The Pennsylvania State University
The Graduate School
College of Engineering

FAST MICROFLUIDIC MIXERS BASED ON ACOUSTICALLY DRIVEN
MICROBUBBLES

A Thesis in
Engineering Science
by
Daniel Ahmed

 2009 Daniel Ahmed

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

May 2009

The thesis of Daniel Ahmed was reviewed and approved* by the following:

Tony Jun Huang
James Henderson Assistant Professor of Engineering Science and
Mechanics
Thesis Advisor

Bernhard R. Tittmann
Schell Professor of Engineering Science and Mechanics

Mark Horn
Associate Professor of Engineering Science and Mechanics

Judith A. Todd
Professor of Engineering Science and Mechanics
P. B. Breneman Department Head of Engineering Science and Mechanics

*Signatures are on file in the Graduate School

ii

ABSTRACT
Due to the low Reynolds number associated with microscale fluid flow, it is difficult to
rapidly and homogenously mix two fluids. The thesis discusses a fast and homogenized
mixing device through the use of a bubble-based microfluidic structure. We have
designed two micromixers prototypes. (1) This micromixing device worked by trapping
air bubbles within the pre-designed grooves on the sidewalls of the channel. When
acoustically driven, the membranes (liquid/air interfaces) of these trapped bubbles started
to oscillate. The bubbles’ oscillation resulted in a microstreaming phenomenonstrong
pressure and velocity fluctuations in the bulk liquid, thus giving rise to fast and
homogenized mixing of two side-by-side flowing fluids. The performance of the mixer
was characterized by mixing deionized water and ink at different flow rates. The mixing
time was measured to be as small as 120 ms. (2) The device operates by trapping a single
bubble within a “horse-shoe” structure located between two laminar flows inside a
microchannel. Acoustic waves then excite the trapped air bubble at its resonance
frequency, resulting in acoustic streaming which disrupts the laminar flows and triggers
the two fluids to mix. Due to this technique’s simple design, excellent mixing
performance, and fast mixing speed (a few milliseconds), our single-bubble-based
acoustic micromixer will be useful in many biochemical studies and applications.
Mixing performance, and fast mixing speed (7 milliseconds), our single-bubble-based
acoustic micromixer will be useful in many biochemical studies and applications.
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Chapter 1
Introduction
Microfluidics is a science and technology that deals with fluid in micro and nano
scale, influencing numerous “lab-on-a-chip” applications, spanning from the fields of
engineering to life science. The technology boasts several advantages such as control
fabrication of droplets size1, precise synthesis of nanoparticles2 and polymeric structures3,
smaller consumptions of reagents in chemical reactions4, studies of single cell behavior 5,
and much more at a cost efficient manner6. To perform various microfluidics applications
efficiently, an important component, namely the microfluidic mixer is needed. Extensive
research, through different physics and principle, has been done to improve the
functionalities of the microfluidics mixer. However, achieving both fast and homogenous
mixing of the two fluids remains a challenge. To overcome the limitations associated
with different type of mixing methods, we have developed two prototype micromixers
based on microbubbles coupled with acoustics. When air bubbles are externally excited
by acoustic energy, the air bubbles oscillate. Frictional force is developed between the
boundary of the bubble and the surrounding medium7. This oscillation generated pressure
and velocity fluctuations in the surrounding liquid, resulting in a phenomenon known as
microstreaming. Using the concept of acoustic streaming of microbubbles, we have
developed two prototype micro mixers.
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1.1 Fast Microfluidic Mixer Based on Acoustically Driven SidewallTrapped Microbubbles
Due to the low Reynolds number associated with microscale fluid flow, it is difficult to
rapidly and homogenously mix two fluids. The thesis discusses a fast and homogenized
mixing device through the use of a bubble-based microfluidic structure. This
micromixing device worked by trapping air bubbles within the pre-designed grooves on
the sidewalls of the channel. When acoustically driven, the membranes (liquid/air
interfaces) of these trapped bubbles started to oscillate. The bubble oscillation resulted in
a microstreaming phenomenonstrong pressure and velocity fluctuations in the bulk
liquid, thus giving rise to fast and homogenized mixing of two side-by-side flowing
fluids. The performance of the mixer was characterized by mixing deionized water and
ink at different flow rates. The mixing time was measured to be as small as 120 ms.

1.2 A Millisecond Micromixer via Single-Bubble-Based Acoustic
Streaming
We discuss ultra-fast homogeneous mixing inside a microfluidic channel via singlebubble-based acoustic streaming in chapter 5. The device operates by trapping an air
bubble within a “horse-shoe” structure located between two laminar flows inside a
microchannel. Acoustic waves then excite the trapped air bubble at its resonance
frequency, resulting in acoustic streaming which disrupts the laminar flows and triggers
the two fluids to mix. Due to this technique’s simple design, excellent mixing
performance, and fast mixing speed (a few milliseconds), our single-bubble-based
acoustic micromixer will be useful in many biochemical studies and applications.
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1.3 Governing Equations
The flow within the microfluidic device can be described by Navier-Stokes equations.
The equations are derived from the principle of conservation of mass, momentum and
energy8. The first equation is the mass conservation, which states that the mass entering
the control volume is equal to the mass leaving the control volume. A two dimensional
approach of this equation is demonstrated here.

Figure 1-1: Two-dimensional conservation of mass
The mass conservation requires that8,

∂ ( ρv ) 
∂ ( ρ∆x∆y )
∂ ( ρu ) 

∆x
y
v
∆
−
+
ρ
= ρu∆y + ρv∆x −  ρu +

∂y 
∂t
∂x 


Dividing by ∆x∆y , obtaining
∂ρ ∂ ( ρu ) ∂ ( ρv)
+
+
=0
∂t
∂x
∂y

[1.2]

[1.1]
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Thus the equation becomes
 ∂u ∂v 
∂ρ
∂ρ
∂ρ
+u
+v
+ ρ +  = 0
∂t
∂x
∂y
 ∂x ∂y 

[1.3]

In a vector form
_
∂ρ
∂ρ
∂ρ
+u
+v
+ ρ∇.V = 0
∂t
∂x
∂y

[1.4]

Fluids may be considered incompressible thus the three-dimensional mass conservation
equation can be reduced to
_

∇.V =

∂u ∂v ∂w
+
+
=0
∂x ∂y ∂z

[1.5]

The second equation is the momentum conservation equation. The change in momentum
in a fluid element is equal to the balance between inlet and outlet momentum and exerted
forces8.Combining all of the forces in the x-direction and combining the mass
conservation equation, we obtain

Figure 1-2: Momentum in the x-direction
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Figure 1-3: Force balance in the x-direction.

