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Abstract Microstreaming generated from oscillating
microbubbles has great potential in microfluidic applica-
tions for localized flow control. In this study, we explore
the use of teardrop-shaped cavities for trapping micro-
bubbles. Upon acoustic actuation, these microbubbles
confined in teardrop cavities can be utilized to generate a
directional microstreaming flow. We further show that by
altering the acoustic excitation frequency, a flow-switch for
altering flow direction in microfluidic environments can be
achieved using two oppositely arranged teardrop cavities
with different sizes. In the end, we show that an array of
such bubble-filled teardrop cavities can act as a fixated
microfluidic transport system allowing for on-chip particle
manipulation in complex flow patterns. This inexpensive
method to create flows to switch and transport elements
based on teardrop cavities can be widely employed for
microfluidic applications such as drug delivery systems.
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1 Introduction

Efficient flow control (Stone et al. 2004; Garty etal. 2011) and
particle handling (Wang and Zhe 2011; Yuetal.2011; Xu and
Attinger 2008) are the most quintessential tasks for lab-on-a-
chip devices. Although still in their infancy, oscillating
bubbles are rapidly proving to be a promising tool for
addressing these critical issues (Hashmi et al. 2012a): in the
recent decade, oscillating bubbles have been utilized for flow
control as microfluidic pumps (Tovar et al. 2011) and mixers
(Liu et al. 2002; Ahmed et al. 2009a, b; Wang et al. 2011b);
for particle handling as tweezers (Chung and Cho 2008, 2009;
Kwon et al. 2011; Lee et al. 2011), for manipulating biolog-
ical organisms (Hashmi et al. 2012b), as fixated transporters
(Marmottant and Hilgenfeldt 2004; Marmottant et al. 2006),
filter (Rogers and Neild 2011), microrotors (Kao et al. 2007,
Wang et al. 2006), propeller (Won et al. 2011), microfluidic
switches (Patel et al. 2012; Wang et al. 2011a); and for
expediting mass transfer across lipid bilayer membranes as
remote surgeons for cell lysis (Marmottant and Hilgenfeldt
2003) and capsules to aid in the delivery of drugs and genes
(Okabe et al. 2012; Hettiarachchi and Lee 2010; Hetti-
arachchi et al. 2009).

A bubble can be made to undergo oscillations via
mechanical perturbations upon which beautiful flow pat-
terns known as microstreaming result (Elder 1959). This
second-order non-linear dynamical system is thought to
exist due to a difference between the radial and the trans-
lational motion of the bubble (Marmottant and Hilgenfeldt
2003). Microstreaming flow field can be described as
" = ug sin(Ap) %s;; - %M}jw - %Miz v (1)
where u, is the streaming velocity of the bubble, A is
the phase shift between the radial and the translational
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components of the bubble’s motion. The three terms within
the square brackets starting from the left to the right are the
dimensionless Green’s function representing point force,
dipole moment and the hexadecapole singularities at the
center of an oscillating bubble attached to a wall. The far-
field characteristics of the flow are dominated by the point
force singularity, approximated by

b hy a’

u, .. = 6u, 2 sin(Ag) ~3 08 0 cos(20) (2)
where hy, is the standoff distance of the bubble center to the
wall, a denotes the bubble radius, r is the radial distance
away from the bubble center, and 0 is the angle with the
axis of translation or gravity. As can be seen from the
equation the flow decays fast by a factor of (1/r°) away
from the bubble center.

A popular way of generating microbubbles in micro-
fluidics is by trapping gas into pre-fabricated micro-cavi-
ties (Xie et al. 2012; Huang et al. 2012; Patel et al. 2012;
Tovar et al. 2011). These cavities are often symmetric in
geometry, thus resulting in symmetric microstreaming
patterns upon acoustic actuation. In this study, we explore
for the first time the trapping behaviour of bubbles in
asymmetrical cavities—teardrop-shaped cavities. We also
explore the acoustic response of these trapped bubbles and
their potential applications in microflow control.

2 Material, fabrication and methods
2.1 Micromilling

We use a micromilling machine (Minitech, CNC Mini-
Mill/3 PRO, with a resolution of 0.8 um) for creating
teardrop-shaped cavities in a polymethyl methacrylate
(PMMA) chip to capture air-bubbles. Micromilling is
adopted since it is both faster and more convenient than
standard soft-lithography and does not require preparation

Fig. 1 a Top view of two
different sizes of teardrop-
shaped cavities with trapped
bubbles; b 3D view of a trapped
bubble; ¢ Schematic of a

120 pm teardrop cavity—the
top view and the side view. The
tail width is kept at 76.2 pum for
all tested cavities. The hole
depth (Dy), tail depth (D) and
tail length (L,) varied in the
experiments
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of a mask each time. Furthermore, micromilling allows us
to fabricate holes with variously sized depths conveniently,
which were confirmed using an optical measuring device
(Quadra-Chek 200, with a spatial resolution of 1 pm).
PMMA was selected due to its transparency and the ease
with which it can be milled. Initially cylindrical cavities
with varying depths (50, 40 and 30 pm) were milled, and
then a flow symmetry breaker was created by slightly
modifying the hole morphology, i.e., making them teardrop
shaped by introducing a tail (Fig. 1). In our experiments,
we observed that the capability of the teardrop cavities to
capture air bubbles relied heavily on the geometry of the
cavity.

