices is usually laminar; under laminar flow
conditions, viscous forces dominate over inertial forces and fluids are not easily
mixed. As shown in Fig. 1.2, one of the examples demonstrating fluid mixing was
presented by Ahmed et al. [11], in which air microbubbles trapped in the predefined grooves, also known as horseshoe cavities, were acoustically oscillated to
induce acoustic streaming to achieve fast and homogenized mixing of two side-byside flowing fluids. A mixing time as short as 120 ms was achieved at a total flow
rate of 12 µL/min of the injected liquids, which corresponds to a flow velocity of
∼ 5.4 mm/s. As another example, similar micromixer design using sidewall cavities
to trap microbubbles was proposed by Tovar and Lee [10]. In their work, mixing
of two different fluids was achieved at a flow rate of 0.25 µL/min under a driving
4

Figure 1.3. (a) Schematic showing the experimental configuration of micropump based
on a single microbubble by Cho et al. [13]. (b) Schematic showing the working concept
of the micropump based on multiple microbubbles trapped in later cavities inside a
microfluidic channel by Tovar and Lee [10]. This figure is adopted and reproduced from
Ref. [10, 13]

.
voltage of piezoelectric transducer of 35 VPP . Though this mixing performance
was less promising, compared to the work conducted by Ahmed et al. [11], the
micromixer presetned still proved the acoustic streaming induced by oscillating
microbubbles to be extremely useful for fluid mixing.
1.2.1.2

Fluid pumping based on oscillating microbubbles

Fluid pumping is one of the most vital functions needed to develop integrated
LOC devices. Conventionally, the pumping of LOC devices relies on the external
pumps, like syringe pumps, which remains bulky and challenging to integrate with
existing microfluidic components, despite the superior stabilty of syringe pumps
at low flow rates. Significant effors have been made toward developing truly onchip pumping using various pumping mechanisms. Exploiting the extremely high
streaming velocity of the acoustic streaming induced by oscillating microbubble,
Cho et al. [13] achieved a pumping flow rate of 11.4 µL/min under a pressure
load of 253 Pa by acoustically exciting a microbubble of 400 µm in diameter.
Though they have succesfully achieved fluid pumping by implementing oscillating
microbubble, their experimental setup, as provided in Fig. 1.3(a), is very unlikely to
be integrated with existing microfluidic components, and the pumping performance
has yet to be improved. In addition to fluid mixing, Tovar and Lee [10] also
demonstrated fluid pumping based on the acoustic streaming induced by oscillating
5

Figure 1.4. Experimental images showing the expanding up of microbubbles over time
during operation: (a) t0 = 0 sec, (b) t1 =3 sec, and (c) t2 = 6 sec. This would lead to the
variation in the bubble size of each bubble and as a result, alter the driving frequency.
Scale bar: 450 µm.

.
microbubbles. Upon acoustic actuation, as shown in Fig. 1.3(b), microbubbles
oscillated to generate acoustic streaming and thus produced a net force pointing
toward the direction that the lateral air cavity was orientated; this net force was the
main force driving the fluid pumping motion. A pumping flow rate of 250 nL/min
was achieved under a driving voltage of piezoelectric transducer of 40 VPP . With
further optimization on the channel geometry and tilting angle of later air cavity
of their oscillating-bubble-based pumping device, the same group achieved fluid
pumping under a pressure load of 350 Pa (under a driving voltage of 25 VPP ) [14].
Through the examples we reviewed in this section, microfluidic devices that implements the acoustic streaming induced by oscillating bubbles are believed to be
extremely useful and of great importance, specifically for fluid mixing and pumping. There are, however, several potential problems associated with the intrinsic
characteristics of oscillating-bubble-based devices that have to be addressed. First
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of all, for example, it is required to form microbubbles in pre-designed cavities or
generate freely-suspended bubbles in the microchannel, complicating the operation
of bubble-based platforms, although numerous techniques have been reported for
generating microbubbles. Secondly, the care needs to be taken during experiments
since the formed microbubbles may shrink or expan up over time under different
flow situations as shown in Fig. 1.4 [10, 26]. This results in the discrepancy in
operating frequencies of microbubbles. In addition, the discrepancy in operating
frequencies would be caused because the size or curvature for each single bubble
is not perfectly identical when we re-form or re-generate microbubbles every time.
Although theoretical models that can estimate the natural frequency of bubbles
with different shapes have been reported, one way to possibly compensate for the
change in the size or curvature of bubbles during experiments is to experimentally
adjust the excited frequency. Through our previous study [26], we found that the
bubble-based platforms would generate heat and then raise the ambient temperature inside the microchannel, hindering it from biological study since cells or other
biological samples might be killed/damaged by high ambient temperatures. All
these potential issues greatly limit the biological application of bubble-based platforms. To address these issues, there is an urgent need to develop an alternative
platform where it is still possbile to generate larger acoustic streaming velocities
similar to those generated by oscillating microbubbles, while circumventing the
limitation of the microbubbles.

1.2.2

Acoustic streaming based on oscillating flow

As an alternative, recently, acoustic streaming induced by oscillating fluid flow
around the solid surface of fixed micro-posts, protusions and cavities, also know as
“Hydrodynamic Tweezers”, has been proposed and intensively studied by Schwart’s
group [29, 30] for localized fluid mixing [31] and cell/particle trapping [27, 28, 32].
Among the application of the acoustic streaming induced by oscillating flow is
particle/cell trapping that has been well received by the microfluidic community.
Figure 1.5(a) shows a typical microfluidic device proposed by Schwart et al. [27]
for particle trapping. In the device, solid structures of different feature geometries,
including posts, protrusions, and cavities, were constructed and two piezoelectric
disks were attached underneath each of the two inlets. Upon alternatively activat-
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Figure 1.5. (a) Schemtaics showing the experimental setup and concept for the device
that oscillates flow around solid structures to induce microeddies, i.e., acoustic streaming. (b) Experimental and numerical images showing the streaming patterns when a
oscillating flow is introduced around various geometries of solid structure in the channel.
This figure is adopted and reproduced from Ref. [27].

.
ing the two piezoelectric disks, fluid displacement, namely, an oscillating flow field,
was generated, which in turn, generates symmetric acoustic streaming patterns adjacent to those solid structures, as shown in Fig. 1.5(b). Extending the capability
of this device, the same group further constructed multiple solid structures inside
microfluidic channels , also named as "hydrodynamic tweezers arrays" [28]. With
the advencement, symmetric as well as uniform acoustic streaming pattern were
generated adjacent to each of the solid structures inside the channel, as can be
seen in Fig. 1.6(a), and with these generated acoustic streaming pattern, a highthroughput particle/cell trapping might be enabled, as can be seen in Fig. 1.6(b).
Schwartz et al. presented an easier way than trapping micorbubbles to induce
acoustic streaming, because the acoustic streaming produces a non-contact force
to trap micro-objects without the need of trapping microbubbles. It is important, however, to indicate that in this technique, the flow was stationary in the
absence of acoustic field, meaning that the flow was not flowing and as a result,
the application might be confined to the trapping of micro-objects. For most of
the microfluidic applications (e.g., fluid mixing and pumping), in fact, they are
carried out under a continuous flow regime, instead of a stationary flow regime.
8

Figure 1.6. (a) Fluorescent image showing acoustic streaming patterns under an oscillating flow when multiple solid structures are constructed in the channel. (b) Experimental image showing the trapping of 10 µm polystyrene particles. This figure is adopted
and reproduced from Ref. [28].

.
While local mixing of two different liqufids has been demonstrated by the same
group [31] using this mechanism of oscillating flow, this mechanism, still, is not
applicable for fluid mixing in a continuous flow regime. Moreover, the capability
of this mechanism to induce acoustic streaming for fluid pumping is yet unproven;
however, that is extremely challenging because of the oscillating flow field. Nevertheless, compared to the oscillating-bubble-based microfluidic devices (1.2.1, the
oscillating-flow-based microfluidic devices are advantageous in terms of stability
and controllability when conducting experiments.

1.3

Motivation

As pointed out in Section 1.2.1 and 1.2.2, we learn that both of the mechanisms
to induce acoustic streaming possess their own intrinsic characteristics and limitations. The challenge is to achieve various microfluidic applications, still, by
using acoustic streaming, while circumventing the disadvantages and preserving
the uniqueness and advantages of these two mechanisms. The oscillation of microbubble, in fact, can be also seen as the oscillation of “softer” microstructure
upon acoustic actuation. Under a steady acoustic actuation, the only difference
between the oscillation of a soft structure (e.g., the membrane of microbubble) and
a hard structure (e.g., PDMS microstructure) is the amplitude of oscillation; in
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other words, the oscillation of microbubble may result in stronger acoustic streaming, whereas, the oscillation of hard, solid structure may result in weaker acoustic
streaming. Besides, the oscillation of solid structure in a continuous flow regime under acoustic actuation, conceptually, is equivalent to the oscillation of microbubble
in a continuous flow regime. Thus, building upon the two mechanisms — oscillating microbubble/flow — to induce acoustic streaming, in this dissertation we
propose to develop microfluidic devices that utilize the acoustic streaming induced
by oscillating so-called “sharp-edge” solid structures. Not only can the disadvantages from oscillating microbubbles and oscillating flow be overcome, but the
uniqueness and advantages of acoustic streaming can be preserved. To be more
specific, the advantage of using oscillating sharp-edge structures to induce acoustic
streaming , when compared to oscillating microbubbles, lies in stability, reliability,
bio-compabiltiy and controllability, and when compared to oscillating flow, it is
versatile because oscillating sharp-edge structures can be operated under a continuous flow regime, thereby enabling various microfluidic applications instead of the
trapping of micro-objects only.

1.4

Dissertation outline

This dissertation describes our research efforts on developing microfluidic devices
that implement the acoustic streaming induced by oscillating sharp-edge structures for various microfluidic applications, particularly for fluid mixing and pumping. Chapter 2 presents preliminary results and numerics on the generation of
acoustic streaming by oscillating sharp-edge structures. Chapter 3 – 6 are expanded versions of published, submitted or soon to be submitted technical research
manuscripts. Each chapter starts with a short introduction/motivation section to
justify the importance and objective of that particular chapter, followed by a brief
literature review to further distinguish the novelty of our work when necessary.
Chapter 7 outlines the summary of this dissertation and discusses the prospective
directions for future research.
Chapter 2 — Acoustic streaming by oscillating sharp-edge structures
This chapter provides an introduction to the concept of generating acoustic streaming using oscillating sharp-edge structures. We introduce our typical experimental
10

setup, device configuration, as well as typical design parameter of sharp-edge structure for the generation of acoustic streaming. We conduct preliminary experiments
to verify whether or not, acoustically oscillating sharp-edge structures can result
in acoustic streaming. Based on these preliminary results, we are able to engineer
acoustic streaming patterns by modifying sharp-edge structure for applications
that are presented in Chapter 3 – 6. Furthermore, in this chapter we also provide
a numeric model for the simulation of acoustic streaming induced by oscillating
sharp-edge structures. By using the numerical model, we are able to match the
experimental results with numerical simulation, enabling us to predict the performance of device for different applications before we fabricate devices.
Chapter 3 — Sharp-edge-based acoustofluidic micromixer
In Chapter 3, an acoustofluidic microfluidic mixer is developed where rapid and
homogeneous mixing of fluid is achieved via the acoustic streaming induced by
oscillating sharp-edge structures. We characterize the mixing performance of our
sharp-edge-based acoustofluidic micromixer by evaluating the mixing index at different locations inside the channel along the direction of channel length. The mixing performance is compared among different driving frequency of piezoelectric
transducer, different tip angles of sharp-edge structure, different driving voltages
of piezoelectric transducer, as well as different flow-rate conditions.
Chapter 4 — Sharp-edge-based acoustofluidic sputum lqiuefier
In this chapter, extending the capability of our sharp-edge-based acoustofluidic micromixer, we mix highly viscous fluid, i.e., human sputum sample, with another
fluid, i.e., sputolysin, which has a viscosity close to that of water, by using a modified sharp-edge-based acoustofluidic micromixer, also named as sputum liqefier.
The sputum sample liqeufied by our acoustofluidic sputum liquefier is characterized and compared with that liquefied by a standard vortex mixer through analysis
including visual comparsion in the composition, cell morphology, cell content, cell
viabilty, and flow cytometry.
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Chapter 5 — Sharp-edge-based acoustofluidic chemical gradient generator
To advance our sharp-edge-based acoustofluidic micromixer, in Chapter 5 we develop an sharp-edge-based acoustofluidic chemical gradient generator by engineering the acoustic streaming patterns generated inside the microfluidic channel. We
demonstrate that by engineering the acoustic streaming patterns, concentration
gradients of chemical of interest are generated because of the serial mixing of different solutions. The gradient profiles are characterized under different flow-rate
conditions and different driving driving voltages of piezoelectric transducer. By
alternating the piezoelectric transducer with different bursting frequencies, our
acoustofluidic gradient generator generate spatiotemporally controllable gradient
profiles. We also verify the biocompatibiliy of our gradient generator by conducting cell-migration experiments under concentration gradients generated using our
device, as well as cell-viabilty tests.
Chapter 6 — Sharp-edge-based acoustofluidic micropump
In Chapter 6, we devote to developing a microfluidic pump using the acoustic
streaming induced by oscillating sharp-edge structures. To do so, we engineer the
geometry of sharp-edge structure , specifically, tilting the sharp-edge structure,
which in turn, alters the acoustic streaming patterns generated inside the channel.
The effect of the sharp-edge structures which are differently tilted on the pumping
performance are investigated and characterized. By controlling the driving signals of piezoelectric transducer, including the driving frequency and voltage, the
pumping performance can be controlled, which leads to versatile flow rate profiles.
Chapter 7 — Conclusions and Outlooks
We conclude this dissertation by summarizing the microfluidic applications that
we have achieved utilizing the acoustic streaming induced by oscillating sharp-edge
structures. Furthermore, we also give prospects for future directions of fundamental studies (i.e., physics and mehcanisms) and biological applications (e.g., cell
manipulation, lysis and enrichment) to advance the sharp-edge-based microfluidic
platforms.
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Chapter

2

Acoustic streaming by oscillating
sharp-edge structures
2.1

Generation of acoustic streaming by oscillating sharp-edge structures

In this work we will utilize the acoustic streaming effects induced by the oscillation
of sharp-edge structures to realize various microfluidic applications for, particularly, fluid mixing and pumping. In this section, we present preliminary experimental results to show the acoustic streaming patterns induced by acoustically
oscillating sharp-edge structures inside polydimethylsiloxane (PDMS)-based microfluidic channels.
Figure 2.1(a) shows a typical setup of a sharp-edge-based microfluidic device,
which is consisted of a single-layer PDMS channel with sharp-edge structures protuding on its sidewall and is bonded onto a thin glass slide. A circular piezoelectric
transducer is then attached adjacent to the PDMS channel using a thin layer of
epoxy/glue. Upon the actuation of the piezoelectric transducer, the sharp-edge
structures are acoustically oscillated to generate a pair of counter-rotating vortices
(double-ring recirculating flows) in the fluid around the tip of each sharp-edge
structure, as shown in Fig. 2.1(b). The typical design for the device and sharpedge structure are shown in Fig. 2.1(c): the channel is 600 µm in width and 50 µm
in length, while the sharp-edge structure is 250 µm in height and 15◦ in tip angle.
Depending upon various applications of interest, the dimensions of the channel
13

Figure 2.1. (a) Schematic of the device showing a micro-fluidics channel with sharpedge structures on its sidewalls. The channel walls are subjected to a time-harmonic
excitation produced by a piezoelectric transducer placed on one side of the channel.
(b) Typical micro streaming patterns produced in the fluid occupying the channel as a
response to piezoelectric excitation. (c) Typical geometric dimensions of the corrugated
channel.

and sharp-edge structure can be modified accordingly.
Note that the location of the piezoelectric transducer should not have significant
effects, since the size of the piezoelectric transducer is much larger than that of
the PDMS channel. To ensure the consistency and reproducibility of experimental
results when conducting experiments, after peeling off from silicon molds, the
PDMS channels are always cut and trimmed by aligning the four markers as shown
in Fig. 2.2, which allows us fabricate devices with exactly identical size, and then
the piezoelectric transducer is attached to PDMS wall as close as possible. In other
words, by doing so we are able to minimize device-to-device variations.
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Figure 2.2. Arrangement of the PDMS channel and piezoelectric transducer.