ρ

∂τ
∂u
∂u
∂u
∂σ
+ ρu
+ ρv
= − x + xy + Fx
∂y
∂t
∂x
∂y
∂x

[1.6]

Where, σ x and τ xy are the normal and tangential stress and are given below.

σ x = P − 2µ

∂u 2  ∂u ∂v 
 + 
+
∂x 3µ  ∂x ∂y 
 ∂u

∂v 

τ xy = µ  + 
 ∂y ∂x 

[1.7]

[1.8]

Combining equations [1.6], [1.7] and [1.8], we obtain the two-dimensional Navier-Stoke
(NS) equation where µ is the dynamic viscosity.

 ∂ 2u ∂ 2u 
 ∂u
∂P
∂u
∂u 
+ µ  2 + 2  + Fx
+u
+ v  = −
∂x
∂y 
∂x
∂y 
 ∂t
 ∂x

ρ 

 ∂ 2v ∂ 2 v 
 ∂v
∂P
∂v
∂v 
ρ  + u + v  = − + µ  2 + 2  + Fy
∂y
∂y 
∂x
∂y 
 ∂t
 ∂x

[1.9]
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For a system undergoing a change in the fluid temperature, an energy conservation
equation is given by.

 ∂T
∂T
∂T  ∂  ∂T  ∂  ∂T 
+q
 = k
+u
+v
 + k
∂x
∂y  ∂x  ∂x  ∂y  ∂y 
 ∂t

ρC p 

[1.10]

where C p is the specific heat, k is the conduction coefficient and q is the source or the
sink.

1.4 Fluid Flow in Microfluidics
In microscale, the flow of the fluid can be characterized by a nondimensional number
namely the Reynolds number, Re, which determines the ratio between inertia and the
viscous forces.

Re =

LU avg ρ

µ

,

where L is the characteristic dimensional of the channel and is equal to 4 A / P : A is the
cross-sectional area of the channel and P is the wetted perimeter of the channel. U avg is
the average velocity of the fluid flow, ρ is density and µ is the viscosity of the fluid.
Due to small dimensional of the microfluidic devices, the Reynolds number is low and
flow within the microfluidic channel is laminar, as shown in figure 1. In most
microfluidic devices, the Re is usually much less than 100 which is far less to obtain a
turbulent flow (Re = 2000) in microdevices.
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Figure 1-4: Micrograph of a simple Y-shape microfluidic channel with Fluorescent dye
(top) and DI water (bottom) are injected by a pump (not shown) from left to right. Due to
low Re associated within the dimensional of the microfluidic channel, the flow is
laminar.
Due to the conventional microfabrication technique 9, most microfluidic channels are
rectangular in cross-section. When fluid is pumped inside the microfluidics, the velocity
profile is dependent both in y and z, as shown in figure 2-2. The velocities at the wall are
considered to be zero for no slip condition. As a result, fluid moving at the center of the
microfluidic channel is faster than fluid near the walls. The parabolic flow of fluid within
the microfluidic devices having a rectangular cross-section of dimensions 2a and 2b can
be approximated by10.

  x s    y r 
u ( x, y ) = u max 1 −    1 −   
  a     b  
where,

α =b/a
s = 1.7 + 0.5α

−

1
4

α ≤ 1/ 3
2
r=

2 + 0.3(α − 1 / 3) for α > 1 / 3
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Figure 1-5: (Left) Schematic of a microfluidic channel with a rectangular cross-sectional
area with dimension 2a and 2b. Right: Approximated parabolic velocity profile in the yz
and xz plane
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Chapter 2
Literature Review
To date, a number of micromixing methods in both passive and active form are
available. In passive form no external energy source is needed and mixing is obtained
through molecular diffusion and chaotic advection. Stroock et al.1 demonstrated chaotic
mixing by designing herringbone structure as shown in figure 2-1

Figure 2-1 (a) Herringbone structure is fabricated, mixing is established by two
sequential regions of ridges. (b) Confocal images showing the mixing process.1
Park2 et al. demonstrated a five-inlet mixer, shown in figure 2-2, by the concept of
hydrodynamic focusing. A sheath flow is established to create a barrier between the two
reactants during focusing process and rapid mixing is established through the process of
the diffusion.
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Figure 2-2 Schematic of the mixer with an inset showing the actual micrograph2
In active mixing, fluid needs to be agitated by an external energy source. Currently there
are many active mixing methods based on mixing in the form of, thermally agitated
bubble3, optically4 and magnetically induced5, and electro rheological fluid driven6.

Tsai and Lin et al.3demonstrated a mixer by activating a thermal bubble actuated nozzlediffuser micropump. The oscillatory flow generated by the pump induce a wavy interface
to increase the contact are of mixing fluids. The schematic of the experimental setup is
shown in figure 2-3
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Figure 2-3 Microfluidic system includes a nozzle-diffuser-based bubble pump3
Hellman et al.4 demonstrated mixing by cavitating a bubble by a highly focused
nanosecond laser pulses from a Q-switched ND: YAG laser. The laminar flow of the
fluid which is established in microchannel due to low Reynolds number is broken due to
bubble collapse. They have achieved mixing in milliseconds, the mixing process is shown
in figure 2-4.

Figure 2-4 Left: setup for the fluorescent microscopic system. Right: Series of Images
demonstrate the production of fluorescent resorufin via the mixing technique4

13
Ryu et al.5 demonstrated mixing by fabricated a magnetic stir-bar, shown in figure 2-5,
driven by an external rotating magnetic fields. Though the mixing is a novel concept, but
it not feasible since the fabrication is complicated and the inclusion of a bulky external
magnet is not feasible for miniaturizing microfluidic devices. Figure 2-6 shows the
mixing process, good mixing is achieved in 2.5 seconds.

Figure 2-5 Schematic diagram of a single micro stir-bar for mixing. An external magnet
used to drive the magnetic bar is not shown for mixing. Right: arrangement to pump
fluid5

Figure 2-6 Images of the mixing by the process of rotating the magnetic stir-bar5.
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Niu et al.6 demonstrated mixing based on electro rheological fluid controlled valves. The
laminar flow established is broken by liquid flow in orthogonal side channels, driven by
hydro dynamics pulsating pump. Figure 2-7 shows the experimental setup while figure 28 demonstrates the mixing process.

Figure 2-7 Experimental setup6

Figure 2-8 Mixing Process by the agitating electro rheological fluid controlled valves6.
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Among these methods, acoustic-based mixers have garnered great interest due to
their non-invasive nature and simple, inexpensive fabrication procedures and
instrumentations. Yaralioglu et al.7 demonstrated a mixing device based on an integrated
ultrasonic transducer. Figure 2-9 shows the electrode pattern. The ultrasound generated
pressure fluctuations in liquids and disturbed the laminar flow pattern to facilitate mixing
as shown in figure 2-10

rise

Figure 2-9 Electrodes patterns for the transducer7.
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Figure 2-10 Mixing process by exciting the interdigital transducer7.

Frommelt et al.8 demonstrated mixing (Figure 2-12) via chaotic advection induced by the
interaction of surface acoustic waves, generated by interdigital transducer, with liquids
enclosed between two substrates. Figure 2-11 shows the experimental setup.

Figure 2-11 Experimental arrangement of the IDT (interdigital transducer) A droplet of
liquid enclosed between the substrate and a cover slide8.

Figure 2-12 Mixing process by exciting the interdigital transducer8.
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Yang et al.9 demonstrated mixing by ultrasonic vibration by a fabrication diaphragm. The
acoustic vibration is generated from a bulk piezoelectric lead-zirconate-titanate (PZT).

Figure 2-13 Micrograph of the mixing9.
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Chapter 3
Bubble’s Interaction of Acoustic Waves

3.1 Steady Cavitation: Small Amplitude Oscillation of a Bubble
When a bubble is immersed in fluid and acoustic wave with lower amplitude is allowed
to act with the bubble. The oscillation of the bubble can be studied by Rayleigh-Plesset
bubble dynamics. The radius, RC , of a single bubble oscillating can be approximated by
Rayleigh-Plesset type equation1 and is given by:

d 2 RC 3 d 2 RC
1 
2σ
RC
+
=
 Po +
2
2
dt
RC
ρ L 
2 dt


3κ

 RO 
2σ
 −

− Po − P(t )
RC

 RC 

[3.1]

where P0 = 101.325 kPa is the initial atmospheric pressure inside the bubble, P (t ) is the
superimposed time dependent pressure on P0 , χ =1.4 is the specific heats ratio of gas
inside the bubble, ρ L = 1000 kg·m-3 is the density of the fluid and σ = 0.0728 N·m-1 is the
surface tension of the fluid. To estimate the natural frequency,

P (t ) is set

to P (t ) = − PAe iωt , with a sound amplitude of PA and angular sound frequency, ω . For
small oscillations at the bubble wall we set RC (t ) = RO + Rε (t ) , and both P (t ) and RC (t )
are plugged in equation [3.1] thus providing a simplified bubble oscillation equation and
is given by
d 2 Rε (t )
P
+ ωo2 Rε (t ) = A e iωt
2
dt
ρ L Ro

[3.2]
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The streaming phenomenon is most prominent when the bubbles are driven at the natural
frequency, a cartoon sketch is shown in figure 3-1 (a). The natural frequency, f (unit:
kHz) of an acoustically oscillated spherical bubble is found from equation (ii) and is
shown below.
f2=

 
2σ  2σ 
−

3κ  po +
a  a 
4 ρπ a  
1

2

2

[3.3]

Vigorous streaming phenomenon near the bubble interface, is experimentally verified
(figure 3-1(b) and (c)), occurs when the bubbles are driven at the natural frequency. The
streaming phenomenon increases the mass transport across the fluidic interface, resulting
in fast and homogenous mixing.

Figure 3-1 (a) Cartoon Schematic of a bubble, immersed in fluid, undergoing bubble
pulsation in the presence of acoustic waves. (b) A micrograph of a bubble resting on the
sidewall of the microfluidic channel in the absence of acoustic waves. (c) Acoustic
streaming phenomenon is observed near the bubble interface due to acoustic waves
generation of the bubble’s natural frequency
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3.2 Different Modes of Bubble Cavitation
From figure 3.1, we observed that as the bubble oscillates in the presence of acoustic
waves, the bubble generates fluctuation in velocity and pressure in the surrounding fluid.
By keeping the acoustic pressure constant, and changing the frequency of the acoustic
waves generation, Tho et al. demonstrated by PIV different modes of bubble pulsation
and the corresponding vertical regions near the bubble.

Translating Mode
The first mode of oscillation is the translating oscillation along a single axis. The top
view of figure 3-2 shows that the stream lines of the bubble pulsation give rise to four
vortices [2]. Significant velocity gradient is developed in horizontal and vertical axis of
the bubble as shown in the PIV image of figure 3-2.

Figure 3-2 A translating oscillation along a single axis. Micro-PIV image field shown in
the right 2.
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Elliptical Orbiting Oscillation
The flow pattern of the top view of figure 3-3 is similar to the flow pattern of a bubble
pulsating during the translating mode, except the patterns are oriented in a different
angle2.Two vortices are rotating in the clockwise direction, while the other two in the
counter rotating direction as shown in the PIV of figure 3.3

Figure 3-3 An elliptical orbiting oscillation. Micro-PIV image field shown in the right2
Circular Orbiting Oscillations
During the circular orbiting oscillation, the particles move around the bubble in the
anticlockwise direction as shown in figure 3-5. The streamlines and the velocity fields are
shown in the PIV-image.
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Figure 3-4 A circular orbiting oscillation. Micro-PIV image field shown in the right2.

Volume Oscillations
The streamlines are symmetrical along the vertical axis. The fluid moves downward from
the top of the figure 3-5 and is recirculated back to the top2. The PIV image is shown in
the left.

Figure 3-5 A volume oscillation. Micro-PIV image field shown in the right2.
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3.3 Shape Modes Oscillation: Effect of Pressure Amplitude
So far, we have discussed oscillation of a bubble when the acoustic pressure applied to
the system is low. However, once the acoustic pressure is increased to an extent such that
no bubble collapse and rectified diffusion is observed. Interestingly, Tho et al.2
experimental visualized the different modes of oscillation of a bubble at an optimum
voltage but with a variable frequency. Figure 3-6 shows the many different modes of
oscillation in conjunction with streaming images.