2.1.1

Acoustic streaming effect under no background flow

To visualize acoustic streaming patterns generated inside the channel, DI water
mixed with dragon-green fluorescent beads of 1.9 µm in diameter was injected
into the channel. Figure 2.3 shows when there was no background flow, the flow
pattern of fluorescent beads inside the channel under different driving voltages of
the piezoelectric transducer. When the piezoelectric transducer was inactivated
(i.e., switched OFF), the fluorescent beads remained stationary inside the channel, as shown in Fig. 2.3(a). Once the piezoelectric transducer was activated (i.e.,
switched ON) under a driving voltage of 10 VPP , a pair of symmtric counterrotating vortices, namely, acoustic streaming effect, was developed around the tip
of each sharp-edge structure, as shown in Fig. 2.3(b), and as the driving voltage
was further increased from 10 to 50 VPP , the strength of acoustic streaming effect was enhanced accordingly, and the symmetric vortices spanned gradually the
entire channel (Fig. 2.3(c)-(d)). These results suggest that the strength of acoustic
15

Figure 2.3. Fluorescent images showing flow patterns visualized using dragon-green
fluorescent beads seeded randomly inside the channel under no background flow at different voltages: (a) 0 VPP , i.e., switched-OFF, (b) 10 VPP , (c) 20 VPP , (d) 30 VPP ,
(e) 40 VPP , and (f) 50 VPP . When the piezoelectric transducer was inactivated (i.e.,
switched OFF), the fluorescent beads remained stationary inside the channel. Once
the piezoelectric transducer was activated under a driving voltage of 10 VPP , acoustic streaming effect was developed around the tip of each sharp-edge structure and as
the driving voltage was further increased, the strength of acoustic streaming effect was
enhanced accordingly. Scale bar: 250 µm.

streaming effect can be adjusted/controlled by controlling the driving voltage of
the piezoelectric transducer. In other words, we can control over the strength of
acoustic streaming effect for different applications.
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Figure 2.4. Fluorescent images showing flow patterns visualized using dragon-green fluorescent beads seeded randomly inside the channel under a background flow at different
voltages: (a) 0 VPP , i.e., switched-OFF, (b) 10 VPP , (c) 20 VPP , (d) 30 VPP , (e) 40 VPP ,
and (f) 50 VPP . Upon the introduction of a background flow (from left to right), a laminar flow pattern was observed when the piezoelectric transducer was switched-OFF.
Though the piezoelectric transducer was switched-ON with a driving voltage of 10 VPP ,
the acoustic streaming effect could be hardly developed around the tip of each sharp-edge
structure. Once the voltage was further increased from 10 VPP to 50 VPP , the asymmetric acoustic streaming patterns were generated and visibily observed around the tips
of sharp-edge structures. Scale bar: 250 µm.

2.1.2

Acoustic streaming effect under a background flow

As presented in Section 2.1.1, the acoustic streaming effect was developed to be a
pair of symmetric counter-rotating vortices around the tip of sharp-edge structure.
To investigate the effect of background flow on the generation of acoustic streaming effect in the presence of acoustic field, we also conducted experiments where a
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background flow was introduced into the channel at a flow rate of 2 µL/min, which
corresponds to a flow velocity of 2.2 mm/sec. Upon the introduction of a background flow (from left to right), a laminar flow pattern, as shown in Fig. 2.4(a),
was first observed when the piezoelectric transducer was switched-OFF. Though
the piezoelectric transducer was switched-ON with a driving voltage of 10 VPP ,
the acoustic streaming effect could be hardly developed around the tip of each
sharp-edge structure, as shown in Fig. 2.4(b). Once the voltage was gradually increased with a 10 VPP increment (i.e., from 20 to 50 VPP ), the acoustic streaming
effect could be induced and visibly observed (Fig. 2.4); however, instead of symmetric counter-rotating vortices, asymmetric counter-rotating vortices were generated
around the tip of sharp-edge structure. More specifically, the left-side countercolockwise rotating vortice, which is against the direction of the background flow,
was weakened by the background flow. That is to say, the background flow significantly suppressed the ability to oscillate sharp-edge structures to induce acoustic
streaming effect, while raising the driving voltage indeed strengthened the ability
to induce acoustic streaming effect. Nevertheless, the results also suggest that
we can manipulate acoustic streaming patterns by controlling the velocity of background flow, in conjuntion with the control over the driving voltage of piezoelectric
transducer.

2.2

Numerics of acoustic streaming effect induced
by oscillating sharp-edge structure

This dissertation work emphasizes on the experimental generation of acoustic
streaming effect utilizing acoustically oscillating sharp-edge structures and its microfluidic applications. Nevertheless, we also develop a numerical model to simulate
the generation of acoustic streaming to predict as well as optimize the sharp-edgebased device. In this section, we present the governing equations and boundary
conditions that are adopted to develop the numeric model.
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2.2.1

Governing equations

The mass and momentum balance laws that govern the motion of a linear viscous
compressible fluid are expressed as [33, 34]
∂ρ
+ ∇·(ρv) = 0,
∂t

(2.1)

∂v
+ ρ(v·∇)v = −∇p + µ∇2 v + (µb + 31 µ)∇(∇·v),
∂t

(2.2)

and
ρ

where ρ, v, p, µ, and µb are, respectively, the mass density, fluid velocity, fluid
pressure, shear viscosity, and bulk viscosity. To further describe the fluid motion,
we need an equation of state to link the density (ρ) and pressure (p), and a linear
relation between the density and pressure can be assumed by [35]
p = c20 ρ,

(2.3)

where c0 is the speed of sound in the fluid at rest. These equations, with suitable
boundary conditions, can be used to study the motion of the fluid inside sharpedge based devices. The nonlinear system of equations presented above, however, is
numerically challenging to solve via a direct numerical simulation due to the widely
separated time scales (characteristic oscillation periods vs. characteristic times
dictated by the streaming speed) and in some cases, widely separated length scales
(characteristic length of the device vs. wavelength) [36]. SAW devices, for example,
operate typically at the frequency range of 1 − 100 MHz, while the streaming fields
are characterized by time scales of the order of tenth of seconds to several minutes.
Because of viscous dissipation, the response of the fluid to a harmonic forcing,
however, is not harmonic in general. The fluid response can be understood to be
comprised of two components: (i) a periodic component that has a period equal
to the forcing period, and (ii) a mean component that can be viewed as being
steady. The second component is generally referred to as the streaming motion [37].
Following the model we recently proposed [38], we employ Nyborg’s perturbation
approach [5] where the fluid velocity, density, and pressure are assumed to have
the following form
v = v0 + εṽ1 + ε2 ṽ2 + O(ε3 ) + · · · ,
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(2.4a)

p = p0 + εp̃1 + ε2 p̃2 + O(ε3 ) + · · · ,

(2.4b)

ρ = ρ0 + ερ̃1 + ε2 ρ̃2 + O(ε3 ) + · · · ,

(2.4c)

where ε is a non-dimensional small parameter. Following Köster [39], ε is defined
as the ratio between the amplitude of the displacement of the boundary in contact
with the piezo-electrically driven substrate (i.e., the amplitude of the boundary
excitation) and a characteristic length, usually taken to be as the length of the
device. The zeroth order velocity field v0 is considered equal to zero, indicating
the absence of an underlying net flow along the microchannel. Letting
v1 = ṽ1 ,

p1 = p̃1 ,

ρ1 = ρ̃1 ,

v2 = 2 ṽ2 , p2 = 2 p̃2 , ρ2 = 2 ρ̃2 ,

(2.5)

substituting Eqs. (2.4) into Eqs. (2.1) and (2.2), and setting the sum of all the terms
of order one in ε to zero, we can obtain the first-order problem as the following
∂ρ1
+ ρ0 (∇·v1 ) = 0,
∂t
ρ0

∂v1
= −∇p1 + µ∇2 v1 + (µb + 31 µ)∇(∇·v1 ).
∂t

(2.6)
(2.7)

Repeating the above procedure for the terms of order two in ε, and averaging the
resulting equations over a period of oscillation, we can obtain the second-order
problem as the following set of equations

∂ρ2
+ ρ0 ∇·hv2 i = −∇·hρ1 v1 i,
∂t
 


∂v2
∂v1
ρ0
+ ρ1
+ ρ0 hv1 ·∇v1 i
∂t
∂t
= −∇ hp2 i + µ∇2 hv2 i + (µb + 31 µ)∇(∇·hv2 i),


(2.8)

(2.9)

where hAi denotes the time average of the quantity A over a full oscillation time
period. The inertial terms in Eq. (2.9), as Stuart [40] pointed out, can be significant
and must be retained in the formulation for a general case. In addition, the last
term in Eq. (2.9) associated with the bulk viscosity must also be retained in order
to fully elucidate the viscous attenuation of the acoustic wave, both within and
without the boundary layer.
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2.2.2

Boundary Conditions

We presented in Section 2.2.1 the governing equations that are needed to develop
a numeric model for our sharp-edge-based system. In this section, appropriate
boundary conditions are identified to complement the governing equations. As
the precise boundary conditions are problem-specific, in this section we discuss
the boundary conditions that are commonly employed for various case scenarios
considered in this dissertation, and the boundary conditions typically used for the
first-order problem are first discussed.
2.2.2.1

Actuation for sharp-edge devices

As described in Section 2.1, these sharp-edge-based devices are bonded onto thin
glass slides and usually activated by circular piezoelectric transducers. As a result,
the diameter of the piezoelectric transducer, as can be seen in Fig. 2.1(a), is usually
much larger than the transverse width of the channel, so that the channel can be
assumed to be subject to a plane wave parallel to the x direction and traveling in
the y direction. Hence, we assume that the boundary portions Γt and Γb (the solid
lines in Fig. 2.5(b)) are subject to a displacement field w(x, t) of the following form
w(xt , t) = wct cos(2πf t) + wst sin(2πf t),
w(xb , t) = wcb cos(2πf t) + wsb sin(2πf t),

(2.10)

where wct , wcb , wst , and wss are the vector-valued constants, while f is the transducer
oscillation frequency. Thus, the boundary conditions on Γt and Γb for the firstorder problem are v1 (xt,b , t) = ∂w(xt,b , t)/∂t, which gives
v1 (xt,b , t) = −2πf [wct,b sin(2πf t) − wst,b cos(2πf t)],

(2.11)

where the subscripts and superscripts t and b stand for ‘on Γt ’ and ‘on Γb ’, respectively.
Having mentioned the two specific cases of actuation, we remark that the modes
of actuation for microacoustofluidic devices are very diverse. The exact actuation
conditions are usually difficult to identify experimentally and the usual approach
in acoustofluidics is to try different physically meaningful boundary conditions
numerically and validate those with the experimentally observed fluid patterns.
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Noting this, we now describe the usually employed boundary conditions on the
first-order problem for the remaining channel boundaries.

Figure 2.5. (a) A portion of the microfluidics device. (b) Definition of a periodic cell
forming the device.

2.2.2.2

Periodic Boundary Conditions

Referring to Figs. 2.1 and 2.5, we note that sharp-edge-based devices usually consist
of an assemblage of identical cells, thereby allowing one to use a much smaller
computational domain consisting of just one periodic cell, as depicted in Fig. 2.5.
Hence, for both the first- and second-order problems, we enforce periodic boundary
conditions along the x direction, that is on Γ` and Γr . Specifically, for all pairs of
homologous points x` and xr on Γ` and Γr , respectively, we enforce that
v1 (x` , t) = v1 (xr , t) and v2 (x` , t) = v2 (xr , t).
2.2.2.3

(2.12)

Boundary conditions on second-order problem

For the boundary conditions on the second-order problem, we follow the approach
by Bradley [41]. The boundary condition at the bounding surface of the microfluidic channel is the no-slip condition. Bradley noted that in case of rigid boundaries,
this simply refers to the velocity being zero at the boundary but in case of moving
boundaries, the no-slip condition needs to be satisfied at the displaced position of
the surface and not at the initial (or rest) position. Thus, for a surface that has
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moved from r = r0 to r = r0 + u(r0 , t), the no-slip boundary condition (relative
to the solid surface) can be expressed as
∂
u(r0 , t).
(2.13)
r=r0 +u(r0 ,t)
∂t
A Taylor series expansion of this boundary condition about the rest surface of the
solid boundary yields
=

v(r, t)

∂
u(r0 , t).
∂t
(2.14)
Thus the boundary condition to be satisfied by the second-order streaming flow
field should be the time-averaged, O(2 ) component of the above expression, which
gives
v2 (r, t) = − h(u(r0 , t) · ∇)v1 (r, t)i .
(2.15)
v(r, t)

r=r0 +u(r0 ,t)

= v(r, t)

r=r0

+ u(r0 , t) · ∇v(r, t)

r=r0

+ O(3 ) =

We note, however, that in many microacoustofluidic devices, the displacement of
the surface is usually in sub-nanometer range, thus it is possible to neglect the
minute difference between the initial and the deformed positions in some cases.
Noting this, sometimes a zero-velocity boundary condition (as employed by Muller
et al. [42]) is employed for the second-order problem on the boundaries.

2.2.3

Mean trajectories

The most common method for flow visualization in acoustofluidic devices is the
tracking of fluorescent polystyrene spherical beads placed in the fluid. To compare our numerical predictions against the experimental observations, we include
a particle tracking strategy in our numerical formulation. By modeling the bead
as a wave scatterer, Settnes and Bruus [43] calculated the acoustic radiation force
acting on a bead of radius a, mass density ρp , and compressibility κp under the
influence of a wave in the flow as
rad

3

h 2κ

0

Re[f1∗ p∗1 ∇p1 ]

ρ0 Re[f2∗ v1∗

i
· ∇v1 ] ,

−
(2.16)
3
where κ0 = 1/(ρ0 c20 ) is the compressibility of the fluid, Re(A) denotes the real part
of quantity A, the asterisk denotes the conjugate of the quantity and f1 and f2 are
F

= −πa
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given by:
f1 = 1 −

κp
κ0

and f2 =

with
γ=

− 32 [1

+ ı(1 + δ̃)]δ̃,

2(1 − γ)(ρp − ρ0 )
,
2ρp + ρ0 (1 − 3γ)

δ
δ̃ = ,
a

r
δ=

µ
.
πf ρ0

(2.17)

(2.18)

It must be noted that since we do not know a priori the type of waves setup in our
systems, we use the general form of the radiation force, as mentioned in Eq. (2.16),
without making any assumptions about the nature of the wave. In addition to the
radiation force, a bead is assumed to be subject to a drag force proportional to
vp − hv2 i, which is the velocity of the bead relative to the streaming velocity.
When wall effects are negligible, the drag force is estimated via the simple formula

Fdrag = 6πµa hv2 i − vp . The motion of the bead can then be predicted via the
application of Newton’s second law
mp

dvp
= Frad + Fdrag ,
dt

(2.19)

where mp is the mass of the bead. In many microacoustofluidic problems the
inertia of the bead can be neglected since the characteristic time of acceleration is
small in comparison to the time scale of the motion of the particles [44]. Doing so,
Eq. (2.19) can be solved for vp
vp = hv2 i +

Frad
.
6πµa

(2.20)

For an “ideal tracer”, a bead with the same density and compressibility as the
surrounding fluid, Frad = 0 and the bead’s velocity coincides with the streaming
velocity. However, the trajectories of the streaming velocity field are not fully representative of the mean trajectories of the fluid’s particles as the latter are subject
to a drift effect known as Stokes drift [45]. The theory around the Stokes drift
is developed without reference to the motion of a bead in the fluid and therefore
it can be viewed as a theory for the identification of mean trajectories of fluid
particles. We adopt the theory of Lagrangian mean flow described by Bühler [46],
and employed by Vanneste and Bühler [47], in which mean particle paths are the
trajectories of a velocity field referred to as the Lagrangian velocity, denoted by
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vL , and given by
vL = hv2 i + h(ξ1 · ∇)v1 i,

(2.21)

where the field ξ1 (x, t) is the first-order approximation of the lift field ξ(x, t). The
latter is defined such that x + ξ represents the true position at time t of a particle
with mean position at x (also at time t). By asymptotic expansion, ξ1 is such that
∂ξ1
= v1 .
∂t

(2.22)

For a steady problem, the trajectories of the fluid particles are then the streamlines
of vL , which can be calculated by combining the second-order solution with the
calculation of the lift field, which in turn is obtained from the first-order solution.

2.2.4

Numerical Implementation

2.2.5

Overview of algorithm

Having described the governing equations and the common boundary conditions,
we present the general solution approach employed to calculate the solutions.
1. Given a computational domain and the appropriate problem-specific boundary conditions, we seek time-harmonic solutions for v1 and p1 in the firstorder problem governed by Eqs. (2.6) and (2.7).
2. Having obtained the first-order solution, the forcing terms and boundary
conditions for the second-order problem are calculated and employed with
Eqs. (2.8) and (2.9) to solve for hv2 i and hp2 i in the second-order problem.
3. Combining information from the first-and second-order solution, the acoustic
radiation force, the hydrodynamic drag as well as the Stokes drift terms are
calculated in accordance with the theory described in the Sec. 2.2.3. Lastly,
using these forces and correction terms, the mean trajectories of the particles
are calculated.
The numerical solution was obtained via an in-house finite element code based
on the deal.II finite element library [48, 49] (http://www.dealii.org). While
our numerical implementation is dimension independent, most of the solutions dis-
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cussed later are for two-dimensional problems. The simulations for each application
considered in this dissertation are presented in the corresponding chapters.

2.3

Summary

In this chapter, we first introduce the conetp of the generation of acoustic streaming by acoustically oscillating sharp-edge structures, typical configuration of sharpedge-based devices, their experimental setup and design parameter of sharp-edge
structure, and then we present preliminary results on the generation of acoustic
streaming using oscillating sharp-edge structures. By engineering acoustic streaming patterns through the alteration of design of sharp-edge structure, we can
achieve various microfluidic applications as presented in the following chapters.
Furthermore, we propose a numeric modet to simulate the acoustic streaming induced by oscillating sharp-edge structures. With the proposed numeric model, we
are able to predict the preformance of sharp-edge-based devices; in other words,
we can numerically optimize the design of sharp-edge-based devices prior to their
fabrication.
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Chapter

3

Sharp-edge-based
acoustofluidic micromixer
In Chapter 2, we have presented preliminary experimental results showing the
generation of acoustic streaming by acoustically oscillating sharp-edge structures.
In this chapter, we demonstrate rapid and homogeneous mixing of fluid inside a
microfluidic channel via the acoustic streaming effect induced by the oscillation of
sidewall sharp-edges. By optimizing the design of the sharp-edges, excellent mixing
performance and fast mixing speed can be achieved in a simple device, making
our sharp-edge-based acoustofluidic micromixer a promising candidate for a wide
variety of applications. The work presented in this chapter has been reported on
The 17th International Conference on Miniaturized Systems for Chemistry and Life
Sciences (MicroTAS 2013), published in Journal of Lab on a Chip [50] and selected
as a Lab on a Chip HOT Article of 2013.

3.1

Motivation

The ability to achieve rapid and homogeneous mixing of chemical/biological species
enables a wide variety of applications, such as chemical kinetic studies [51, 52] and
nanomaterial synthesis [53, 54]. While microfluidic devices seem to be an excellent platform for carrying out these studies due to their short reaction times, high
throughput, and reduced reagent consumption, effectivley mixing fluids at the
microscale is not a trivial process [55–57]. Due to inherently small channel dimen-
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sions, the flow of fluid in microfluidic devices is usually laminar; under laminar
flow conditions, viscous forces domniate oer inertial foces and fuids are not easily
mixed. To enable microfluidic applications where requires uniform mixing of fluids,
a number of micormixing methods have been reported. These methods include,
but not limited to, chaotic advection [58–60], hydrodynamic focusing [61,62], electrokinetically driven mixing [63–65], 3D combinatorial mxing [66, 67], meandering
channels as well as magnetically [68, 69], thermally [70], and optically [71] induced
mixing.
Recently, acoustic-based micromixer have attracted significant attention due to
their non-invasive nature [72–74] and simple mixing mechanism. In acoustic-based
mixers, acoustic waves propagate into fluid media and induce pressure fluctuations,
resulting in the disturbance of the laminar-flow pattern to facilitate mixing [75–81].
The mixing performance of acoustic-based mixers can be further improved through
the use of microbubbles in the microfluidic channel. When microbubbles are coupled with an acoustic wave, the acoustic streaming phenomenon [25] is developed.
This phenomenon results in a more prominent pertubation of the surrounding fluids, greatly faciliating the mass transport of fluids. Thus far, microbubble-based
acoustic mixers [9–12] have been used for characterizing enzyme reactions [52], enhancing DNA hybridization [9,82], generating chemical gradients [83], and developing advanced optofluidic devices [26]. Although acoustically driven, bubble-based
micromixers have shown tremendous potential in a wide variety of applications,
there are many concerns regarding bubble instability [11, 26], heat generation [80],
and inconvenient bubble-trapping processes. To take advantage of acoustic streaming without the drawbacks of microbubbles [20, 84], we should explore alternative
methods that can effectively and conveniently generate acoustic streaming. In this
chapter, we demonstrate reapid and homogeneous micromixing through the acoustic streaming induced by the oscillation of the sidewall microstructures known
as “sharp-edge structure”. This sharp-edge-based acoustofluidic micromixer can
achieve rapid, homogeneous mixing with minimum hardware. In addition, the
operation of the devices is extremely simple, and the mixing can be conveniently
toggled on and off.
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3.2

Working mechanism

Figure 3.1(a) shows the experimental setup of the sharp-edge-based acoustofluidic micromixer. A single-layer polydimethylsiloxane (PDMS) channel with eight
sharp-edge structures on its sidewall (four on each side) was fabricated and bonded
onto a glass slide. A piezoelectric transducer (model no. 273-073, RadioShack
Corp.) was then attached adjacent to the PDMS channel using a thin layer of
epoxy (PermaPoxyTM 5 Minute General Purpose, Permatex). Upon the actuation of the piezoelectric transducer, the sharp-edge structures were acoustically
oscillated to generate a pair of counter-rotating vortices (double-ring recirculating flows) in the fluid around the tip of each sharp-edge structure, as shown in
Fig. 3.1(b). The double-ring recirculating flows will drastically enhance the mass
transport across the channel width by breaking the interface of laminar fluids.
Figure 3.1(c) shows the design of the microchannel with sidewall sharp-edge structures. The length, width and depth of the microchannel were 1 cm, 600 µm, and
50 µm, respectively; each sharp-edge structurewas designed to have a constant
height of 250 µm and variable tip angle (α). Four different tip angles, 15◦ , 30◦ ,
45◦ and 60◦ , were chosen to investigate the resulting acoustic streaming effect and
then to determine the optimal tip angle for best mixing performance.
To demonstrate and characterize the fluid flow pattern inside the channel due
to the acoustic streaming, a solution containing 1.9 µm-diameter dragon green fluorescent beads (Bangs Laboratory) was first infused into the channel. Figure 3.2(a)
shows the flow pattern of fluorescent beads in the absence of acoustic activation
(with the piezoelectric transducer OFF). In the presence of acoustic activation
(with the piezoelectric transducer ON), oscillating sharp-edge structure induced
a strong acoustic streaming effect (Fig. 3.2(b)). The resulting acoustic streaming greatly enhanced the mass transport of the two fluids by perturbing the bulk
flow and breaking the interface of laminar flow, thereby enabling fast and homogeneous mixing.
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Figure 3.1. (a) Schematic of the sharp-edge-based acoustofluidic mixing device.
This device includes a PDMS microfluidic channel and a piezoelectric transducer. (b)
Schematic showing the acoustic streaming phenomenon developed around the tip of an
acoustically oscillated sharp-edge structure. (c) Schematic showing the detailed dimensions of the channel and sharp-edge structure.

3.3
3.3.1

Results and Discussions
Determination of driving frequnecy

The mixing performance of our sharp-edge-based micromixer was characterized by
co-injecting DI water and fluorescent dye (fluorescein) into the channel through
two separate inlets. The sharp-edge structures were acoustically oscillated by the
piezoelectric transducer, which was driven by an amplified sine-wave signal from a
function generator (AFG3011C, Tektronix) and an amplifier (25A250A, Amplifier
Research).
To determine the driving frequency of the piezoelectric transducer at which the
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Figure 3.2. Characterization of the flow pattern with/without acoustic streaming. (a)
In the absence of acoustic waves, a laminar flow pattern was observed in a solution containing fluorescent beads. (b) In the presence of acoustic waves, acoustic streaming was
developed in the liquid around the tips of sharp-edge structures.

oscillating sharp-edge structures generate the strongest acoustic streaming effect,
we first tested the device with 15◦ sharp-edge structures, and swept the frequency
with a 50 Hz increment from 1 kHz to 100 kHz. Our experimental results indicated that the strongest acoustic streaming effect was generated when the sharpedge structures were excited at the frequency of 4.50 kHz. Figure 3.3(a) shows
the unmixed laminar flow profile at a flow rate of 1 µL/min with the piezoelectric
transducer OFF, in which a clear fluid interface was observed. Figures 3.3(b) (d) show the mixing results due to the presence of acoustic waves at frequencies of
4.25 kHz, 4.50 kHz, and 4.75 kHz, respectively. Homogeneous mixing of DI water
and fluorescein was achieved when the sharp-edge structures were excited at the
frequencies of 4.50 kHz and 4.75 kHz, while incomplete mixing was observed at the
frequency of 4.25 kHz. To further verify the mixing performance and identify the
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optimized driving frequency of the piezoelectric transducer, the cross-sectional dye
concentration profiles (the dashed lines in Fig. 3.3) were plotted by measuring the
gray-scale values of the experimental images. Figure 3.3(e) shows the normalized
dye concentration profile across the channel width under the three driving frequencies. The concentration profiles show that a uniform gray-scale value distribution
across the channel width was observed at the frequency of 4.50 kHz, suggesting
that 4.50 kHz is the proper driving frequency to develop the strongest acoustic
streaming phenomenon and thus, achieve optimized mixing performance.
In our experiments, in fact, we also tested the devices with three different tip
angles (30◦ , 45◦ and 60◦ ), and swept the frequency with a 50 Hz increment from
1 kHz to 100 kHz. From the experimental results, we found that the amplitude of
motion was dependent on the resonant frequency of the piezoelectric transducer,
which is about 4.50 kHz, instead of the resonance frequency of sharp-edge structure.
In other words, 4.50 kHz was the optimized frequency for all the devices with
different angles, explaining why we compared mixing performance with different
tip angles at the frequency of 4.50 kHz. To be more specific, we were unable to
identify any optimum driving frequencies for the devices with 30◦ , 45◦ and 60◦ ,
since no acceptable mixing was even observed for the three cases. Therefore, we
were unable to give any discussion about what are the optimum driving frequency
for the devices with 30◦ , 45◦ and 60◦ . As a result, the frequency of 4.50 kHz was
used in all the following experiments.

3.3.2

Mixing performances of various tip angles

Once the driving frequency was determined, we investigated the effect of the tip
angle of sharp-edge structure on the mixing performance. To quantitatively characterize the mixing performance along the entire length of the channel, we measured
the mixing index (M ) of fluids at five different positions (indicated as 1, 2, 3, 4, and
5 in Fig. 3.4) along the channel. The mixing index was defined as the standard deviation of normalized gray-scale value, which were extracted from the experimental
images obtained, and was calculated based on the following equation [85]:
v
u n 

u 1 X Ii − Im 2
M =t
n i=1
Im
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(3.1)

Figure 3.3. Characterization of the mixing performance under different driving frequencies of the piezoelectric transducerfor our sharp-edge-based acoustofluidic micromixer.
(a) A laminar flow pattern was observed when thepiezoelectric transducer was off. (b)
4.25 kHz: Incomplete mixing. (c) 4.50 kHz and (d) 4.75 kHz: Excellent mixing was
achieved. (e) Plots of normalized fluorescent concentration across the width of channel.

where Ii is the gray-scale value at a given point, Im is the average gray-scale value,
and n is the total number of sampled points along the width of the channel. By
using this equation, we can know that the mixing index is actually the standard
deviation of gray-scale values along the width of the channel. Therefore, evaluating
the mixing performance by calculating the mixing index should have the least
uncertainties.
A mixing index of 0.5 indicates completely unmixed fluids, while a mixing in33

Figure 3.4. Schematic of the microchannel with sidewall sharp-edge structures. The
mixing index was characterized at five different positions (positions 1 – 5, indicated by
the dashed white lines in the figure).

dex of 0.0 indicates completely mixed fluids. A mixing index of 0.1 was chosen
as the upper-level threshold for acceptable mixing. Figure 3.5 shows the mixing
efficiencies of the four different tip angles of sharp-edge structures at a flow rate of
2 µL/min (4 µL/min for the total flow rate of the two co-injected fluids), the driving frequency of 4.50 kHz, and a driving voltage of 31 VPP (peak to peak). With
a tip angle of 15◦ , a mixing index of 0.065 was achieved at position 2 (Fig. 3.5(a)),
suggesting excellent mixing of DI water and fluorescein. For sharp-edge structure with a tip angle of 30◦ , acceptable mixing was observed only at position 5
(Fig. 3.5(b)), suggesting that a longer mixing distance was required. Incomplete
mixing was observed for sharp-edge structures with a tip angle of 45◦ (Fig. 3.5(c)).
With a tip angle of 60◦ , a side-by-side laminar flow was observed due to the unmixed fluids (even in the presence of acoustic wave), and only negligible mixing,
which was caused by diffusion, was observed at downstream positions (Fig. 3.5(d)).
The results showed that as the tip angle of sharp-edge structure was decreased,
the mixing performance significantly improved. The results can be explained by
approximating the oscillation of sharp-edge structure as the vibration of cantilever
. As shown in Fig. 3.6, the sharp-edge structure is connected to the top (i.e., the
bulk PDMS) wall and bottom wall (i.e., the glass slide) of the channel, which suggests that the tip vibration is restricted in the vertical direction (side view). At the
tip region, however, the sharp-edge structure is infirmly bonded to the bottom wall
of the channel, because the surface area is too small to provide sufficient bonding
force for the sharp-edge structure to be firmly bonded to the the bottom wall. As
a result, once an external force is applied (acoustic energy in this case), the infirm
connection of tip to the bottom wall of the channel would induce the tip vibration
in the horizontal direction as shown in Fig. 3.6 (top view). For the vibration of
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Figure 3.5. Characterization of the mixing performance with different tip anlges of
sharp-edge structures. (a) 15◦ : Excellent mixing was quickly achieved after position 2.
(b) 30◦ : Acceptable mixing was achieved after position 4. (c) 45◦ : Incomplete mixing.
(d) 60◦ : A laminar flow pattern was observed even if the piezoelectric transducer was ON.
(e) Plots of mixing indices at different positions along the microchannel with different
tip angles of sharp-edge structures.

cantilever, one can use the following equation,
k=

Ewt3
F
=
δ
4L3

(3.2)

where k is the spring constant, E is the Young’s modulus of material, w is the width
of cantilever, t is the thickness of the cantilever, and L is the length of the cantilever.
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Figure 3.6. Schematic of the sharp-edge structure in the microfluidic channel.

Sharp-edge structures with different tip angles in this study all have the same values
for Young’s modulus, equivalent widths (50 µm), and equivalent lengths (250 µm).
The only variable that changes with varying tip angles is the thickness, which
increases as the angle increases. Thus the sharp-edge structure with a smaller
tip angle should have a lower spring constant. If the input power is constant, a
lower spring constant of the cantilever will cause a larger amplitude of vibration
at the free end of the cantilever. Treating each single sharp-edge structure as
one cantilever, similarly, the sharp-edge structures with a tip angle of 15◦ should
have the largest vibration amplitude because of its smallest spring constant. This
explains why the sharp-edge structures with the tip angle of 15◦ induced stronger
acoustic streaming effect than those with tip angles of 30◦ , 45◦ , or 60◦ .

3.3.3

Mixing performances under different driving
voltages

Mixing performance was further characterized by applying different driving voltages to the piezoelectric transducer. Figure 3.7 shows the mixing performance with
different driving voltages at a flow rate of 2 µL/min and the driving frequency of
4.50 kHz. The results show that as the driving voltage of the piezoelectric trans36

Figure 3.7. Characterization of the mixing performance under different driving voltages. (a) 15 VPP V: Acceptable mixing was achieved after position 3. (b) 23 VPP , (c)
31 VPP , and (d) 39 VPP : Acceptable mixing was quickly achieved after position 2. (e)
Plots of mixing indices at different positions along the microchannel under different
driving voltages.

ducer was increased, the mixing efficiency was improved, and acceptable mixing
was observed starting from position 2 with driving voltages of 23 VPP , 31 VPP ,
and 39 VPP . With a driving voltage of 15 VPP , the acceptable mixing index was
achieved at position 3, suggesting that a lower driving voltage induced weaker
acoustic streaming effect; therefore a longer mixing distance was needed.
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3.3.4

Mixing performances under different flow rates

Figure 3.8 shows the mixing efficiency at different flow rates (1, 2, 3, 4, and
5 µL/min) with the driving frequency of 4.50 kHz and the driving voltage of 31 VPP .
At lower flow rates (i.e., 1 and 2 µL/min), acceptable mixing was achieved at position 2, which suggests excellent mixing of the two fluids and shorter mixing distances were needed for lower flow rates (Figs. 3.8(a) and (b)). For higher flow rates
(i.e., 3, 4, and 5 µL/min), the mixing index at position 2 was increased with an increase in flow rate, and acceptable mixing was only observed after passing position
3. The results suggest that the mixing index increases as flow rate increases, since
the ability to oscillate sharp-edge structuresto induceacoustic streaming might be
suppressed by high flow rates.
The upper limit of flow rate, by which we achieved a mixing index less than
0.1 after passing position 2 (after the first pair of sharp-edges), was 2 µL/min
(4 µL/min for the total flow rate of two coinjected fluids), as shown in Fig. 3.8(e).
Although mixing indices less than 0.1 were achieved with the flow rates higher
than 2 µL/min, they were only observed after passing position 3, suggesting a
longer mixing distance. Finally we characterized the mixing time of the sharpedge-based micromixer. The average mixing time (τs ) was estimated using the
following equation,
Lmix
(3.3)
τs =
Vavg
where τs is the mixing time, Lmix is the distance from unmixed to completely mixed
regions, and Vavg is the average fluid velocity. The mixing distance was measured
to be approximately 400 µm from Fig. 3.8(b), and the average fluid velocity was
calculated to be 2.2 mm/s by dividing the combined flow rate by the cross-sectional
area of the channel (600 µm by 50 µm). The mixing time was thus calculated to
be around 180 ms which is comparable to those of existing microfluidic mixers
[9, 11, 74–77]. We believe that the mixing time can be further shortened through
the optimization of design parameters, such as the distance between consecutive
single sharp-edge structure or the height of sharp-edge structure.
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Figure 3.8. Characterization of the mixing performance under different flow rates. (a)
1 µL/min: Excellent mixing due to low flow rate. (b) 2 µL/min: Acceptable mixing
was achieved. (c) 3 µL/min and (d) 4 µL/min: Acceptable mixing was achieved only
after position 3. (e) Plots of mixing indices at different positions along the microchannel
under different flow rates..

3.4

Summary

In conclusion, we present an acoustofluidic micromixer based on the acoustic
streaming effects induced by oscillating sharp-edge structures. The recirculating
flows induced by the oscillation of sharp-edge structures allow two fluids to interchange and thus enhances the mass transport across the channel, greatly improving
the mixing efficiency. We have demonstrated that homogeneous mixing across the
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channel width can be achieved and the mixing time was calculated to be ∼ 180 ms.
The effects of the geometry of sharp-edge structure, the driving frequency and driving voltage of the piezoelectric transducer, and the flow rate on mixing performance
were thoroughly investigated. Our sharp-edge-based acoustofluidic micromixer has
many desirable characteristics, such as its excellent mixing performance, simplicity,
convenient and stable operation, fast mixing speed, and ability to be toggled onand-off. These characteristics make it promising for a wide variety of lab-on-a-chip
applications.
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Chapter

4

Sharp-edge-based acoustofluidic
sputum liquefier
In Chapter 3, we have demonstrated rapid and homogeneous fluid mixing by using
our sharp-edge-based acoustofluidic micromixer for rapid and homogeneous fluid
mixing. Extending the capability of our micromixer, in this chapter, we demonstrate the first microfluidic-based on-chip liquefaction device for human sputum
samples. Our device is based on an acoustofluidic micromixer using oscillating
sharp-edge structures. This acoustofluidic sputum liquefier can effectively and
uniformly liquefy sputum samples at a throughput of 30 µL/min. Cell viability
and integrity of the sputume samples are maintained during the sputum liquefaction process. Our acoustofluidic sputum liquefier can be conveniently integrated
with other microfluidic units to enable automated on-chip sputum processing and
analysis. The work presented in this chapter has been reported on the international conference of 2015 Annual Meeting of Biomedical Engineering Society
(BMES), published and featured as the Front Cover Article in Journal of Lab
on a Chip [86].