Figure 3-6 Top: micrographs of different shape mode( n=6, n=7.n=8) oscillations.
Bottom: acoustic streaming phenomenon due to corresponding shape mode oscillations2.

3.4 Transient Cavitation
During the transient cavitation, a bubble is immersed in fluid. Acoustic wave with high
pressure amplitude is applied. Sound waves consist of compression and rarefaction
cycles. During the expansion cycle, the diffusion boundary layer of the bubbles becomes
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thinner; the surface area of the bubbles gets larger, resulting in the transfer of gas into
bubbles from the surrounding fluid media. During unsteady cavitation, bubbles grow
during subsequent expansion cycles until they become unstable, and collapse in the next
compression cycle3. The radius, RC , of a single bubble collapse near a boundary can be
approximated by Rayleigh-Plesset type equation1 and is given by:
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where P0 is the initial pressure inside the bubble, P (t ) is the superimposed time dependent
pressure on P0 , d C is the distance from the center of the bubble to the wall, χ is the
specific heats ratio of the vapor and gas, RC (max) is the maximum bubble radius, Pr = RC is the
pressure in liquid at the bubble surface, C∞ is the sound velocity in fluid at infinity, ρ L is
the density of the fluid and σ is the surface tension of the fluid . Figure 3-7 shows the
modes of a single bubble collapse near a boundary. As the bubble collapses near the
boundary, jetting and counter rotating vortices are created. Zwan et al. estimated that the
centers of each vortices rotate with an initial rotation rate of 10,000 rev/s 4.
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Figure 3-7 Transient cavitation: Modes of bubble collapse near a boundary in presence
of acoustic waves, micro-jet and counter-rotating vortices are created in the final stages
of the collapse. Steady cavitation: microstreaming phenomenon.
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Chapter 4
Fast Microfluidic Mixer Based on Acoustically Driven Sidewall-Trapped
Microbubbles
In chapter 4, we demonstrated rapid and homogenous mixing through acoustic
streaming phenomenon around microbubbles trapped in the sidewall grooves. The mixing
time was as low as 120 ms. To the best of our knowledge, this is the fastest mixing speed
achieved in acoustic-based mixing devices. The experimental setup is shown in Figure 41. A single-layer Y-shaped polydimethylsiloxane (PDMS) microchannel with two inlets
and one outlet was fabricated. The channel featured rectangular grooves on the sidewalls
designed with alternate spacing. As liquid was injected into the inlets, bubbles were
trapped inside the sidewall grooves due to surface tension. The trapped air bubbles were
externally excited by acoustic energy from a piezo transducer, causing the membranes
(air/liquid interface) to oscillate. As a result frictional force is developed between the
boundary of the bubble and the surrounding medium1.This oscillation generated pressure
and velocity fluctuations in the surrounding liquid, resulting in a phenomenon known as
microstreaming2 .The streaming pattern was represented by a pair of counter-rotating
vortices. The streaming effects drastically perturbed the bulk fluid flow, broke the
laminar fluid interface, and enhanced the mass transport between the two fluids, thus
making fast and homogenous mixing possible.

29

Figure 4-1 Schematic of the experimental setup. The microfluidic channel and the piezo
transducer is bonded onto a Petri dish and placed adjacent to each other. The transducer is
driven by a function generator and the whole setup is mounted on an optical microscope
stage.

4.1 Experimental Details
The PDMS microchannel with pre-designed grooves on the sidewall was fabricated using
standard soft lithography and mold replica technique3 . The channel had a width of
240µm, a depth of 155µm, and a length of 1.2 cm. The PDMS containing the channel
was peeled off from the silicon mold, and inlets and outlets are drilled by a silicon
carbide drill bit. It was activated with oxygen plasma and bonded onto a Petri dish. A
piezo transducer (model no. 273-073, RadioShack) was bonded using epoxy (Devcon 2
Ton Epoxy) onto the same Petri dish, and placed adjacent to the PDMS microchannel.
Before running any experiments, we allowed the epoxy to completely cure for 24 hours.
We used plastic Petri dishes over glass substitutes since they provide better coupling of
acoustic energy over glass substitutes. Lastly, polyethylene tubings (Becton Dickinson)
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are inserted to the drilled inlets and outlets of the channel, and connected to the syringe
pump (KDS 210, KD scientific, Holliston, MA). When the piezo transducer was activated
by a function generator (Hewlett Packard 8116A), acoustic waves were generated and
propagated into the channel. The driving voltage was held constant at 8 VPP in all
experiments. The whole setup was mounted on a Nikon TE-2000U optical microscope
stage.

4.2 Basic Theory
The streaming phenomenon is most prominent when the bubbles are driven at the natural
frequency. The natural frequency f (unit: kHz) of an acoustically oscillated spherical
bubble can be approximated by small amplitude behavior of Rayleigh-Plesset equation4,
f2=

 
2σ
3κ  po +
a
4 ρπ a  
1

2

2

 2σ 
−

 a 

[4.1]

where ρ is the density of the fluid (1000 kg·m-3), σ is the surface tension of water
(0.0728 N·m-1), κ is the polytropic exponent (1.4) for a bubble containing air (Crum
1983), po is the hydrostatic liquid pressure (101.325 kPa ), and a is the radius of the
bubble at an equilibrium state. Vigorous streaming phenomenon near the bubble interface
occurs when the bubbles are driven at the natural frequency. The streaming phenomenon
increases the mass transport across the fluidic interface, resulting in fast and homogenous
mixing.