4.1

Motivation

Effective processing and analysis of sputum samples are critical to the development
of diagnostic platforms and personalized treatment approaches for pulmonary diseases, ranging from asthma [87, 88] to tuberculosis (TB) [89, 90]. The current
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sputum processing and analysis techniques involve labor-intensive procedures that
are typically performed only at specialized research and clinical centers. Given the
complexity of sputum processing and analysis protocols, appropriate training and
quality control are required of the staff that perform the tests. The need for highly
trained personnel, however, limits the widespread utilization of the current sputum
processing and analysis approaches for the care of patients with pulmonary diseases. Furthermore, since the processing and analysis of induced sputum samples
is operator-dependent, the possibility of error or inter-operator variability can potentially confound the results. Moreover, all human specimens, even from healthy
individuals, may be infectious. Conventional sputum processing and analysis assays also have biosafety concerns because in these approaches, sputum samples
need to be handled manually by the operator and run through several instruments. Therefore, there is a pressing need for a new approach that can liquefy and
analyze sputum in a closed liquid environment within a single device in an automated manner. This type of approach will not only enable biohazard containment
but will also promote standardization and reproducibility of liquefaction relative
to the traditional, operator-dependent method.
Microfluidics is ideally suited to the development of a next-generation sputum
liquefaction and analysis platform. Microfluidic-based approaches are advantageous for this application due to their automation, biohazard containment, fast
reactions, reduced reagent consumption, and low cost of manufacture. Thus far,
microfluidic-based approaches for sputum analysis have been developed [91–95];
however, microfluidic based sputum liquefaction has not yet been reported. Developing a microfluidic-based sputum liquefier is challenging because human sputum
samples are highly viscous and the Reynolds number in a microfluidic sputum
liquefier is extremely low.
In this chapter, we demonstrate for the first time, to the best of our knowledge,
the microfluidic liquefaction of human sputum samples. Our approach is built
upon an acoustofluidic (i.e., the fusion of acoustics and microfluidics) micromixer
that we developed in Chapter 3 [38, 50]. This sharp-edge-based acoustofluidic micromixer realizes rapid, homogeneous mixing of two fluids by exploiting the acoustic streaming effects induced by oscillating sharp-edge structures inside a microfluidic channel [50,96]. Using this approach, we are able to consistently liquefy human
sputum samples without compromising cell viability or sample integrity. Further42

more, as the viscosity of clinical sputum samples can vary between patiens with
different levels of disease activity, the ability of our device to liquefy sputum samples with a wide range of viscosities is valuable. The controllability and tunability
of our acoustofluidic sputum liquefier enables us to liquefy sputum samples of a
wide range of viscosities by adjusting the voltage applied to a piezoelectric transducer (PZT). Our acoustofluidic device features advantages such as simplicity of
use, automation, low cost and flexibility; these advantages are ideal for the future
development of an automated, all-in-one, on-chip sputum processing and analysis
device.

4.1.1

Standard liquefaction procedure

The standard procedure for the liquefaction of sputum [97] is comprised of two
steps. First, the sputum sample is uniformly mixed with an equal volume of
0.1% dithiotreitol (DTT) (Sputolysin reagent, Cat no. 560000, EMD Millipore,
Billerica, MA, USA) using a vortex mixer for 30 seconds and incubated at room
temperature for 15 minutes. Next, the sample is filtered through a sterile cell
strainer with a 100 µm mesh size (Cat no. 22363549, Fisher Scientific Inc., USA)
to isolate a uniform single-cell suspension. Lastly, the liquefied sputum sample is
then centrifuged at 1500 rpm for 5 minutes, and the pelleted cells are re-suspended
in PBS (Cat no. 10010-049, Life Technologies, NY, USA) or medium such as RPMI
1640 (Cat no. 11875-093, Life Technologies, NY, USA), for further analysis.

4.2

Working concept

Figure 4.1 illustrates the working concept of our acoustofluidic sputum liquefier.
Samples of sputum and an equal volume of DTT solution were co-injected into the
acoustofluidic device where they mixed uniformly in the presence of an acoustic
field. The yield is equivalent to a standard sputum-liquefaction procedure using a
vortex mixer. In the standard procedure for sputum liquefaction, a sputum sample
is mixed with DTT solution using a vortex mixer for 30 seconds. By comparison,
our acoustofluidic liquefaction device is composed of serpentine microchannels with
sharp-edge structures, called the "liquefaction region" as diagrammed in Fig. 4.2.
By doing so, we repeatedly, uniformly mixed the sputum sample and the sputolysin
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Figure 4.1. (a) Schematic of the acoustofluidic sputum liquefier. Experimental images
showing the mixing of fluorescein and DI water when (b) PZT was off: a laminar flow
pattern was observed; (c) PZT was on: excellent mixing of two fluids was achieved. (d)
Photograph of our acoustofluidic sputum liquefier. (e) Drawing showing the detailed
design of our acoustofluidic sputum liquefier. Simulated results showing the Lagrangian
mean flow velocity when the fluid is (f) water and (g) a high viscosity fluid (such as
sputum) with a viscosity ten times that of the water. Circular streamlines are observed
in both cases indicating excellent mixing in both cases.

for as long as 30 seconds.
We were concerned that microchannels might be easily clogged by viscous sputum samples. Therefore, we designed our acoustofluidic device with two parallel
sputum-liquefying channels on a single device to prevent the channels from clogging. As a result, even if one of the channels is blocked with sputum, the other
will still function. In the standard sputum liquefaction process, sterile cell strainers
with a 100 µm mesh size are used to isolate cells from liquefied sputum samples
and obtain a uniform single-cell suspension. To perform this filtration step onchip, instead, a series of parallel, narrow 100 µm wide channels were designed and
constructed at a downstream region, named the "filtration region" as diagrammed
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Figure 4.2. Drawing showing the detailed design of our acoustofluidic sputum liquefier.

in Fig. 4.2. These narrow channels not only isolate cells in the liquefied sputum
sample, but also prevent the particularly viscous portions of the sputum sample
from collecting at the outlet. Additionally, they filter debris from the sputum.
Numerical simulation was also conducted to prove the concept of liquefying
high viscous fluids using our acoustofluidic sputum liquefier. Figure 4.3 shows
the comparison of mean Lagrangian flow velocity for fluids of different viscosities, simulated with COMSOL (Multiphysics 5.0, COMSOL Inc.) by a numerical
method that we reported in Section 2.2.3 [38]. Figure 4.3(a) shows the mean Lagrangian flow velocity for water, while Fig. 4.3(b) shows the velocity for a fluid of
viscosity 10 times that of water. Circular streamlines spanning the width of the
channel were observed in both cases, indicating good mixing capability. However,
the magnitude of mean Lagrangian velocity is found to decrease with increasing
viscosity for the same amplitude of vibration, necessitating greater input power
for mixing fluids with high viscosity. A similar trend has been reported for bulk
acoustic wave devices by Muller et al. [42]. Thus, the numerical results shown in
Figs. 4.3(a) - (b) confirm the capability of our acoustofluidic device to mix high
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Figure 4.3. Simulated results showing the Lagrangian mean flow velocity when the
fluid is (a) water and (b) a high viscosity fluid (e.g., sputum) with a viscosity ten times
that of the water. Circular streamlines are observed in both cases, thereby indicating
excellent mixing in both cases.

viscosity fluid. High velocities near sharp-edge structures result from the large values of Stokes drift near the sharp-edge structure (Figs. 4.3(a) - (b)); the acoustic
streaming speeds in the bulk of the channel are much lower.

4.3
4.3.1

Materials and methods
Device fabrication and operation

Fig. 4.4(a) represents a photograph of our acoustofluidic device for sputum liquefaction. A single-layer PDMS device was bonded to a 150 µm thick glass slide
(Cat no. 48404-454, VWR, USA). A piezoelectric transducer (Part no. 81-7BB27-4L0, Murata Electronics, Japan) was bonded adjacent to the PDMS device on
the same glass slide using a thin layer of epoxy (Part no. G14250, DEVCON, MA,
USA). The activation of the piezoelectric transducer was controlled by amplified
square-wave signals from a function generator (AFG3011C, Tektronix, OR, USA)
and an amplifier (25A250A, Amplifier Research, WA, USA). The PDMS device
was 100 µm in channel depth, and 600 µm in channel width for those channels in
liquefaction region.
The sputum sample and the DTT solution were infused into our acoustofluidic sputum liquefaction device by two separate inlets through two separate 1 mL
syringes (McKesson, CA, USA), which were controlled by one automated syringe
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Figure 4.4. (d) Photograph of our acoustofluidic sputum liquefier. Experimental images
showing the mixing of fluorescein and DI water when (b) PZT was off: a laminar flow
pattern was observed; (c) PZT was on: excellent mixing of two fluids was achieved.

pump (neMESYS, Germany). The liquefied sputum sample was then collected
through the outlet to a 1.5 mL centrifuge tube. Every 15 minutes, a 1.5 mL
centrifuge tube filled with approximately 500 µL of liquefied sputum sample was
replaced by an empty 1.5 mL centrifuge tube, to continue the collection of liquefied
samples for further sample characterization and analysis. Before conducting liquefaction experiments with sputum samples, all of our acoustofluidic devices were
experimentally tested with DI water and fluorescein to determine the optimized
working frequencies of piezoelectric transducer to achieve uniform mixing of these
two solutions. Based on these tests, 5.50 kHz was determined to be the working
frequency for all our liquefaction devices; all the liquefaction experiments were conducted at this frequency. Detailed procedures to determine the optimized working
frequency for the piezoelectric transducer are described in Section 4.3.2. And as
an example of mixing two different solutions, Fig. 4.4(b) shows an unmixed laminar flow of two different solutions (DI water and fluorescein) when a piezoelectric
transducer was inactivated, whereas Fig. 4.4(c) shows uniform mixing of the two
solutions when the piezoelectric transducer was activated. Mixing performance of
the two solutions at different regions in the channel is characterized and discussed
in Section 4.3.3.
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Figure 4.5. Characterization of the mixing performance at the beginning of the channel
under different driving frequencies of the PZT. (a) A side-by-side laminar flow pattern
was observed when the piezoelectric transducer was switched off. (b) 5.75 kHz: Incomplete mixing due to weaker acoustic streaming effect. (c) 5.50 kHz: Uniform mixing was
observed. (d) 5.25 kHz: Excellent mixing was achieved, but not as complete as that
obtained using 5.50 kHz. (e) Plots of normalized fluorescent intensity across the width
of channel. The normalized intensity profiles were characterized along the dashed white
lines in the figure. Scale bar: 500 µm

4.3.2

Determination of device working frequency

To determine the optimized the working frequency for the piezoelectric transducer before conducting liquefaction experiments, we swept the frequency with
a 50 Hz increment from 1 kHz to 100 kHz to monitor and characterize the mixing
performance at different frequencies. From the experimental results, we found that
there were some frequencies at which mixing (incomplete or complete) of the two
solutions were observed. Figure 4.5 shows the mixing performance at the beginning of the channel when our device was tested with different input frequencies.
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The results suggest that when tested with the frequency of 5.50 kHz, our device
achieved complete mixing with a uniform intensity profile, suggesting that 5.50
kHz may be the optimum working frequency for our sputum liquefier. To be more
accurate, we further verify the mixing performance by calculating mixing index for
each case. The mixing index was calculated using Equation 3.1. A mixing index
of 0.5 represents completely unmixed fluids (i.e., distinct laminar flow), while a
mixing index of 0.0 stands for completely mixed fluids. In this work, we chose a
mixing index below 0.1 as acceptable mixing. The mixing indices were calculated
to be 0.433, 0.047, and 0.118 for mixing performance obtained, respectively, using
the frequency of 5.75 kHz, 5.50 kHz, and 5.25 kHz. The results, once again, suggest
that 5.50 kHz is the optimized working frequency for our acoustofluidic micromixer
to uniformly mix two solutions.

4.3.3

Mixing performance inside the channel

Two different solutions, undoubtedly, can be mixed well enough solely based on diffusion (i.e., passive mixing) over the long winding channel, which, however, takes
place only if a relatively low flow rate is adopted. In this work, to actively liquefy the sputum samples, while maintaining a reasonable througput, a flow rate of
15 µL/min was used for both the sputum samples and DTT solution, resulting in
a total flow rate of 30 µL/min in the channel. Using DI water and fluorescein (DI
water containing FITC-dextran) as a demonstration of mixing performance, we
were able to examine under a flow rate of 30 µL/min, whether such a long channel
can result in a complete, uniform mixing of the two solutions solely based on diffusion. As shown in Fig. 4.6, the mixing performance at different regions, including
the beginning, middle, and end of the channel, was characterized in terms of fluorescence intensity. It is clear that when the piezoelectric transducer was switched
OFF, only an incomplete, partial mixing of the solutions due to diffusion was
observed under the flow rate condition. By contrast, once the piezoelectric transducer was switched ON, a complete, uniform mixing of the solutions was achieved
throughout the channel, demonstrating the advantage of the active mixing of our
acoustofluidic micromixer. Given the flow rate condition and the solution (DI water) we used, the Reynold’s number was estimated to be roughly 800. Although
it is higher than that in a typical microfluidic device, it still falls into the laminar

49

Figure 4.6. Characterization of the mixing performance at different regions under a
total flow rate of 30 µL/min. (a) When the PZT was switched off: A side-by-side laminar
flow pattern was first observed in the beginning of the long channel; partial, incomplete
mixing due to diffusion was then observed at the middle and the end of the channel. (b)
When the PZT was switched ON: Uniform, complete mixing was observed throughout
the channel. (c) Plots of corresponding normalized fluorescent intensity across the width
of channel at different regions. The normalized intensity profiles were characterized along
the dashed white lines in the figure. Scale bar: 500 µm

flow regime. For the case of human clinical sputum samples, the precise calculation of Reynold’s number is more challenging because the viscosity of sputum
varies across a wide range (103 - 106 times the viscosity of water) [98], depending
on the patient status. Besides, no data is provided on the density of the sputum
in the literature. Considering the extremely high viscosity of clinical human sputum samples, a longer mixing channel incorporating with active acoustic mixing
mechanism is believed to be beneficial for processing human sputum samples.
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4.3.4

Human sputum samples

To establish reproducibility in this initial work, we analyzed four separate sputum samples from a single asthmatic patient using our acoustofluidic device. The
sputum samples were collected at the National Institute of Health (NIH) once a
week from a patient who had provided informed consent to participate in protocol
99-H-0076. After collection, sputum samples were placed on ice and immediately
transported from NIH to our lab at The Pennsylvania State University, for liquefaction experiments performed on the same day. Due to the time for transportation
and experimental set-up, the spu- tum samples were typically processed after an
interval of approximately 8 hours. Upon arrival at our lab, each sample was divided
into two portions of roughly equal volume. One portion was liquefied using our
acoustofluidic device, and the other was liquefied using a vortex mixer. Both liquefied portions were further divided into three aliquots for characterization, which
included cell viability, modified Wright-Giemsa staining, and flow cytometry analysis.

4.3.5

Cell Viability

Cell viability was assessed to evaluate the biocompatibility of our liquefaction
device for processing clinical human samples. Cells from sputum samples liquefied
using our acoustofluidic micromixer (experimental group) were stained with the
cell-permeant dye, Calcein-AM (Life Technologies, NY, USA), to determine the
number of live cells, and propidium iodide (Sigma-Aldrich, MO, USA), to identify
dead cells. As a control group, cell viability was also assessed for sputum samples
that were liquefied using a vortex mixer. For both the experimental and control
groups, four independent experiments were performed.

4.3.6

Modified Wright-Giemsa staining

A thin layer of sputum cells was prepared by centrifugation using a CytospinTM
3 cytocentrifuge (Thermo Scientific, USA) at 600 rpm for 10 minutes and then
allowed to air-dry before modified Wright-Giemsa staining. The slides were stained
with a commercial staining kit (ShandonTM Kwik-DiffTM , Thermo Scientific, USA)
as follows: (1) 25 seconds in fixative solution (green); (2) 30 seconds in solution I
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(red); (3) 30 seconds in solution II (blue); (4) rinse the slides with DI water. After
staining, the cytospin slides were examined under an inverted microscope (Eclipse
Ti, Nikon, Japan) with a 100× objective lens, and images were captured using a
digital camera (D3s, Nikon, Japan).

4.3.7

Statistical analysis

Data were presented as group mean ± standard deviation (SD), and were analyzed
by student’s t-test using Prism 6.0 (GraphPad Software Inc., CA, USA). A p-value
of less than 0.05 was considered statistically significant.

4.4
4.4.1

Results and discussion
Visual comparision

In Section 4.3.2, the raw sputum sample and the DTT solution were each injected
into the channel at a flow rate of 15 µL/min, yielding a liquefaction throughput
of 30 µL/min. Upon the activation of a piezoelectric transducer with an input
voltage of 40 VP P , the sputum samples and the DTT solution were repeatedly
and uniformly mixed for a sufficient amount of time (30 seconds). The uniform,
liquefied mixture of sputum and DTT solution was collected over a 15 minutes
interval to a 1.5 mL centrifuge tube through the outlet. Concurrently, we manually
liquefied the same sputum sample using a vortex mixer (MINI 230 V, VWR, USA)
followed by 15 minutes of incubation. Next, we visually compared the difference
in appearance between non-liquefied samples (i.e., the raw sputum sample), and
liquefied sputum samples. In Fig. 4.2, R, V and A denote, respectively, the nonliquefied sputum sample, the sputum sample liquefied using a vortex mixer, and the
sputum sample liquefied using our acoustofluidic device. As shown in Fig. 4.7, the
non-liquefied sputum sample was cloudy and contained visible clumps of mucus.
The liquefied sputum samples, however, were translucent, presenting as a uniform
mixture with a negligible amount of viscous mucus sputum.
It is encouraging that the sputum sample liquefied using our acoustofluidic device appeared similar to those liquefied using a vortex mixer, as they demonstrate that on-chip liquefaction may be achieved with our acoustofluidic approach.
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Though the four sputum samples used in this work were all provided by the same
asthmatic patient, the viscosity varied among the samples, which were collected
on different days. In four independent liquefaction experiments, all samples were
uniformly liquefied, appearing similar to those shown in Fig. 4.7. These results
demonstrate that our acoustofluidic liquefaction device can liquefy sputum samples over a range of viscosities. We observed that when a volume of sputum was
mixed with a greater volume of DTT solution, liquefaction was more uniform;
however, this higher volume of DTT solution may affect the cell viability and further cellular analysis [99, 100]. As a result, the volume of DTT solution must be
considered when liquefying the sputum samples for downstream analyses.
In this work, in fact, we also conducted some preliminary experiments in which
we attempted to use cell strainers (100 µm mesh size) to filter un-liquefied, raw
sputum samples. However, the extremely high viscosity of the sputum prevented
any portion of the sample from passing through the cell strainer. Instead, the
sputum samples were all clogged inside the cell strainers. When injected along
with DTT solution into the channel with the PZT switched off, similarly, the raw
sputum samples could not pass through the on-chip filtration region (100 µm in
channel width). Therefore, we were not able to collect anything but the DTT
solution at the outlet. Moreover, after the clogging of the sputum samples in the
filtration region, our device would soon start leaking because of an accumulating
high-pressure resistance inside the channel. As a result, we cannot provide an
image showing sputum samples that were run through our device with the PZT
switched off, because experimentally we were unable to carry it out.

4.4.2

Viability of cells in liquefied sputum samples

As shown in Fig. 4.8(a) - (d), both dead and live cells were observed in sputum
samples liquefied using both the vortex mixer and our acoustofluidic device. After
counting the number of live and dead cells, we were able to statistically compare
the via- bility obtained after each approach. There were over 1500 cells considered
for both of the groups. As shown in Fig. 4.8(e), the viabilities were calculated to be
41.5 ± 17.7% and 36.7 ± 8.9% for the sputum samples liquefied, respectively, using
the vortex mixer and our micromixer. The results are statistically similar, with a
p-value of 0.692 (p > 0.05). In other words, our acoustofluidic device preserves cell
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Figure 4.7. Photograph showing the visual comparison of human sputum samples: (R)
an un-liquefied raw sputum sample; (V) a sputum sample liquefied using a vortex mixer;
(A) a sputum sample liquefied using our acoustofluidic device.

viability similar to a vortex mixer, demonstrating that our acoustofluidic device is
biocompatible with clinical samples. The relatively low cell viability in these two
samples may stem from the sample transportation and storage. In this work, the
human sputum samples were transported from NIH (Bethesda, Maryland, USA) to
our lab at The Pennsylvania State University (State College, Pennsylvania, USA)
on the same day they were liquefied. Each sputum sample prior to experimentation
was stored on ice for at least 8 hours during transportation & setup. A cell viability in the 60% range is typically observed when sputum samples are processed
right after collection without transportation. As such, cell viability will likely be
improved when samples are analyzed at a single site.

4.4.3

Cells morphology and identification of immune cells

To verify if immune cells present in liquefied sputum samples can be preserved and
recovered, modified Wright-Giemsa staining was used to inspect cellular morphology and identify inflammatory cell types. Figures 4.9(a) - (c) and Figs. 4.9(d) - (f)
are stained cells from the sputum samples liquefied, respectively, using the vortex
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Figure 4.8. Cell viability of sputum samples liquefied using: (a) - (b) a standard
sputum-liquefaction procedure; (c) - (d) our acoustofluidic sputum liquefier. (e) Statistical analysis showing the comparison of cell viability of two liquefaction procedures.
Data represent an average of n = 3 to 4 independent experiments per group. In each
independent experiment, over 500 cells were counted to assess cell viability. N.S. represents groups that are not statistically different (p > 0.05). Data are presented as group
means ± standard deviation (SD). Scale bar: 200 µm.

mixer and the acoustofluidic sputum liquefier. In Fig. 4.9(a) - (c), inflammatory
cells, such as eosinophils (yellow arrows) and neutrophils (red arrows), which are
commonly present in sputum samples from asthmatic patients, were recovered intact after liquefaction using the vortex mixer. As shown in Fig. 4.9(d) - (f), intact
eosinophils and neutrophils were also seen in sputum samples liquefied using our
acoustofluidic device. In addition to eosinophils and neutrophils, macrophages
and lymphocytes were also present in samples liquefied using either the vortex
mixer or our acoustofluidic device. The modified Wright–Giemsa staining results
demonstrate that our device uniformly liquefies clinical sputum samples, without
sacrificing cellular integrity. We further quantified the cell content of induced sputum samples liquefied using a standard vortex mixer and our sputum liquefier (i.e.,
acoustofluidic micromixer). As shown in Fig. 4.10, the percentage of each common
type of cells, including eosionphils, neutrophils, macrophages and lyphocytes, between two approaches appear similar and are comparable. This result, once again,
suggests that our acoustofluidic sputum liquefier could uniformly liquefy sputum
samples to recover those inflammatory cells of interest.
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Figure 4.9. Representative of optical images (100×) showing modified Wright–Giemsa
staining results of cell samples obtained from sputum samples liquefied using (a) - (c) a
vortex mixer or (d) - (f) our acoustofluidic sputum liquefier. Inflammatory cells, such as
eosinophils (yellow) and neutrophils (red), are indicated by colored arrows. Scale bar:
50 µm.

4.4.4

Flow cytometry analysis

Flow cytometry was next performed to quantitatively characterize the liquefied
sputum samples and evaluate the performance of our acoustofluidic sputum liquefier. A commercial bench-top flow cytometer (FC 500, Beckman Coulter, USA)
was used to conduct the flow cytometry analysis. Cells in liquefied sputum samples
were stained with Alexa Fluor 488-labelled anti-human CD45 antibody (Biolegend,
CA, USA) to identify leukocytes, and PE-labelled CD15 antibody (Biolegend, CA,
USA) to identify both eosinophils and neutrophils, which are common inflammatory cells present in sputum from asthmatic subjects (Fig. 4.11). The percentage of
CD45+/CD15+ eosinophils and neutrophils were 20.4% and 24.9%, respectively,
for samples that were liquefied using the vortex mixer and our acoustofluidic device. These results show that key inflammatory cells in sputum may be recovered
and identified, which thereby demonstrates that our acoustofluidic device is an
effective tool for the clinical liquefaction of human sputum.

56

Figure 4.10. Quantification of cell content of induced sputum samples liquefied using
a standard vortex mixer and our sputum liquefier (i.e., acoustofluidic micromixer).

4.5

Summary

Using a sharp-edge-based acoustofluidic micromixer, we have demonstrated the
first microfluidic-based sputum liquefaction of human sputum. Furthermore, we
show that sputum samples liquefied using our acoustofluidic device were comparable to samples that were liquefied using a vortex mixer based on analyses of cell
viability, modified Wright-Giesma staining and flow cytometry. Our results reveal
the potential of our acoustofluidic device for liquefying clinical sputum samples
on-chip. Our device can liquefy sputum samples at a throughput of 30 µL/min,
a value that will be improved with further design optimization. When integrated
with our sharp-edge-based acoustofluidic micropump [96], our acoustofluidic sputum liquefier will be able to liquefy sputum samples in an automated fashion.
Compared to the standard approach for sputum liquefaction, the acoustofluidic
approach is advantageous not only in cost, simplicity, and automation, but also in
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Figure 4.11. Fluorescence (CD45) vs. fluorescence (CD15) plot of the cell samples
obtained from the sputum samples liquefied by (a) a standard sputum-liquefaction procedure and by (b) our acoustofluidic sputum liquefier. The percentage of co-population
of eosinophils and neutrophils are 20.4% and 24.9% for (a) and (b), respectively.

flexibility and integrability.
Together, our findings suggest that our sharp-edge-based acoustofluidic sputum
liquefier is a promising candidate for incorporation with other on-chip components
that will enable the development of a fully integrated, self-contained sputum processing and analysis platform. Moreover, our demonstration of liquefying sputum
samples opens the gate for applications that require the processing of highly viscous
fluids.
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Chapter

5

Sharp-edge-based acoustofluidic
chemical gradient generator
In Chapter 3, we have demonstrated the capability of our acoustofluidic micromixer
for rapid and homogeneous fluid mixing, and by extending its capability, we have
demonstrated the mixing of highly-viscous fluid samples (i.e., clinical human sputum samples in this dissertation work) in Chapter 4. By further engineering the
acoustic streaming patterns, in this chapter we demonstrate an acoustofluidic gradient generator based on acoustically oscillating sharp-edge structures, which facilitates in a step-wise fashion the rapid mixing of fluids to generate tunable, dynamic
chemical gradients. The ability to generate stable, spatiotemporally controllable
concentration gradients is critical for resolving the dynamics of cellular response
to a chemical microenvironment. In this work, by controlling the driving voltage
of a piezoelectric transducer, we demonstrated that the chemical gradient profiles
can be conveniently altered (spatially controllable). By adjusting the actuation
time of the piezoelectric transducer, moreover, we generated pulsatile chemical
gradients (temporally controllable). With these two characteristics combined, we
have developed a spatiotemporally controllable gradient generator. The applicability and biocompatibility of our acoustofluidic gradient generator are validated
by demonstrating the migration of human dermal microvascular endothelial cells
(HMVEC-d) in response to a generated vascular endothelial growth factor (VEGF)
gradient, and by preserving the viability of HMVEC-d cells after long-term exposure to an acoustic field. Our device features advantages such as simple fabrication
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and operation, compact and biocompatible device, and generation of spatiotemporally tunable gradients. The work presented in this chapter has been reported
in The 17th International Conference on Miniaturized Systems for Chemistry and
Life Sciences (MicroTAS 2013), published in Journal of Lab on a Chip [101] and
selected as a Lab on a Chip HOT Article of 2015.

5.1

Motivation

The spatial and temporal dynamics of biomolecule gradients are essential in many
biological processes [102–106]. It has been reported that cells respond differently
to spatial and temporal characteristics of chemical stimuli, which in turn influences cell signalling [107, 108], migration [109–113], differentiation [114–116], and
metastasis [117,118]. Conventional gradient-generation platforms such as the Boyden chamber and derivatives [119–121] as well as micropipette [122,123] have been
adopted because of their simplicity of fabrication and ease of use. These platforms, however, are limited to generating only static, monotonic gradients without
tunable spatiotemporal characteristics (e.g., magnitude, frequency, slope, and temporal and spatial resolution).
To explore the effect of the time and space dynamics of gradients on cellular responses, microfluidic platforms have been advanced to generate chemical
gradients with spatiotemporal control, including Christmas-tree-like channel networks [124,125], microjet arrays [126,127], and source-sink configuration [128,129].
Most of these microfluidic-based gradient generators still employ passive means, either passive mixing [130, 131] or free-diffusion [132–134], making these approaches
difficult to generate gradients with high spatiotemporal resolution. In contrast
to passive generation of concentration gradients, actively generating concentration gradients offers compelling controllability and flexibility. One can envision
a microfluidic-based device that can — by active and controllable means, “active
mixing” — generate concentration gradients of biomolecules of interest with highly
controllable specific spatiotemporal characteristics.
Recently, active generation of gradients has been demonstrated using acoustofluidic platforms; two of the most intriguing examples are focused travelling surface
acoustic waves (F-TSAW) [135] and acoustically oscillating microbubbles [83].
Though the F-TSAW based platform generated gradients that can be rapidly
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switched on and off and the resulting gradient profiles can be easily adjusted,
it is limited to generating only monotonic (mono-directional) gradients, and its
applicability and biocompatibility are yet unproven for biological studies. The
oscillating microbubbles-based platform, likewise, can generate spatiotemporally
tunable gradients. However, the instability of microbubbles over time [14, 26] and
the size-/temperature-dependent operation of the platform make it unsuitable for
biological applications where long-term cell culture is often needed, thereby limiting the versatility of this approach.
In this chapter, we demonstrate an active, spatiotemporally controllable chemical gradient generator via an acoustofluidic [3, 37, 42, 136, 137] (i.e., the fusion
of acoustics and microfluidics) strategy. This work is built primarily upon our
previously reported acoustic streaming effect induced by oscillating sharp-edge
structures [38, 50, 86, 96]. We have shown that the sidewall sharp-edge-based micromixer [50] is capable of rapidly mixing fluids in microscale on-demand. In
spite of these features, the sidewall sharp-edge-based micromixer we demonstrated
previously [50] can only yield mixtures of constant concentrations. In order to
achieve the generation of concentration gradients, in this work we employ multiple sharp-edge structures to form multiple mixing sites at once. In addition,
instead of attaching the sharp-edge structures to the sidewall of the channel, as
we demonstrated previously [38,50,86,96], we arrange the sharp-edge structures in
the middle of the channel in a ladder-like arrangement.
By taking advantage of these newly designed device features, we can mix two
different solutions in a step-wise fashion and thus, obtain different mixtures of serially diluted concentrations simultaneously in the channel; in other words, we can
serially dilute the mixture of two different solutions to establish a concentration
gradient. Furthermore, once various flow rate combinations of two solutions are
introduced to the device, we can, accordingly, mix two solutions in various ratios, resulting in various gradient profiles. Using this sharp-edge-based acoustofluidic gradient generator, one can generate a concentration gradient that is not
only spatiotemporally stable, but also spatiotemporally controllable. Spatiotemporal control over gradient profiles can be easily achieved by adjusting the input signal of a piezoelectric transducer (frequency, voltages, and actuation time).
Compared to existing microfluidic-based gradient generators [83, 135], our sharpedge-based acoustofluidic gradient generator features distinct characteristics such
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as stability, controllability, flexibility, reliability, simplicity, and temporal response.
Our platform is a promising candidate for a wide variety of biological studies where
the spatiotemporal dynamics of gradients is highly relevant.

5.2

Concept and device design

Fig. 5.1(a) illustrates the design and concept of our acoustofluidic device for the
generation of chemical gradients. The device is simple: a single-layer polydimethylsiloxane (PDMS) channel accommodating multiple sharp-edge structures inside
the channel and a piezoelectric transducer. Fluids of different compositions or
concentrations — for this example, phosphate buffered saline (PBS) and PBS containing fluorescein isothiocyanate-dextran (FITC-dextran) — are simultaneously
injected into the channel through two separate inlets. Before the piezoelectric
transducer was activated, a side-by-side laminar flow of PBS and FITC-dextran
was observed. Once the piezoelectric transducer was activated, the sharp-edge
structures were acoustically oscillated and thereby generated acoustic streaming
effect around the tip of each sharp-edge structure (Fig. 5.1(b). The induced acoustic streaming effect in turn mixed PBS and FITC-dextran in a step-wise fashion
because of the ladder-like arrangement of sharp-edge structures. The step-wise
mixing established a concentration gradient of FITC-dextran which was perpendicular to the direction of fluid flow, i.e., along the direction of channel width
(dotted line in Fig. 5.1(a)).
Fig. 5.1(b) illustrates an acoustic streaming pattern around the tip of a sharpedge structure, as well as the mixing of different solutions due to the resulting
acoustic streaming effect. Each sharp-edge structure constructed inside the channel was of identical dimension to ensure that all sharp-edge structures would be
acoustically excited at a single driving frequency from the piezoelectric transducer;
in other words, it was to ensure that the acoustic streaming effect induced by each
oscillating sharp-edge structure was identical in terms of strength. In order to eliminate undesired acoustic streaming effect, the sharp-edge structure was designed to
be teardrop-like, based upon a triangular structure of 100 µm in width and 400 µm
in length. Once it was acoustically oscillated by the actuation of the piezoelectric
transducer, the oscillating sharp-edge structure generated an acoustic streaming
effect around its tip: mass transport across the channel width was enhanced (i.e.,
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Figure 5.1. (a) Schematic of the sharp-edge-based acoustofluidic chemical gradient
generator. (b) Schematic of the sharp-edge structure within our device. (c) Optical
image of the sharp-edge-based acoustofluidic chemical gradient generator.

different fluids were mixed by breaking the interface of laminar fluids). The mixing
width was defined as the width over which the generated acoustic streaming effect spanned across the channel; in other words, the mixing width can be an index
of the strength of generated acoustic streaming effect. A lesser "mixing width"
allowed the FITC-dextran to mix with a small amount of PBS, gently diluting the
FITC-dextran. A greater mixing width, by contrast, allowed the FITC-dextran to
mix with a significant amount of PBS, greatly diluting the FITC-dextran. Given
that the mixing width was proportional to the strength of the acoustic streaming effect and the strength was controllable by varying the driving voltage of the
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Figure 5.2. Design of the sharp-edge-based acoustofluidic gradient generator. To
demonstrate controllable spatial resolution of generated chemical gradients, the downstream region of the device is divided into three regions: region 1, region 2, and region
3.