4.3 Fabrication of the Microfluidic Channel
The Polymethylsiloxane (PDMS) microchannel was fabricated using standard
lithography and mold replica technique (Figure 4-2 a(1)-a(5)). The silicon mould for the
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microchannel was patterned by photoresist Shipley 1827 (MicroChem, Newton, MA) and
etched by a Deep Reactive Ion Etching (DRIE, Adixen, Hingham, MA) process. The
etching depth was set at 155 µm. In order to reduce surface energy and hence the damage
to the PDMS channel during the demolding process, the silicon mould was coated with
1H,1H,2H,2H-perfluorooctyl-trichlorosilane (Sigma Aldrich, St. Louis, MO) in a vacuum
chamber after DRIE. SylgardTM 184 Silicone Elastomer Base and SylgardTM 184 Silicone
Elastomer Curing Agent (Dow Corning, Midland, MI) were mixed at a 10:1 weight ratio
and cast onto the silicon mould. The uncured PDMS on the silicon mould was then left in

Figure 4-2 (a1)-(a5) Schematic of the fabrication procedure (b) photograph of a PDMS
channel.
a -20 ºC freezer for 30 min to remove bubbles, later was stored inside the oven for 2 h at
65 ºC. Following that, the PDMS was peeled off from the silicon mould, and inlets and
outlets were drilled on the PDMS using silicon carbide drill bit. Finally, the PDMS
channel was bonded to the plastic substrate by activating oxygen plasma as shown in
figure 4-2 (b).
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4.4 Results of Trapping Bubbles within the Microfluidic Channel
The channel featured rectangular grooves on the sidewalls designed with alternate
spacing. As liquid was injected into the inlets, bubbles were trapped inside the sidewall
due to the liquid/air contact angle and the hydrophobic interaction between the surface
and the liquid4. Subsequent trapping of microbubbles as fluid is injected is seen in figure
4-3 (a)-(f).

Figure 4-3 Surface tension dominates in microscale, as a result when deionized water is
injected into the channel, air bubbles are trapped within the pre-designed grooves on the
sidewalls of the channel (a)-(f)

4.5 Bubble oscillation induced by acoustic waves
To demonstrate the oscillation of the bubble membranes, deionized water was injected
into the channel to trap air bubbles. Figure 4-4(a) shows a trapped bubble within the
rectangular grooves in the absence of acoustic waves. The membranes of the air bubbles
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were acoustically oscillated at their natural frequency. Maximal membrane oscillation of
approximately 8 µm was observed at a driving frequency of 81.4 kHz. Figure 4-4(b)
shows the bubble oscillation in the presence of acoustic waves. A standing wave is
generated at the bubble interface. Maximal membrane oscillation of approximately 8 µm
was observed at a driving frequency of 81.4 kHz. Based on Eq. 4.1, the theoretical natural
frequency of a spherical air bubble with a radius of 45 µm was calculated to be 73.4 kHz.
The discrepancy between the experimental and calculated natural frequencies can be
attributed to the non-spherical shape of the air bubbles trapped within the sidewall

Figure 4-4 Optical image of an air bubble trapped inside the groove (a) in the absence of
acoustic waves and (b) in the presence of acoustic waves, which induce the bubble
membrane to oscillate at its natural frequency.

grooves.

4.6 Bubble oscillation induced by acoustic waves
To demonstrate the recirculation flow pattern inside the channel due to acoustic
streaming induced by bubble oscillation, a solution containing dragon green fluorescent
beads of diameter 1.9 µm (Bangs Laboratory) was injected into the channel inlet. Figure
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4.5(a) shows the flow pattern of fluorescent bead solution prior to exciting the
microbubbles. Once activated, bubbles induced strong acoustic streaming phenomena
(Figure 4.5(b)). The streaming effects drastically perturbed bulk laminar flow and
enhanced the mass transport across the centerline of the channel thus making fast and
homogenous mixing possible.

Figure 4-5 Characterization of the flow pattern with/without acoustic streaming. (a) In
the absence of acoustic waves, laminar flow pattern was observed in a solution containing
fluorescent beads (diameter: 1.9 µm). (b) When acoustic waves are applied, streaming is
developed in the liquid around the bubbles.

4.7 Mixing Visualization
To manifest mixing of two fluids inside the channel, deionized water and ink were
injected into each inlet at 6 µl/min, resulting in trapped air bubbles within the sidewall
grooves. Figure 4-6(a) shows the side-by-side laminar flow of co-injected fluids along the
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Figure 4-6 Characterization of the mixing performance. (a) Laminar flow of deionized
water and ink in the absence of acoustic waves. (b) Well mixed deionized water and ink
along the channel due to bubble streaming induced by acoustic waves. (c) Plots of
fluorescent concentration along different position of the microchannel.

channel prior to acoustic excitation. A clear fluidic interface was observed due to the
poor mixing. The air bubbles were subsequently excited at the natural frequency, and the
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oscillations of the bubbles led to vigorous streaming phenomena, which rapidly
interchanged fluids across the channel and resulted in fast and homogenized mixing
(Figure 4-6(b)). The mixing can be repeatably turned on and off as we switch on/off the
acoustic transducer. . The gray-scale value (a good indicator for the ink concentration)
was extracted from the image using the image analysis package, image J (Abramoff et al.
2004) at different locations of the channel (indicated as Positions 1, 2, 3, and 4 in Figure
4-6(b)). A fluorescent intensity plot along the channel is shown in figure 4-6(c).

4.8 Mixing Quantification
Homogenous mixing was quantified by calculating the mixing index of fluids. The
mixing index was calculated by the standard deviation divided by the mean value. A
mixing index of 0.5 indicates unmixed fluids, and a mixing index of 0.0 indicates
complete mixing. We chose a mixing index of 0.1 as threshold for acceptable mixing.
Mixing index at different positions along the channel at four different flow rates of 3, 6,
9, 12 µl/min (figure 4.7 ) is studied. We arbitrarily choose the mixing index less than 0.1
(after the second bubble, or position 2) as the criteria for acceptable mixing. At a flow
rate of 3 µl/min, mixing index of 0.025 at position 2 is achieved, which suggest excellent
mixing of the two fluids (Figure 4(c)). At a higher flow rate, 6 µl/min, close-to-perfect
mixing (mixing index: 0.084) is achieved after passing through the second bubble as
shown in Fig. 4(c).
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Figure 4-7 Micrographs of bubble induced mixing at different flow rates (3, 6, 9, 12
µl/min) along the length of the channel.
Acceptable mixing (mixing index = 0.06) is only observed after passing the position 3 for
9 µl/min and at this flow rate, the mixing index at position 2 is 0.179. Additionally, we
have noticed that as the flow rate is increased to 12 µl/min, no significant mixing is
observed (Fig. 4(c) even after passing (several bubbles) position 4. The threshold flow
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rate for which we achieved mixing index of less than 0.1 after passing position 2 (just
after the first two bubbles) is 6 µl/min.