piezoelectric transducer, we adjusted the mixing width by controlling the driving voltage. We were able to alter the concentration of the resulting mixture by
changing the driving voltage of the piezoelectric transducer.
It is also worth mentioning that when compared to F-TSAW-based devices
and oscillating bubble-based devices, our sharp-edge-based gradient generator does
need slightly higher input power to work, which in large part, is because the sharpedge structure is of harder material when compared to soft bubble membrane, and
as such, more power (energy) is required to oscillate the solid sharp-edge structure. Nevertheless, we are confident that the required input power can be further
lowered by optimizing the device material, device design, and coupling efficiency
between the piezoelectric transducer and the device, and this optimization work
is ongoing. Regardless of input power, our sharp-edge-based gradient generation
possesses advantages such as simplicity, stability, controllability, and flexibility.
Simplicity, for example, can allow us to prepare devices without sophisticated fabrication process for electrodes, when compared to SAW-based devices. Our device
has remarkable stability and reliability. Collectively, though our proposed devices
may require slightly higher input power, which very likely can be further reduced
by optimizing the devices, our devices can be simply fabricated and operated with
performance comparable to already reported devices (e.g., F-TSAW-based and
oscillating-bubble-based gradient generators).
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5.3
5.3.1

Materials and methods
Experiment setup and operation

Fig. 5.1(c) is a photograph showing our acoustofluidic device for generating concentration gradients. The preparation of our device is simple and of one-layer fabrication. In short, a single-layer PDMS device was first prepared using soft lithography and the mold-replica technique. Afterward, the single-layer PDMS channel
was bonded onto a glass slide of 150 µm thickness (Cat. no. 48404-454, VWR,
USA) after a plasma surface-treatment for 60 seconds (BD-10AS, Electro-Technic
Products, IL, USA), followed by bonding a piezoelectric transducer (Model no.
273-073, RadioShack, USA) adjacent to the PDMS device on the same glass slide
with a thin layer of epoxy (Part no. 84101, Permatex, CT, USA). The actuation of
the piezoelectric transducer, including ON/OFF switching, driving frequency and
voltage, and actuation time, was controlled by a function generator (AFG3011C,
Tektronix, USA) and an amplifier (25A250A, Amplifier Research, USA).
Fig. 5.2 shows the detailed channel design of our device. The channel depth
was 100 µm throughout the channel. To show the spatial distribution of concentration gradient, the channel downstream from the sharp-edge-structure region
was designed to accommodate multiple regions of various channel widths: region 1
(1500 µm), region 2 (1000 µm), and region 3 (700 µm). Region 3, here called the
"migration region", was particularly designed to be 700 µm wide for the demonstration of cell migration experiment with our device. On one hand, the widths of
regions 1, 2 and 3 were chosen primarily based on the size of viewable region of the
CCD on our microscope when using different objective lenses. For example, when
a 10X objective is used, the width of region 3 (0.7 mm) fits right in the viewable
region of the CCD. On the other hand, designing the downstream regions with
various widths would also enable us to demonstrate that the spatial resolution of
concentration gradients generated using our device can also be altered by simply
adjusting the channel width. In other words, the width of the channel can also
define the width of the gradient profiles generated. The sharp-edge structures were
650 µm and 240 µm apart, respectively, along the direction of channel width (xdirection) and length (y-direction). The arrangement of sharp-edge structures, as
shown in Fig. 5.1(d), is optimized primarily based on the mixing width (i.e., the
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width of one paired streaming-pattern) that one sharp-edge structure can generate
when acoustically oscillated. Nevertheless, it is worth mentioning that by changing the arrangement of sharp-edge structures, the concentration gradient profiles
might be altered accordingly.
To characterize the generated concentration gradients, phosphate buffered saline
(1× PBS, Life Technology, CA, USA) and PBS containing FITC-dextran (1 mg/mL;
MW = 10 kDa, Sigma-Aldrich, MO, USA) were pumped into the channel through
two distinct inlets. The injection of these two solutions was performed using two
separate 1 mL syringes (BD Bioscience, NJ, USA), which were independently controlled by an automated syringe pump (neMESYS, Germany).
All of the experiments were conducted on the stage of an inverted microscope (TE2000-U, Nikon, Japan) that was equipped with a cell incubation system
(Chamlide TC, Live Cell Instrument, South Korea). The cell incubation system
provides a humidified environment at 37 ◦ C with a CO2 level of 5% for on-chip cell
culture. All the experimental images and videos were captured using Nikon NISElements Advanced Research (AR) software, and the image and video processing
were conducted using ImageJ (NIH, MD, USA).

5.3.2

Determination of device working frequency

As our acoustofluidic gradient generator works by driving the piezoelectric transducer, the working frequency of the piezoelectric transducer was experimentally
determined by sweeping frequency with a 50 Hz increment from 1 kHz to 100 kHz.
We observed that when the piezoelectric transducer was activated at 14.0 kHz,
the sharp-edge structures generated strongest acoustic streaming effect. When
operated at this frequency, our device maximized the mixing distance as shown
in Fig. 5.1(c), indicating that more solutions could be mixed when other experimental conditions such as input voltages and flow rates remained unchanged. The
frequency of 14.0 kHz was thus used in following experiments.
It is worth pointing out that, through our experiences and previous work, the
working frequency of the device would be closer to the resonance frequency of
the piezoelectric transducer we employed (3 ± 0.5 kHz was the resonance frequency of the piezoelectric transducer employed in this work). The identification
of the optimum frequency is complicated by a number of factors. For example, the
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bonding of piezoelectric transducer onto the glass slide and the amount of epoxy
coated for bonding would result in a shift of the working frequency. However, since
the working frequency of our sharp-edge-based gradient generator is significantly
larger than the resonance frequency of the piezoelectric transducer, we believe that
the optimum frequency, namely, the frequency at which most pronounced acoustic streaming are generated), might be governed by the vibration profile of the
glass slide. A more detailed study to understand the vibration profiles of the glass
slide and its influence on the streaming patterns inside the microfluidic channel
is underway. In this work, however, we chose to experimentally determine the
working frequency. Therefore, in this work, to make all the gradient-generation
devices as identical as possible, we managed to make PDMS devices with identical dimensions (thickness, width and length) using pre-designed marks and bond
each piezoelectric transducer onto each glass slide at exact same locations with
equal amount of epoxy. By doing so, we experimentally observed that all of our
gradient-generation devices could work at their best performance when driven by
the working frequency of 14.0 ± 0.5 kHz.

5.3.3

Cell preparation

Human dermal microvascular endothelial cells (HMVEC-d, ATCC, VA, USA) were
grown in EndoGRO-LS complete media (Millipore, MA, USA) in a CO2 incubator
(Nu-4750, NuAire, MN, USA), which maintained a temperature of 37 ◦ C and a CO2
level of 5%. Cells grown to 80 - 90% confluency were trypsinized (Trypsin-EDTA0.05%, Gibco, Life Technologies, NY, USA), washed with PBS, re-suspended in a
new culture medium at desired cell concentrations, and seeded into the channel for
experimentation.

5.3.4

Cell migration

In order to verify if the concentration gradients generated by our acoustofluidic gradient generator can be applicable for cell studies, cell migration experiments using
HMVEC-d cells were conducted with our gradient generator. To do so, HMVEC-d
cells were cultured on-chip inside the channel of our device. The channels were
first coated with fibronectin (100 µg/mL; Cat. no. 356008, BD Biosciences, NJ,
USA) for 1 hour. After coating, the channels were flushed with PBS several times
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to remove residual fibronectin. Suspended HMVEC-d cells (1 × 106 cells per mL)
were then injected into the channel through the PBS inlet (InletPBS), and as such
they were dispersed mostly near both sidewalls of the channel. The cells were
allowed for 30 minutes to adhere to the bot- tom surface of the device coated with
fibronectin. Once they adhered to the substrate, pure EndoGro-LS media and
EndoGro-LS media mixed with Human VEGF 165 (50 ng/mL; Cat. no. 293-VE010, R&D systems, MN, USA; here called "VEGF") were injected into the channel,
respectively, through the PBS inlet and the FITC inlet (InletFITC) at a flow rate
ratio of 5 (RF LOW = 5; QEndoGro = 2.5 µL/min to QV EGF = 0.5 µL/min). Prior
to the onset of establishing a VEGF gradient, we took an image to record the initial positions of the HMVEC-d cells (t = 0 hours). Once the VEGF gradient was
established, images were taken every 5 minutes to record cell movement. After 6
hours, the VEGF gradient was shut off, and the cell migration region was divided
into three zones (two side zones and one center zone). We tracked the movement
of those cells seeded initially in two side zones, while those seeded in the center
zone were excluded because they barely moved in response to a high-concentration
VEGF after 6 hours (Fig. 5.3).
We determined the number of cells for different types of movement. For comparison, cell migration experiments in which cells were exposed to only EndoGro
medium were conducted as a negative control (N-control). In addition, as a positive control (P-control), cell migration experiments were conducted with media
of the same conditions as the experimental group, but the VEGF gradient was
OFF-state (in the absence of acoustic field). Three independent experiments were
carried out for each of the three groups.

5.3.5

Cell viability

To evaluate the biocompatibility of our acoustofluidic gradient generator for cell
study, cell viability in our device was assessed after lasting exposure to an acoustic
field. The assessment of cell viability was carried out by staining the HMVECd cells with live-stain Calcein-AM (CaAM) (Life Technologies, NY, USA) and
propidium iodide (PI) (Sigma-Aldrich, MO, USA) after exposure to the acoustic
field for 6 hours in our device. To do so, 1 mathrmmL PBS containing 1 µL
Calcein-AM as well as 1 µL PI was infused into the channel at a flow rate of
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Figure 5.3. Schematic showing our approach to characterize cell movement. 1, 2, and
3 mark, respectively, those cells which moved toward the center (high VEGF concentration), away from the center (low VEGF concentration), and barely moved, after 6 hours.
Tracking the position of each cell, we determined the type of movement for each cell. By
doing so, we were able to determine the number of cells for different types of movement.

2 µL/min for 15 minutes. Afterward, pure PBS was injected at a flow rate of
2 µL/min for 15 minutes to wash out residual viability dyes. As a control group,
we assessed the cell viability of those HMVEC-d cells which were cultured in the
channel for 6 hours with no exposure to the acoustic field. Three independent
experiments were performed for both the control and experimental groups.

5.3.6

Statistical analysis

Data were presented as group means ± standard deviation (SD), and were analyzed by one-way ANOVA test using Prism 6.0 (GraphPad Software Inc., CA,
USA). Differences among treatment groups were determined by Tukey’s Multiple
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Comparison test. A p-value of less than 0.05 was considered statistically significant.

5.4
5.4.1

Results and discussion
Characterization of flow patterns in the gradient
generator

The shape and arrangement of the sharp-edge structures were redesigned in this
work, differing greatly from structures designed in our previous work [38,50,86,96].
We first conducted experiments to verify if the sharp-edge structures, once acoustically oscillated by the piezoelectric transducer, can induce acoustic streaming
effect in the channel. Therefore, we first visualized and characterized the flow
patterns and the acoustic streaming patterns generated inside the channel of our
acoustofluidic device, by injecting into the channel DI water containing dragon
green fluorescent beads of 1.9 µm diameter (Bangs Laboratories, IN, USA). Figure 5.4 shows the experimentally observed and numerically simulated flow patterns
and acoustic streaming effect at the sharp-edge-structure region. Without a background flow, the fluorescent beads remained stationary in the absence of an acoustic
field (i.e., the piezoelectric transducerwas inactivated), as shown in Fig. 5.4(a). In
the presence of an acoustic field (i.e., the piezoelectric transducer was activated),
acoustic streaming effects developed around the tip of each sharp-edge structure as
a result of acoustically oscillating sharp-edge structures, as shown in Fig. 5.4(b).
Upon the introduction of a background flow (from left to right), a laminar flow profile was observed when the piezoelectric transducer was inactivated (Fig. 5.4(d));
once the piezoelectric transducer was activated, the acoustic streaming effect could
develop around the tip of each sharp-edge structure. It is worth noting that the
background flow significantly suppressed the acoustic streaming pattern to narrow
rolls, as shown in Fig. 5.4(e).
To understand the complex flow patterns developed inside the microfluidic channel with sharp-edge structures, we conducted numerical simulations of the bead
trajectories. The acoustic streaming flow was calculated using the perturbation
approach [37]. The details of this approach and the particle tracking methodology
can be found in Section 2.2.3 [38]. The numerical simulations of particle trajectories both without and with the background flow are shown in Fig. 5.4(c) and
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Figure 5.4. (a) Fluorescent polystyrene beads seeded randomly inside the microchannel
for visualization of flow profiles. (b) Experimentally observed streaming profile around
the sharp-edge structure on acoustic actuation visualized via trajectories of 1.9 µm diameter fluorescent beads. (c) Numerically simulated trajectories of 80 beads seeded
uniformly inside the channel showing good qualitative agreement with the experimental
results in (b). (d) Flow profile around sharp-edge structures due to a background laminar flow in the absence of acoustic actuation. (e) Experimentally observed trajectories
of 1.9 µm diameter fluorescent beads. These resulted from the combination of acoustically generated streaming and the background laminar flow. (f) Numerically simulated
trajectories of 80 beads seeded uniformly inside the channel about the structures shown
in (e). Scale bar: 500 µm.

(f), respectively. The numerical results are in good qualitative agreement with
the experimentally observed trajectories. It was observed in simulations that the
background flow velocity can be tuned in conjunction with the input power of
acoustic actuation to control the suppression of the acoustic streaming. The correspondence between flow patterns both experimentally observed and numerically
simulated implies that the operation of our device can be predicted and controlled.

5.4.2

Generation of concentration gradients

In this section, we validated the generation of concentration gradient using PBS
and FITC-dextran solutions. The two solutions were independently pumped into
the channel at different flow rates (QP BS = 2.5 µL/min & QF IT C = 0.5 µL/min).
Unless otherwise specified, in this work the flow rate ratio (RF LOW = QP BS /QF IT C
= 5) of PBS and FITC-dextran remained constant for all experiments. To quanti-
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tatively characterize the concentration gradients generated using our device, fluorescent images were captured from different regions: sharp-edge-structure region,
region 1, region 2, and the migration region (region 3), followed by normalizing
their fluorescence intensity to that of 100% FITC-dextran (1 mg/mL) measured
at the region upstream the sharp-edge-structure region. Fig. 5.5(a) - (c) show the
fluorescent images of FITC-dextran concentration gradients at different regions
and under different input voltages. When the piezoelectric transducer was off, a
side-by-side laminar flow was observed due to low Reynolds number in the microfluidic channel (Fig. 5.5(a)). Once the piezoelectric transducer was turned on
with a voltage of 10 VPP , the acoustic streaming induced mixing in a step-wise
fashion, thereby generating concentration gradients of FITC-dextran (Fig. 5.5(b)).
As the input voltage was increased to 15 VPP , the mixing width increased owing
to the increase in the strength of acoustic streaming; as a result, FITC-dextran
(bright portion) was mixed with more PBS (dark portion), generating a shallower
FITC-dextran gradient than that generated by 10 VPP .
Figures. 5.5(d) - (f) show the corresponding normalized gradient profiles under
different input voltages at the three regions (with different channel widths) downstream the channel. When the piezoelectric transducer was OFF, steeper gradient
profiles were formed solely from the free diffusion of PBS and FITC-dextran. As
the input voltage was increased, the increased mixing width enabled the mixing of
FITC-dextran with more PBS buffer, forming shallower gradient profiles. Once a
driving voltage of 25 VPP was applied, a nearly flat gradient profile was established
because the mixing spanned the entire channel due to stronger acoustic streaming. The results demonstrate that by adjusting the input voltage (i.e., adjusting
the mixing distance), the gradient profiles are modulated, proving our sharp-edgebased acoustofluidic gradient generator spatially controllable. Additionally, the
plots also illustrate that the width of gradient profiles could be tuned over a range,
in this work from 1500 µm to 700 µm, by changing the width of the channel downstream. We expect that the width of gradient profile can be further widened to
several millimeters, or narrowed down to 50 µm [131]. By alternating the piezoelectric transducer, the gradient could be actively formed and removed in real time,
and even in downstream regions the gradient could still be established and shut
off within just a few seconds. This not only shows the temporal controllability of
our device, but also reveals that we can expose cells from one gradient to another
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Figure 5.5. Fluorescent images of generated FITC-dextran gradients at different regions
(from left to right: sharp-edge-structure region, region 1, region 2, and region 3) when
(a) the piezoelectric transducer is inactive, and the piezoelectric transducer is on at
(b) 10 VPP and (c) 15 VPP . The plots show the corresponding gradient profiles under
different voltages at three regions downstream the channel: (d) region 1: 1500 µm wide,
(e) region 2: 1000 µm wide, and (f) region 3: 700 µm wide. The results show that
spatially controlled gradients may be generated by adjusting the input voltage of the
piezoelectric transducer and the channel width downstream the channel.

(e.g., from gradient-OFF to gradient-ON) within a few seconds.
To demonstrate the flexibility of our sharp-edge-based acoustofluidic gradient
generator, furthermore, we constructed the sharp-edge structures in an arrangement which established another gradient profile. As shown in Fig. 5.6, we reconfigured the arrangements of the sharp-edge structures to establish another type
of gradient profile. With this specific arrangement of sharp-edge structures, a
mono-directional, linear gradient was generated. By adjusting the driving voltage of the piezoelectric transducer, the gradient profile was adjusted accordingly.
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Figure 5.6. (a) Schematic showing the alternative design (i.e., to differently arragnge
sharp-edge structuresinside the channel) of our sharp-edge-based acoustofluidic gradient
generator to generate different gradient profiles. (b) Plot showing the corresponding
gradient profiles at region of interest (dashed line) under different input voltages of the
PZT. The results prove that by differently arranging the sharp-edge structures, various
gradient profiles could be generated.