Figure 4-8 Plots of mixing indexes at different positions along the microchannel at
different flow rates. The x axis indicates different positions along the microchannel
marked in the last diagram.

4.8 Mixing Time
The average mixing time, τ s , was estimated by using

τ s = Lmix / v avg

[4.2]

where Lmix is the distance (~650 µm) from the unmixed to completely mixed region
(Figure 4-9), and v avg was the average fluid velocity estimated by dividing the total flow
rate (12 µl/min) of the injected liquids by the cross-sectional area of the channel (240 µm
by 155 µm). The mixing time was thus calculated to be less than 120 ms.
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Figure 4-9 Micrograph used to approximate the mixing distance.

4.8 Control: No mixing in the absence of sidewall trapped bubbles
As a control, we want to study that acoustic vibration from the transducer (absence of
bubbles) is not responsible for mixing. To have a channel without any bubbles trapped
within the rectangular grooves on the sidewall, we had to fill them with fluids. To do this
process, we first injected ethanol into the channel which made the surface tension of the
channel low. As a result when fluid was injected, the fluid fills up the rectangular grooves
of the sidewall. We injected deionized water and ink into each inlet at 6 µl/min, thus
laminar flow was established as shown in Figure 4-10(a). We excited the piezotransducer at a frequency of 81.4 kHz, and we observed no perturbation of the laminar
flow (Figure 4-10(b)). This control proves that the homogenized mixing is only due to
acoustic streaming phenomenon of the trapped bubbles within the rectangular grooves of
the channel sidewall.
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Figure 4-10 The sidewall grooves are filled with fluid (no bubbles are trapped) (a)
Laminar flow of deionized water and ink in the absence of acoustic waves. (b) Laminar
flow of deionized water and ink in the presence of acoustic waves.

4.9 Summary
In summary, we report a microfluidic mixer based on bubble-induced acoustic
streaming effects. The injection of fluid into the microchannel results in trapped air
bubbles in the sidewall grooves. As these air bubbles are acoustically excited at their
natural frequencies, vigorous streaming phenomena are induced. This streaming breaks
the laminar fluid interface, enhances the mass transport between the two fluids, and thus
enables fast and homogenous mixing. Effective mixing is observed across the width of
the channel. Furthermore, the mixing time is calculated to be less than 120 ms. Due to its
simple design, strong performance, and fast speed, this technique could be used in a wide
variety of “lab-on-chip” applications that require fast and homogenous mixing.

41

References
1.

Leighton TG (1994) The acoustic bubble. Academic Press, London.

2.

Tho P, Manasseh R, Ooi A (2007) Cavitation microstreaming patterns in single
and multiple bubbles systems. J Fluid Mech 576: 191-233

3.

Xia Y, Whitesides GM (1998) Soft lithography. Annu Rev Mater Sci 28: 153-184

4.

A. R. Tovar and A. P. Lee, Lab Chip, 2009, 9, 41-43.

42

Chapter 5
A Millisecond Micromixer via Single-Bubble-Based Acoustic Streaming

Rapid mixing and homogenization of chemical/biological species on the
microscale is of great importance for a wide variety of applications, including
chemical kinetics studies1 and nanomaterial synthesis.2 To probe the transient events
which occur during rapid chemical/biological processes or to achieve optimum
synthesizing results, reactants have to be mixed within a short period of time (a few
milliseconds or less) before the reaction can proceed. Due to the low Reynolds
number of most microfludic devices, this is difficult to achieve.3-5 Thus far, dropletbased chaotic advection6,7 and hydrodynamic focusing1,8,9 have proven to mix fluids
within the millisecond range; however, in droplet-based micromixers, a foreign
organic phase, which could cause contamination, has to be introduced into the
reactants to generate droplets. In hydrodynamic focusing-based micromixers,8−11 rapid
mixing is achieved in the focused central stream; however, this technique is not
applicable across the entire channel’s cross-section.
To overcome the limitations associated with droplet-based and hydrodynamic
focusing-based mixing methods, researchers are developing techniques that actively
agitate the fluids to achieve mixing.12−21 Among these techniques, acoustic-based
mixers have attracted a great deal of attention due to their non-invasive nature and
simple mixing mechanism. In these mixers, ultrasonic waves, generated by acoustic
transducers,22 propagate inside the fluid media, inducing pressure waves that disturb
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flow and result in improved mixing efficiency.23−29

Figure 5-1 Schematic of experimental setup. The piezo transducer is placed adjacent to
the microfluidic device. Inset: illustration of a bubble trapped inside the horse-shoe
structure and streaming pattern around the bubble membrane in the presence of acoustic
waves

Recently, it has been shown that when microbubbles are present in fluid
media, the mixing efficiency can be further improved. The improved mixing
efficiency is due to the acoustic streaming phenomenon30 which “focuses” acoustic
energy on an oscillating bubble membrane, resulting in more prominent perturbation
to the surrounding fluids. Therefore, bubble-based acoustic mixers31,32 can potentially
provide a simple and cost-effective solution to the barriers of current fast
micromixing techniques. In this chapter, we demonstrate a single-bubble-based
acoustic mixer that achieves mixing and homogenization of side-by-side laminar
microflows within a few milliseconds. To the best of our knowledge, this device
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presents the fastest mixing speed among currently reported acoustic-based mixers.

5.1 Experimental Details
A polydimethylsiloxan (PDMS) based microchannel was fabricated using standard
soft lithography and mold replica technique. Its width, depth, and length were 240
µm, 155 µm, and 1 cm, respectively. The horse-shoe structure was positioned at the
center of the channel. The width and length of the horse-shoe trap were 60 and 90 µm,
respectively. The PDMS channel was activated using oxygen plasma and bonded to a
plastic petri-dish since

plastic substrates were found to provide better acoustic

coupling than glass substrates. A piezo transducer (Model No. 273-073, Radioshack)
was bonded adjacent to the PDMS microfluidic device on the same plastic substrate
using epoxy. The piezo transducer was driven by a function generator (Hewlett
Packard 8116A) at a frequency and voltage of 70.1 kHz and 8V (peak to peak),
respectively. The setup was mounted on a Nikon TE-2000U microscope for
visualizations.

5.2 Device Operation Mechanism
The design of our single-bubble-based mixer features a “horse-shoe” shaped
microstructure fabricated inside a microfluidic channel (Figure 5-1). When the
channel is filled with to-be-mixed solutions, the liquids pass by the horse-shoe
structure and induce a single bubble due to surface shown in Figure 5-2 (a)-(i). The
design of the horse-shoe structure ensures that the bubble can be securely trapped
inside the microchannel even at high flow rates. It also enables the bubble to perturb
the laminar flow exactly at the interface of the two chemical species with maximized
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efficiency.

Figure 5-2 Surface tension dominates in microscale, as a result when deionized water is
injected into the channel, air bubbles are trapped within the pre-designed grooves on the
sidewalls of the channel (a)-(i)

When driven by an adjacent acoustic transducer, the membrane of the trapped bubble
begins to oscillate. Oscillation generates fluctuation in the velocity and pressure of
the surrounding fluid, resulting in a strong recirculating flow pattern throughout the
liquid near the bubble. This phenomenon is known as acoustic streaming30 and is
most efficient when the bubble is excited at its resonance frequency. The resonance
frequency, f, of an acoustically driven bubble can be estimated by the small-amplitude
behavior of the Rayleigh-Plesset equation,33

f2=

 
2σ  2σ 
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3κ  p +

a  a 
4 ρπ a  
1

2

2

[5.1]

where ρ is the density of the water (1000 kg·m-3), σ is the surface tension of water
(0.0728 N·m-1), κ is the polytropic exponent for a bubble containing air (1.4),2 and p is
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atmospheric pressure (101.325 kPa ). From the curvature of the trapped air bubble, we
have extrapolated a circle of radius a = 41 µm. Using these parameters, the resonance
frequency was calculated to be 81.63 kHz . Experimentally, the resonance frequency was
measured to be 70.1 kHz . The discrepancy between the experimental and theoretical
resonance frequencies can be attributed to the oblate shape of the trapped air-bubble since
a spherical shape was assumed for theoretical calculations.

5.3 Demonstration of Acoustic Streaming Phenomenon
Figure 5.3 shows the characterization of the fluidic flow pattern near an acoustically
excited microbubble trapped in a horse-shoe structure. Polystyrene particle (diameter
= 1.9 µm) solution (in DI water) was first injected into the channel using a syringe
pump (KD Scientific-210), and a single air bubble was trapped within the horse-shoe
structure due to surface tension. From the image of the air bubble membrane (Figure.
5-3(a)), we estimated the radius of the bubble to be around 41 µm. The resonance
frequency of the trapped bubble can then be calculated to be 81.6 kHz using Eq. 1
Experimntally, the resonance frequency was measured to be 70.1 kHz. The
discrepancy between the experimental and theoretical resonance frequencies can be
attributed to the oblate shape of the air bubbles in the experiments since a spherical
shape was assumed for theoretical calculation.

Figure 5.3(a) shows that the particle flow was nearly stationary prior to the acoustic
agitation. As the membrane of the air bubble was excited by the piezo transducer,
acoustic streaming was induced in the liquid near the bubble interface. The acoustic
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streaming phenomenon was made visible in Figure 5.3(b) through the trajectories of the
polystyrene particles. The prominent streaming pattern induced by the bubble oscillation
perturbs the nearby fluid, resulting in strong bulk fluidic flow around the bubble. The
streaming pattern was characterized by a pair of counter-rotating vortices, which
originated from the membrane surface and extended from the front side to the backside of
the horse-shoe structure. These counter-rotating vortices significantly enhanced the mass
transport efficiency in the laminar flow.

Figure 5-3 Characterization of the acoustic streaming pattern around a single bubble. (a)
An air bubble trapped in the horse-shoe structure and stationary polystyrene particle
solution. (b) Recirculating flow pattern around the air bubble when the bubble membrane
oscillates at its resonance frequency

5.4 Mixing Visualization
To characterize the mixing efficiency of our single-bubble-based mixer, DI water and
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fluorescent dye (fluorescein) were injected into the channel from each inlet at flow
rates of 8 µl/min. Figure 5-4(a) shows the side-by-side laminar flow before and after
passing by the horse-shoe structure when the bubble was at rest. No significant
mixing was observed due to the absence of acoustic perturbation. The trapped air
bubble was subsequently excited at its resonance frequency. Acoustic streaming due
to the bubble membrane oscillations perturbed the fluidic interface. The strong
vortical fluidic flow facilitated the rapid interchanging of liquid between the two
streams, enabling fast and homogenized mixing (Figure 5-4(b)).

Figure 5-4 (a) No mixing effect was observed in absence of acoustic waves. (b)
Homogenized mixing of DI water and fluorescent dye in presence of acoustic waves

5.5 Mixing Quantification
The mixing performance was evaluated by measuring the gray-scale value of the
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images obtained, a good indicator for the fluorescent dye concentration. The crosssectional dye concentration profile after bubble-induced acoustic streaming (the
vertical dashed line in Figure 5-4(b) were measured and normalized against its own
peak intensity (Figure. 5-5(c)). The intensity profile indicates that after the acoustic
streaming took place, a uniform gray-scale distribution across the width of channel
was observed, suggesting excellent mixing of the two chemical species.

Figure 5-5 Plot of normalized fluorescent concentration across the channel width

5.6 Mixing Time
We further characterized the mixing time of the mixer. The average mixing time (t)
was estimated using the equation,
t = d mix / vavg

[5.2]

where t is the mixing time, dmix is the distance from unmixed to complete mixed
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regions, and vave is the average fluid velocity. In order to estimate dmix in Figure 54(b), we plotted the normalized gray-scale values along the length of the channel from
the unmixed to mixed region (the horizontal dashed line in Figure 5-4(b)). From the
plot figure 5-6, dmix was measured to be approximately 50 µm. vave was determined to
be 7.2 mm·s-1 by dividing the combined flow rate (16 µl·m-1) by the cross-sectional
area of the channel. The mixing time was therefore determined to be ~7 ms, which is
significantly faster than response times reported for existing acoustic-based
micromixers (mixing time: seconds to tens of seconds).21, 24−28

Figure 5-6 Plot of normalized fluorescent concentration along the channel length from
unmixed to mixed regions near the horse-shoe structure.