Additionally, the temporal controllability of this type of gradient was also tested
by alternating the piezoelectric transducer). The results show the flexibility of
our sharp-edge-based acoustofluidic gradient generator. In other words, we can, in
conjunction with the simulation approach we reported [38], arrange the sharp-edge
structures differently to establish concentration gradients with prescribed characteristics.

5.4.3

The effect of flow rate on the gradient generation

Our acoustofluidic gradient generator mixes two fluids using acoustic streaming
effect caused by the oscillating of sharp-edge structures. This effect can be suppressed by introducing higher flow rates into the channel [38, 50]. In this work
we also investigated the effect of flow rate, including the total flow rate (QT OT AL
= QP BS + QF IT C ) and the flow rate ratio inside the channel, on the formation of
a FITC-dextran concentration gradient under a constant driving voltage. When
studying the effect of total flow rate, we kept the flow rate ratio constant (RF LOW =
5), while gradually increasing the flow rates of PBS and FITC-dextran. Fig. 5.7(a)
shows the fluorescent images captured at the sharp-edge-structure region when
various total flow rates were applied with a driving voltage of 25 VPP . At a lower
total flow rate (QT OT AL = 3 µL/min; QP BS = 2.5 µL/min; QF IT C = 0.5 µL/min), a
nearly-complete mixing of FITC and PBS in the channel was observed (Fig. 5.7(a)),
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Figure 5.7. Fluorescent images of mixing behavior of FITC-dextran and DI water at
the sharp-edge-structure region by varying (a) the total flow rates of the fluids inside
the channel (the flow ratio remained constant), and (b) the flow rate ratio of the two
fluids (the total flow rate remained constant). The plots show the corresponding gradient
profiles at region 3 downstream the channel by changing (c) the total flow rates of the
fluids inside the channel (the flow ratio remains constant, i.e., RF LOW = 5), (d) the
flow rate ratio of the two fluids (the total flow rate remains constant), and (e) the flow
ratio of the two fluids (the total flow rate is varied). These results demonstrate that by
adjusting the total flow rate and the flow rate ratio, various gradient profiles may be
generated using our acoustofluidic device.

yielding a flat concentration profile (Fig. 5.7(c)). Along with the increase in total
flow rate, the mixing width was reduced (Fig. 5.7(a)), forming steeper gradient profiles (Fig. 5.7(c)). The results suggest that under a fixed input voltage, the ability
to oscillate sharp-edge structures to induce acoustic streaming could be suppressed
by high flow rates, which is in accordance with our previous finding [38, 50]. In
other words, we could alternate the total flow rate to adjust the gradient profiles.
Under two different flow rates, mixing behavior at the sharp-edge-structure region
was compared in response to the change in driving voltage (Fig. 5.8).
When changing the flow rate ratio withoug changing the total flow rate (QT OT AL
= 6 µL/min) and the driving voltage (25 VPP ), we could shift the position of the
interface of two solutions. As such we established various concentration gradient
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Figure 5.8. Fluorescence images of mixing behavior of FITC-dextran and DI water at
sharp-edge-structure region under different working voltages when the total flow rates
of the fluids inside the channel is (a) 3 µL/min and (b) 6 µL/min. The flow rate ratio
remains constant, i.e., RF LOW = 5. These results clearly reveal that increasing the total flow rate inside the channel would significantly suppress the acoustic streaming and
therefore, leads to different mixing behavior. On the other hand, however, various gradient profiles can be established by adjusting the total flow rates and the driving voltage.
Scale bar: 500 µm.

profiles (Fig. 5.7(b) & (d)). Moreover, as shown in Fig. 5.7(e), once the total flow
rate was changed along with the flow rate ratio (QF IT C = 1 µL/min = constant),
we generated gradient profiles (Fig. 5.7(e)) different from those in Fig. 5.7(d). The
results once again show that with our device, the widths and heights of gradient
profiles (or a related measure such as the slope of a gradient profile) are easily
controlled by adjusting the flow rates of two solutions.

5.4.4

Temporal control of gradient generation

In contrast to existing passive gradient generators [130,131], our acoustofluidic gradient generator generates concentration gradients in an active fashion — a feature
of particular importance for time-dependent cell studies. Aside from the ability
to generate static concentration gradients of various profiles by adjusting the flow
rate and the input voltage, our acoustofluidic device generates temporally controllable gradients by modulation of the input signal of the piezoelectric transducer.
Figure 5.9(a) shows the fluorescent images of a complete cycle of gradient generation by alternately triggering the piezoelectric transducer with a period (TT rigger )
of 4 seconds (i.e., 2-sec ON and 2-sec OFF). Alternating the piezoelectric transducer, we generated an alternating gradient profile at an alternating frequency of
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Figure 5.9. (a) Fluorescent images showing a complete cycle of gradient generation at
an ON/OFF frequency of 0.25 Hz (T = 4 seconds). The plots show the corresponding
fluorescence intensity profiles at regions of interest (ROI) in (a), when the gradient
generator was operated at (b) an ON/OFF frequency of 0.25 Hz, (c) by sweeping the
working frequency of the piezoelectric transducer from 13 kHz to 14 kHz within 4 seconds,
and (d) within 8 seconds. The results demonstrate the spatiotemporal control of the
chemical gradient generation using our sharp-edge-based acoustofluidic device.

0.25 Hz (Fig. 5.9(b)), which is comparable to other existing acoustic-based gradient generators [83, 135]. By adjusting the triggering period, we will be able to
generate gradient profiles of various alternating frequencies. The results demonstrate that our sharp-edge-based acoustofluidic device generates not only spatial
concentration gradients, but also temporal concentration gradients. The temporal
resolution of our sharp-edge-based acoustofluidic gradient generator, namely the
alternating frequency, can be further improved by increasing the flow rate, or even
changing the arrangement of the sharp-edge structures; however, there are a few
things that need to be taken into consideration. Increasing flow rate, for example,
may also generate high flow shear stresses that may result in undesirable cellular
behavior; additionally, when introducing high flow rates, higher driving voltages
would be required to generate gradient profiles similar to those generated under
low flow rates.
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Figure 5.10. HMVEC-d chemotaxis in the cell culture chamber. (a, b) Representative
phase contrast image of cell positions at time = 0, 6 hours during chemotaxis. (c,
d) Representative phase contrast images of cell positions at time = 0, 6 hours when
only pure medium was present. The arrow points toward lower VEGF concentrations.
(e) The percentage of cell movement in the cell culture chamber under various VEGF
concentration conditions. Data represent averages of n = 3 independent experiments ±
standard deviation (*p < 0.05, **p < 0.01). Scale bar: 200 µm.

To further demonstrate the spatiotemporal controllability of our acoustofluidic gradient generator, we alternated the piezoelectric transducer by sweeping
the driving frequency for different time intervals. Figs. 5.9(c) and (d) show the
corresponding concentration profiles at the region of interest (ROI) by sweeping
the driving frequency from 13.0 to 14.0 kHz, respectively, with sweeping times
(TSweep ) of 4 and 8 seconds. We generated spatiotemporally controllable gradient profiles, and this capability can be useful to elucidate time-resolving cellular
signaling dynamics.

5.4.5

Cell migration in our acoustofluidic device

Thus far, we have demonstrated the capability and spatiotemporal controllability
of our sharp-edge-based acoustofluidic gradient generator via the aforementioned
experiments and characterizations. To further validate our device for cell studies
(i.e., applicability and biocompatibility), we conducted HMVEC-d cell migration
experiments within our sharp-edge-based acoustofluidic gradient generator.
To demonstrate HMVEC-d cell migration in response to a VEGF concentration
gradient generated by our device, the channels were injected with pure EndoGro-LS

78

media and EndoGro-LS containing VEGF, respectively, at QEndoGro = 2.5 µL/min
and QV EGF = 0.5 µL/min. Under an input voltage of 15 VPP , a VEGF gradient
profile as shown in Fig. 5.5(f) (15 VPP ) was generated with a maximum concentration of ∼ 25 ng/mL in the center of the channel, and a minimum concentration
of ∼ 10 ng/mL near both the sidewalls. The position of each HMVEC-d cell was
recorded by taking images every 5 minutes, from t = 0 to 6 hours. Figures 5.10(a)
and (b) show the relative position of HMVEC-d cells, respectively, before and after 6 hours’ exposure to the VEGF gradient (experimental group). As shown in
Fig. 5.6(e), when exposed to the VEGF gradient for 6 hours, 33% of the cells seeded
initially in the two sidewall zones had migrated toward the center of the channel
(higher VEGF concentration), 23% of the cells migrated toward the sidewall (lower
VEGF concentration), and 44% barely moved. In the absence of a VEGF gradient
(negative-control group: pure medium only), by contrast, a striking decrease of
nearly 11% (from 33% to 22%) in the number of cells migrating toward the center was observed, along with changes in the number of cells moving toward the
sidewall (∼ 23%) and barely moving (∼ 55%). Additionally, in the presence of
a VEGF gradient which was formed solely from diffusion (positive control group;
Figure 5.5(f)), the number of cells moving toward the center increased by only
about 2% (from 22% to 24%), with insignificant changes in the number of cells
moving toward the sidewall (∼ 24%) and barely moving (∼ 52%). Collectively, the
number of cells moving toward the center when exposed to a VEGF gradient was
statistically greater than those which were exposed to the pure medium and the
diffusion-based VEGF gradient. The results demonstrate that our acoustofluidic
device generates VEGF gradients which in turn initiate HMVEC-d chemotaxis,
demonstrating the capability of our device for cell chemotaxis studies.

5.4.6

Cell viabilty in the presence of lasting acoustic field

Our sharp-edge-based acoustofluidic device operates based upon acoustic streaming effect induced by the activation of a piezoelectric transducer. We assessed
cell viability upon acoustic streaming induced by sharp-edge structures as well
as an applied acoustic field, by subjecting cells to the acoustic field for 6 hours
(driving voltage = 20 VPP ). Figure 5.11 illustrates cell viability within the channel of our gradient generation device. As the representative bright-field images
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Figure 5.11. (a) Representative bright field (BF) images showing the cell morphology
at sharp-edge-structure regions and cell migration regions. Corresponding fluorescent
images showing the cell viability after 6 hours (b) in the absence of an acoustic field
(control group) and (c) in the presence of an acoustic field (experimental group). Scale
bar: 200 µm.

show, we monitored the cell viability for cells which were seeded in the sharpedge-structure region and the migration region (region 3) (Fig. 5.11(a)). After 6
hours’ exposure to the acoustic field, HMVEC-d cells still adhered to the substrate
without any irregular morphology. Further, the HMVEC-d cells seeded in both
the sharp-edge-structure region and the migration region remained viable; no dead
cells were observed (Fig. 5.11(b)). The results are comparable to those obtained in
control-group experiments (absence of an acoustic field) (Fig. 5.11(c)). These results illustrate that our sharp-edge-based acoustofluidic gradient-generation device
is biocompatible.
Extending the assessment of cell viability, we found that after 16 hours’ exposure to an acoustic field (driving voltage = 20 VPP ), the HMVEC-d cells were still
viable and present with normal morphology at different regions inside the channel
(Fig. 5.12). These results again prove our device biocompatible, as well as viable
for cell studies where long-term cell culture is required.
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Figure 5.12. Representative bright field images taken at different regions in the channel
showing the HMVEC-d cells morphology after 16 hours of the presence of acoustic field.
The cells still appeared viable and active, demonstrating the biocompatibility of our
acoustofluidic gradient generator for biological studies where long-term cell culture is
needed. Scale bar: 200 µm.

5.5

Summary

In this chapter, we demonstrate that chemical gradient which are spatiotemporally stable and of tunable concentration can be generated using our sharp-edgebased acoustofluidic gradient generator. In contrast to existing microfluidic gradient generators, in which the gradients are formed solely based on passive mechanisms, our device forms gradients in an active, controllable manner. Using our
device, it is possible to generate gradients with complex profiles by changing the
flow rate ratio of co-flowing fluids (stimulant and buffer), the driving voltage of the
piezoelectric transducer, and the arrangement of sharp-edge structures (spacing).
Moreover, temporally changing gradients can be easily generated by varying the
driving voltage and the actuation time of the piezoelectric transducer. Our device
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is well-suited for many chemical/biological studies and applications, such as investigating cell chemotaxis, differentiation, migration, and drug discovery in dynamic
chemical environments. The effect of pulsatile chemical gradient upon cellular dynamics can be unveiled and much temporal information about cell signaling will
be extracted upon development of our platform.
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Chapter

6

Sharp-edge-based acoustofluidic
micropump
In Chapter 3 – 5, various applications have been demonstrated from simple fluid
mixing to the generation of chemical gradients, primarily based on the mixing
mechanism enabled by the acoustic streaming. Expanding the potential of the
acoustic streaming induced by oscillating sharp-edge structure, in this chapter, we
present a programmable acoustofluidic pump that utilizes the acoustic streaming
effectgenerated by the oscillation of tilted sharp-edge structures. This sharp-edgebased acoustofluidic micropump is capable of generating stable flow rates as high
as 8 µL/min ( 76 Pa of pumping pressure), and it can tune flow rates across a
wide range (nanoliters to microliters per minute). Along with its ability to reliably
produce stable and tunable flow rates, the sharp-edge-based acoustofluidic micropump is easy to operate and requires minimum hardware, showing great potential
for a variety of applications. The work presented in this chapter has been reported
in The 18th International Conference on Miniaturized Systems for Chemistry and
Life Sciences (MicroTAS 2014), published and featured as the Front Cover Article in Journal of Lab on a Chip [96], and selected as a Lab on a Chip HOT
Article of 2014.
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6.1

Motivation

In the past two decades, significant efforts have been made towards developing
reliable and robust microfluidic pumps [138, 139]. These microfluidic pumps can
be generally divided into two categories based on their driving mechanisms: passive pumps [140–142] and active pumps [143–145]. Passive pumps, particularly
the surface-tension-based microfluidic pumps [145, 146], allow the manipulation of
fluids without the need of peripheral equipment or moving parts, making them
suitable to many portable analytical devices. Nevertheless, they are incapable of
performing complex fluid manipulations as the flow direction and flow rate cannot
be adjusted in real time and on demand, preventing their use in applications where
multiple steps of fluid operations (e.g., immunoassay) are required. In contrast, active pumps, which use mechanical or electrical actuations, or other external forces
to initiate fluid pumping, offer much more flexibility in terms of fluid manipulations
and can potentially provide solutions to the challenges faced by passive pumps.
Many active microfluidic pumps have been reported, including optically driven
pumps [147, 148], electroosmotic pumps [18, 149], electrokinetic pumps [150, 151],
dielectric pumps [152, 153], magnetic pumps [154, 155], laser-driven pumps [156],
pneumatic membrane pumps [157, 158], bio-hybrid pumps [115, 159], and diffuser
pumps [160]. Despite these advances, the existing active micropumps suffer from
drawbacks such as complicated device fabrication, involvement of moving structures, and/or unstable and unreliable performance. Recently, implementation of
acoustic streaming effects [161] in microfluidics has attracted great interest and
enabled numerous applications, including mixing [11, 50, 135], particle manipulation [16, 162, 163], and flow control [84, 164]. Microfluidic pumps powered by
acoustically oscillating microbubbles have also been demonstrated [10, 14]. These
microbubble-based micropumps are simple to fabricate and operate; however, the
performance of these pumps suffers from bubble instability, temperature dependence, and inconvenience of the bubble-trapping process.
In this chapter we establish a simple and reliable microfluidic pumping mechanism using acoustically driven solid sidewall microstructures known as “sharp-edge
structures”. This work is built upon our previous finding that acoustic streaming effect can be induced by acoustically oscillating sharp-edge structures [38, 50].
With the acoustically induced acoustic streaming effect, we previously demon84

strated rapid and homogeneous fluid mixing inside a microfluidic channel [50].
In this work, we redesign the geometry and orientation of the sharp-edge structures and demonstrate that the sharp-edge-induced acoustic streaming can lead to
applications beyond mixing. In particular, we demonstrate a highly effective, reliable, and programmable microfluidic pump with minimum hardware. Our sharpedge-based acoustofluidic micropump can generate a flow rate of approximately
8 µL/min, which corresponds to a pumping pressure of 76 Pa. Moreover, it is capable of generating flow rates ranging from nanoliters to microliters per minute —
a capability that most existing microfluidic pumps do not possess. Our acoustofluidic pump can be operated on demand and features advantages, such as simple
fabrication and operation, high reliability, compactness, and tunable flow rates
without complicated moving parts.

6.1.1

Device design and concept

Fig. 6.1 schematically shows the design and working mechanism of our sharp-edgebased acoustofluidic micropump. Briefly, the acoustofluidic pump was made by
bonding a single-layer polydimethylsiloxane (PDMS) channel onto a single glass
slide and attaching a piezoelectric transducer (part no. 81-7BB-27-4L0, Murata
Electronics) adjacent to it using a thin layer of epoxy (PermaPoxyTM 5 Minute
General Purpose, Permatex). To demonstrate the pumping behavior, the PDMS
channel was designed to be a rectangular recirculating (in a counter-clockwise direction) channel composed of four portions: left channel, right channel, upper
channel, and lower channel. The lower channel, referred to as the pumping region, was designed with 20 tilted sharp-edge structures on its sidewall (10 on each
side), while the other three channels were straight channels without any structures. The piezoelectric transducer, activated by amplified sine wave signals from
a function generator (AFG3011C, Tektronix) and an amplifier (25A250A, Amplifier Research), was used to acoustically oscillate the sharp-edge structures to
generate acoustic streaming effects. As shown in Fig. 6.1(b), the tilted sharp-edge
structure, acoustically oscillated by the activation of the piezoelectric transducer,
generates an acoustic streaming pattern around its tip; since the sharp-edge structures are tilted to the right, the streaming results in a net force directed to the
right. Fluid pumping occurs because the generated net forces push the bulk fluid.
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Figure 6.1. (a) Schematic of the sharp-edge-based acoustofluidic micropump. This device includes a PDMS microfluidic channel and a piezoelectric transducer. (b) Schematic
showing the acoustic streaming phenomenon around the tip of a tilted oscillating sharpedge structure. (c) Schematic showing the design of the channel and sharp-edge structure.

Fig. 6.1(c) shows the design of our acoustofluidic device. The microchannel has a
width of 600 µm and a depth of 100 µm, and each sharp-edge structure is identical.
Different tilting angles (α) of the sharp-edge structures, including 30◦ , 45◦ , 60◦ ,
and 75◦ , were chosen to investigate the resulting pumping behavior and determine
the best angle for optimal pumping performance.
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6.2
6.2.1

Results and discussion
Streaming patterns and numcerical simulations

To prove our concept and determine the working frequency of the piezoelectric
transducer, the pumping device with 30◦ tilted sharp-edge structures was experimentally and numerically tested first. A solution containing DI water and dragon
green fluorescent beads (Bangs Laboratory) with a diameter of 1.9 µm was injected into the channel to characterize the acoustic streaming patterns induced
by the oscillation of tilted sharp-edge structures. After injecting the solution, the
inlet/outlet ports were sealed by two separate tubes connected to two separate syringes, such that no pressure difference is present between the inlet and the outlet.
By sweeping the frequency with a 50 Hz increment from 1 kHz to 100 kHz, we observed that the acoustic streaming patterns were developed around the tips of the
oscillating sharp-edge structures when the piezoelectric transducer was activated
at 6.5 kHz, as shown in Fig. 6.2(a). Based on these results, 6.5 kHz appeared to be
the working frequency for the piezoelectric transducer to activate our pump. As
a result, we used this frequency for all of the following experiments. Additionally,
using the simulation approach we reported in Section 2.2.3 [38] to model the acoustically driven oscillating 30◦ tilted sharp-edge structures shown in Fig. 6.2(b), we
found that the acoustic streaming effect produces a net flow of the fluid from left
to right. These simulation results indicate pumping behavior and are also in good
agreement with the experimental results we acquired. It should also be noted that
in the simulations a flow singularity was observed at the sharp-edge structures,
similar to that observed in our previous study [42], which is indicated by the maximum velocity at the tips of sharp-edge structures. This velocity increases with
the mesh refinement and our solution is strictly valid only outside the boundary
layer.

6.2.2

Visualization and characterization of pumping performance

To further visualize and characterize the pumping behavior, DI water mixed with
polystyrene beads of different diameters (10 µm and 0.9 µm) was injected into the

87

Figure 6.2. (a) Characterization of the acoustic streaming patterns developed around
the tips of the 30◦ tilted sharp-edge structures. (b) Simulated results showing the streaming velocity in our pump in the presence of an acoustic field: a net flow of fluid from left
to right is generated.

channel. Fig. 6.3 shows the movement of polystyrene beads over time in the upper
channel when the piezoelectric transducer was on (input voltage applied to the
piezoelectric transducer = 20 VPP ), using the pumping device with 30◦ tilted sharpedge structures. The results reveal that with the piezoelectric transducer activated,
the representative groups of the beads (circled in red, yellow and blue) were moving
from right to left, showing evidence that the fluid was being pumped and flowing
along the recirculating channel.
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Figure 6.3. Experimental images showing the pumping behavior by indicating the
movement of polystyrene beads at different time frames: a) t0 = 0 sec, (b) t1 =1 sec, (c)
t2 = 2 sec, and (d) t3 = 3 sec (red, yellow, and blue circles indicate three representative
groups of beads).

After proving the proposed pumping concept and determining the working frequency for the piezoelectric transducer, we further investigated the influence of the
tilting angle of sharp-edge structure on the pumping performance. To quantitatively do so, we estimated the average flow rate inside the channel. The average
flow rate was calculated by tracking the average velocities of 10 µm beads in the
upper channel, in which ∼ 100 beads were randomly selected and tracked for each
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independent experiment. In addition to the effect of the tilting angle, the pumping
performance under different input voltages of the piezoelectric transducer was also
characterized. Fig. 6.4(a) shows the pumping performance for the four different
tilting angles of sharp-edge structures under different input voltages. The results
show that when the piezoelectric transducer was activated with voltages ranging
from 5 VPP to 50 VPP , pumping took place in all of the devices, regardless of
the tilting angle of the sharp-edge structure. As the tilting angle decreased, the
generated pumping flow rate increased. As shown in Fig. 6.4(a), of the four different tilting angles, the device with 30◦ tilted sharp-edge structures generated a
significantly larger pumping flow rate, and with a voltage of 50 VPP , it generated
a flow rate as high as 8 µL/min. Using Poiseuille’s law [14] and considering the
channel length (25 mm), this flow rate corresponds to a calculated pumping pressure of 76 Pa. The lower pumping flow rates generated by the 45◦ , 60◦ , and 75◦
tilted sharp-edge structures can be attributed to the fact that as the tilting angle
increases, the component of the generated net force that is perpendicular to the
flow direction also increases. As a result, the parallel component of the force that
could push the bulk fluid to flow forward is decreased. Further work including
different geometries of sharp-edge structure with smaller tilting angles to further
improve the efficiency of our acoustofluidic pumps is under way. In addition, the
results show a concurrent increase of the flow rate with voltage, demonstrating
that the pumping flow rate could be controlled by adjusting the input voltages.
We discovered that our sharp-edge-based acoustofluidic micropump can conveniently achieve a wide range of pumping flow rates, from nanoliters to microliters
per minute, by adjusting the input voltage applied to the piezoelectric transducer.
Aside from the function of continuous fluid pumping, we also demonstrated that
by alternately switching the piezoelectric transducer on and off at various burst
frequencies (e.g., 0.5 and 2 Hz), our sharp-edge-based acoustofluidic micropump
can achieve pulsatile fluid pumping as shown in Fig. 6.4(b). These results imply
that the profile of the pumping flow rate can possibly be modulated by programming the input signal to the piezoelectric transducer. Future work should include
evaluation and optimization of pumping performance within different microchannel
designs (e.g., a straight, non-circulating microchannel).
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Figure 6.4. Experimental results illustrating the controllability and tunability of our
sharp-edge-based acoustofluidic micropump. (a) Comparison of generated pumping flow
rates with various tilting angles of sharp-edge structure as a function of the voltages
applied to the PZT. The 30◦ tilted sharp-edge structures could generate a flow rate as
high as 8 µL/min under 50 VPP . (b) Characterization of flow rate profiles by alternately
switching the PZT on and off with different burst frequencies: burst frequency of 2 Hz
(black) and burst frequency of 0.5 Hz (red).

6.3

Summary

In summary, we demonstrate a new class of acoustically driven, reliable, and programmable microfluidic pumps based on the oscillating tilted sharp-edge structures. Our sharp-edge-based acoustofluidic micropump could generate a pumping
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flow rate as high as 8 µL/min, and with more sharp-edge structures, the generation
of higher flow rates can be expected. By tuning the input voltage, a wide range
of pumping flow rates, from nanoliters to microliters per minute, could also be
generated by a single pump. Moreover, by programming the input signal to the
piezoelectric transducer, we could modulate the profiles of the pumping flow rates.
In fact, it is possible to achieve various kinds of flow operations by programming the
input signals to the piezoelectric transducer. With such features, our sharp-edgebased acoustofluidic micropump offers advantages over other microfluidic pumps
in terms of not only simplicity, stability, reliability, and cost-effectiveness but also
controllability and flexibility, which, when combined, make it valuable in many
lab-on-a-chip applications.
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Chapter

7

Conclusions and Prospects
7.1

Conclusions

Over the past few decades, microfluidics has emerged as a powerful tool for a wide
variety of applications, from chemical applications, such as monitoring of chemical
reactions and material synthesis, to biological applications, such as cell differentiation and single-cell virology. We have also witnessed the rapid advancement of
related technologies. Despite the advancement, the adoption of microfluidic devices
in human daily life for diagnostic and therapeutic purposes is still very limited, the
reason being that, to date only a few powerful fluid manipulation devices have been
proposed. As an powerful fluid manipulation device, it has to operate in a simple, controllable, reliable manner with performance that is comparable to existing
technologies, while minimizing the use of hardwares. Undoubtedly, the pneumaticvalves based fluid manipulation platform invented by Prof. Steven Quake [165,166],
is by far the most powerful fluid manipulation technique among those available.
The pneumatic-valves based fluid manipulation platform, however, not only necessitates the use of external bulky gas tanks and solenoid valves, but also complicates
the design and fabrication of devices. To bring the whole microfluidic community
several steps further toward the development of truly integrated microfluidic devices, there has been a pressing need to develop fluid manipulation devices that
are simple in terms of fabrication, operation, and device configuration, reliable and
controllable in terms of device performance, require minimum external hardwares,
and the last, yet the most important — can be integrated with other microfluidic
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components.
Implementing acoustic streaming effects in microfluidics, we have developed a
series of acoustofluidic technologies that are able to control and manipulate fluids
and micro-objects using acoustic streaming effect that is induced by oscillating
sharp-edge structures. The sharp-edge-based acoustofluidic devices possess advantages including high biocompatibility, ease of manipulation, high flexibility and
controllability, and low power consumption; these advantages altogether, make
our sharp-edge-based acoustofluidic devices invaluable for many microfluidic applications. This dissertation contributes to understand, design, and prototype a
new class of acoustofluidic devices to pave the foundation for applications, ranging
from biomedical/chemical research to clinical applications. Taking a systematic approach toward Oscillating-Sharp-Edge based Acoustofluidic Microdevices,
we have reached several milestones outlined as follows.
On-demand fluid mixing
An acoustofluidic micromixer was developed where rapid and homogeneous mixing
of fluid was achieved via the acoustic streaming induced by oscillating sharp-edge
structures. The acoustic streaming induced by the oscillation of sharp-edge structuresallowed two fluids to interchange and thus enhances the mass transport across
the channel, greatly improving the mixing efficiency. The effects of the driving frequency and driving voltage of piezoelectric transducer, the tip angle of sharp-edge
structure, and the flow rate condition were thoroughly investigated and characterized. A mixing time as short as 180 ms was demonstrated at a flow rate of
4 µL/min under a driving voltage of ∼ 31 VPP . Our sharp-edge-based acoustofluidic micromixer possesses desirable characteristics, including excellent mixing performance, simplicity, convenient and stable operation, fast mixing speed, and ability to be toggled on-and-off, which makes it a promising candidate for a wide
variety of lab-on-a-chip applications.
Highly-viscous clinical human sputum lqiuefaction
Extending the capability of our sharp-edge-based acoustofluidic micromixer developed in Chapter 3, we demonstrated for the first time, to the best of our knowledge,
the microfluidic liquefaction of clinical human sputum samples. By modifying our
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sharp-edge-based acoustofluidic micromixer, we were able to consistently liquefy
human sputum samples at a throughput of 30 µL/min without compromising cell
viability or sample integrity. The sputum samples liquefied using our sputum liuqefier were comparable to those liquefied using a standard vortex mixer through
analysis including visual comparsion in the appeareance, cell morphology, cell content, cell viabilty, and flow cytometry. Our sharp-edge-based acoustofluidic sputum liquefier could liquefy sputum samples over a range of viscosities. Our findings
suggest that our acoustofluidic sputum liquefier is a promising candidate for incorporation with other on-chip components that will enable the development of a fully
integrated, self-contained sputum processing and analysis platform. Moreover, our
demonstration of liquefying sputum samples opens the gate for applications that
require the processing of highly viscous fluids.
Spatioemporal generation of chemical gradients
The ability to generate stable, spatiotemporally controllable concentration gradients is critical for resolving the dynamics of cellular response to a chemical microenvironment. Engineering the acoustic streaming patterns generated inside
the microfluidic channel, we demonstrated the generation of concentration gradients of chemical as a result of serial mixing of different solutions. By controlling
the driving voltage of piezoelectric transducer, the generation of spatially controllable chemical gradient profiles were demonstrated. Furthermore, through the
modulation of the actuation time of piezoelectric transducer, we generated temporally controllable chemical gradients. With these two characteristics combined,
our sharp-edge-based acoustofluidic gradient generator could generate spatiotemporally controllable concenctration gradients. The biocompatibility of our sharpedge-based acoustofluidic gradient generator was validated by carrying out experiments where cells migrated in response to the concentration gradient generated by
our gradient generator, and by preserving the cell viability after long-term exposure
to an acoustic field. Our device features advantages such as simple fabrication and
operation, compact and biocompatible device, and generation of spatiotemporally
tunable gradients.

95

Reliable, programmable fluid pumping
Fluid pumping is another vital function needed for the development of integrated
LOC devices. Exapnding the potential of acoustic streaming induced by oscillating sharp-edge structure, we developed a programmable acoustofluidic micropump
that utilizes the acoustic streaming generated by acoustically oscillating sharpedge structures. To achieve this, we engineered the geometry of sharp-edge structure , specifically, tilted the sharp-edge structure, which in turn, varies the acoustic
streaming patterns generated inside the channel. This altered streaming pattern
then produced a net force pointing toward the direction where the sharp-edge
structurewas tilted; fluid pumping motion occured because of the net force, along
the parallel direction where the sharp-edge structurewas tilted. The effect of the
sharp-edge structureswith different tilting angles on the pumping performance was
investigated and characterized. The developed sharp-edge-based acoustofluidic micropump was capable of generating stable flow rates as high as 8 µL/min with a
pumping pressure of ∼ 76 Pa, and was able to modulate flow rates across a wide
range, from several nanoliters to several microliters per minute. Furthermore,
by programming the input signal to the piezoelectric transducer, our sharp-edgebased acoustofluidic micropump could modulate the profiles of the pumping flow
rates. Our sharp-edge-based acoustofluidic micropump offers advantages over other
microfluidic pumps in terms of not only simplicity, stability, reliability, and costeffectiveness but also controllability and flexibility, which, when combined, make
it valuable in many lab-on-a-chip applications.

7.2

Prospects

This dissertation has centered to the development of a series of acoustofluidic devices that are capable of manipulating fluids, specifically, based on the acoustic
streaming effect induced by the oscillating sharp-edge structures. Desite the successful development and demonstration on these devices, the work has been highly
experimental, and that, to large extent, is because the topic contains uncovered
matters, particularly in its physics and mechanisms. Meanwhile, the work has
also opened a field for further fundamental studies on streaming patterns, establishment of numerical models, as well as other microfluidic applications. A lot of
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tasks have to be done before we can fully expand the capability of sharp-edgebased acoustofluidic devices.
Firstly, fundamental studies including basic physics and mechanisms have yet
to be explored and understood on how acoustic streaming is actullay induced
around oscillating sharp-edge structures. Though we can generate acoustic streaming around oscillating sharp-edge structure and then use them to demonstrate different applications; however, the work is still of qualitative because the physics and
mechanisms is yet unclear. We will need to take one step back to the fundamental
studies. Once the physics and mechanisms are well understood, we are able to
properly design sharp-edge-based devices to avoid the unnecessary loss of acoustic
energy; in other words, the devices can perform better than before.
Another pressing task is to establish a numerical model that is applicable for
the devices constructed with sharp-edge structures of different geometries and arrangements. The numerical model should be able to produce simulation results
that are in good agreement with experimental results. Once the numerical model
is established and based upon the simulation results it provides, we should be able
to predict the performance of the device of interest and as such, before we come
to the step of fabricating device, we can modify the device numerically until we
get an optimized device design. Doing this will significantly shorten our time on
experimentally testing devices with different designs.
Thirdly, further integration of different devices has to be done. In this dissertation, we have demonstrated a series of sharp-edge-based acoustofluidic devices
for fluid mixing and pumping; however, each single device has only one function. To enable the future development of fully-functioning LOC device, deviceto-device integration is inevitable and as a result, the integrability of each of our
differently-purposed devices has to be proved. To prove so, we will integrate only
one single-function device with another at a time; for example, our sharp-edgebased micromixer may be first integrated with our sharp-edge-based micropump
to enable concurrent fluid mixing-pumping in a single device. Once it is achieved,
we will take one step further, namely, integrate the concurrent mixing-pumping
device with another on-chip component (e.g., detection/sensing component), to
demonstrate applications such as on-chip immunosensing.
Finally, the acoustic streaming effect induced by oscillating sharp-edge structures have been proved to be extremely useful and powerful for fluid mixing and
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pumping; however, there are many applications that can also be achieved using acoustic streaming including, but not limited to, particle/cell trapping and
enrichment, size-based particle/cell separation, cell lysis, cell mechanotransduction (shear-stress stimulation). Furthermore, we can even integrate existing microfluidic devices with our sharp-edge-based micropump to enable even versatile
applications, such as pumpless cell separation and pumpless droplet generation.
Along the line, we truly believe more and more applications will be enabled by
sharp-edge-based acoustofluidic devices, and we are confident that sharp-edgebased acoustofluidic devices will become powerful microfluidic tools.
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