5.7 Summary
In summary, we have demonstrated an active microfluidic mixer based on the
acoustic streaming phenomenon around a single air bubble trapped by a horse-shoe
structure inside a microchannel. The vibration of the air bubble at its resonance
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frequency allows the perturbation of the fluidic interface, which significantly
improves the mixing performance. Through quantitative analysis, we have proven that
our mixer can achieve excellent homogenized mixing across the entire width of the
channel with a mixing time of ~7 ms. With device optimization, the mixing time
could be further reduced to the sub-millisecond regime. We believe that based on the
device’s simple design, excellent homogenization, and fast mixing speed, our singlebubble-based acoustic mixer will benefit a variety of on-chip biological and chemical
studies and applications.
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Chapter 6
Conclusion and Future Work
In conclusion, the thesis discusses two prototypes microfluidic mixer based on
bubble-induced acoustic streaming effects. First one is by the injection of fluid into the
microchannel results in trapped air bubbles in the sidewall grooves as shown in figure 61(a). As these air bubbles are acoustically excited at their natural frequencies, vigorous
streaming phenomena are induced. This streaming breaks the laminar fluid interface,
enhances the mass transport between the two fluids, and thus enables fast and
homogenous mixing. Effective mixing is observed across the width of the channel.
Furthermore, the mixing time is calculated to be less than 120 ms. The second prototype
microfluidic mixer is based on the acoustic streaming phenomenon around a single air
bubble trapped by a horse-shoe structure inside a microchannel as shown in figure 6-1(b).
The vibration of the air bubble at its resonance frequency allows the perturbation of the
fluidic interface, which significantly improves the mixing performance. Through
quantitative analysis, we have proven that our mixer can achieve excellent homogenized
mixing across the entire width of the channel with a mixing time of ~7 ms. With device
optimization, the mixing time could be further reduced to the sub-millisecond regime. We
believe that based on the device’s simple design, excellent homogenization, and fast
mixing speed, our single-bubble-based acoustic mixer will benefit a variety of on-chip
biological and chemical studies and applications.
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Figure 6-1 (a) Schematic of experimental setup and the channel design to trap multiple
bubbles on the sidewall and induce mixing in the presence of acoustic waves. (b)
Schematic of experimental setup and the channel design to trap a single bubble by a
horse-shoe structure fabricated in the center of the channel. Once the singe bubble is
excited at the natural frequency, homogenous mixing is achieved.

6.1 Stress Developed by Microbubbles and the Effect of Biological
Samples
In general, cavitation can be categorized into two forms: transient cavitation and steady
cavitation. Higher acoustic pressure is necessary for transient cavitation. During the
transient cavitation the bubble collapse resulting in shock waves emission, hot spots, and
high shear stress are developed. Transient cavitation is responsible for DNA degradation1
and cell disruption. However, our work is based on the principle of steady cavitation.
During steady cavitation no shock waves and hot spots is developed and the stress
developed by streaming can be controlled within an acceptable range. Liu et al.2
demonstrated DNA hybridization enhancement with the bubble steady cavitation. Their
experimental conditions were similar to those in our study, and no significant DNA
damage was observed.
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Further, an estimation of the viscous stress developed by bubble pulsation in our study is
calculated. The acoustic streaming velocity gradient and pressure can be estimated from
theory developed by Nyborg3 . The velocity gradient VG near the surface of the bubble is,

VG =

2πfε 2
aδ

[6.1]

where f is approximately 73.4 kHz for our bubble size, ε (8 µm) is the amplitude of
bubble oscillation, a (45 µm) is the bubble radius, δ is the boundary layer thickness,
which can be calculated from the expression shown below,
 η 

δ = 
 πρf 

[6.2]

where η (8.90 × 10−4 Pa.s at 250 C) is the shear fluid viscosity, ρ (1000 kgm-3) is the fluid
density. The boundary layer thickness, δ , is approximately 2 µm. The velocity
gradient, VG and the stress, ηVG were estimated to be 3.27 x 105 sec-1 and 291 Nm-2,
respectively. The lethal stress for erythrocytes is 4000 Nm-2 4. As a result, we conclude
that the stress developed by the low-amplitude bubble oscillation is not likely to be
harmful to biological samples such as DNA and cells.

6.2 Future Projects
Bubbles act as focusing agent of acoustic energy, we believe that bubbles coupled with
acoustic waves will have many applications in the progress of biotechnology. Using
steady oscillations of bubbles, stress can be applied to the eukaryotic cells. The stress
developed by acoustic streaming is not lethal but enough to create pores on the cell
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membranes. Consequently, we can able to inject foreign plasmid vector into single cells,
moreover the concept can be utilized as a drug delivery platform.

6.3 Gradient Generation
Gradient generation is important in many microfluidic applications such as chemotaxis
studies5, titration and screening6 and drug delivery. The concept of generating
concentration gradients was first developed by Whiteside’s group7 and later different
groups have optimized their method. The basic principle of gradient generation is based
on diffusive mixing, splitting and recombination in a hierarchical branching microfluidic
system8. Since, all these method is based on diffusive (passive) mixing; the systems are
usually accompanied by long serpentine channel covering large area. This is
disadvantageous since significant amount of reagents are wasted and the system is not
compact. Compactness of any microfluidic components is important for the integration of
multiple devices in a single chip.
Here we present a compact and active method to generate gradient concentration. The
schematic of the microfluidic chip in operation is shown in Figure 6-2(a). Reagent that
needs to be serial diluted is injected into inlet 1 and the buffer solution is injected into
inlet 2, which has four opening. As a result, five parallel laminar flows (pass through the
center line of the bubble trapped within the horse-shoe structures, shown in figure 6-2(b))
are established due to small Reynolds number. Simultaneously, the fluids pass by the
horse-shoe structures and induce bubbles trap in the parallel horse-shoe structures. A
piezo transducer, (not shown in figure 6-2(a)) which is bonded adjacent to the
microfluidic device is excited at the bubbles’ natural frequency of 70.1 kHz. Due to
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acoustic streaming phenomena around bubbles, the fluid interface passing through the
centerline of the horse-structure is broken. Through simultaneous and consecutive mixing
of the reagent and the buffer a linear gradient concentration is developed (marked by
different shades of green color).

Figure 6-2 (a) An operational active microfluidic gradient generation when the piezo
transducer (not shown) is turned on. Different shades of green color suggesting serial
dilution of the reagent injected in inlet1. (b) Arrangement of the microbubbles used in the
design process.
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