2.2 Cavity optimization for bubble trapping

We explored the effects of geometry on the bubble trapping
behaviour. Three parameters were taken into account: the
main hole depth Dy, the tail depth D, and the tail length L,
(refer to Table 1 and Fig. 1c). The tail width was fixed at
76.2 um, contingent upon the size of the milling bit, and
the main hole diameter was also a constant 120 pm for this
set of experiments.

In the experiments, we observed that a progressively
larger hole depth helped increase the success rate in trap-
ping air bubbles. However, holes with depths deeper than
50 um were not considered since greater depths highly
increased the risk of mill bit breakages, and also because
50 pum hole depth already yielded a high success rate of
confining bubbles within the main hole of the cavity.
Moreover, we observed that if the ratio of D}/D; is small,
then the air bubble surface is likely to cover the tail region
of the cavity. In our later experiments, we found that this
condition is not preferred due to its weak response to
acoustic excitation. Therefore, the optimization goal was
done to attain the best configuration that could enable us to
capture air bubbles in the main hole without filling up the
tail region (such as Fig. 1b). This is possible because the
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Table 1 The different cavity conditions tested for the optimum
teardrop cavity configuration for trapping air bubbles

Geometry ID Hole depth Tail length Tail depth
(Dn) (pm) (Lo) (um) (Do) (um)
1-9 50 60,80,100 10,20,30
10-18 40 60,80,100 10,20,30
19-27 30 60,80,100 10,20,30

bubbles always tend to minimize their surface energy by
reducing the surface area. From our results (see Supple-
mentary Material Figure S1) it can be deduced that cavities
with a greater hole depth as well as a higher D,/D, were
more efficient at trapping bubbles at the main hole and
were featured in our later studies.

2.3 Experimental setup

The sketch of the experimental setup is shown in Fig. 2;
the apparatus for conducting the experiments is a simple
one: a piezoelectric actuator (HF-28/2 MC, Huifeng Pie-
zoelectric Co. Ltd) is attached to one side of the PMMA
chip using ultrasonic transmission gel (Aquasonic 100,
Parker Laboratories, Inc). A function generator (DG1022,
Rigol) and an amplifier (7602 M, Krohn-Hite, with a
40.5 V accuracy in the output peak voltage at 1 kHz) are
used to input sinusoidal wave signals to the piezoelectric
transducer at different frequencies to actuate the micro-
bubbles trapped within the teardrop-shaped cavities. For
our experiments, the top view of the cavities is monitored
and captured using a high-speed camera (PixeLINK,
PLB771U). Air bubbles are simply trapped within the holes
by gently placing a de-ionized water droplet on top of
them. Furthermore, microparticles of diameter 19 pm
(Copolymer Microsphere Suspension, Thermo Scientific)
are added to demonstrate particle transportation as well as

Fig. 2 Experimental setup: a
piezoelectric actuator driven by
electric signals is used to
acoustically actuate air bubbles
trapped within the teardrop
cavities. A high-speed camera is
used to record the experiments
from the top
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to indicate flow direction generated around the cavities
during the experiments.

3 Results and discussion
3.1 Directional microstreaming flow

Upon acoustic actuation of trapped microbubbles in the
teardrop-shaped cavities we observed bubble oscillations
resulting in a directed flow pattern rather than the tradi-
tional symmetric microstreaming (as shown in Fig. 3). We
postulate that the presence of a tail around the trapped
bubble breaks flow symmetry and induces a secondary flow
around the bubble. This hypothesis is based on the previous
study of Marmottant and Hilgenfeldt (2004), who reported
that the presence of a particle in the vicinity of an oscil-
lating bubble has the potential to induce a secondary flow
around the particle, which in effect influences the flow-field
around the bubble. However, detailed analytical solution of
the flow field around our teardrop-shaped cavities is com-
plex at this stage because of the complex geometries
involved. Moreover, numerical simulation of the micros-
treaming flow is also challenging, due to the multiple
spatial and temporal scales involved (Packer et al. 2008).
On the other hand, surface wave (Xu and Attinger 2007a)
and the shape oscillations of the bubbles (Matsumoto and
Ueno 2009) are also important factors that require in-depth
investigation in the future.

3.2 Frequency-selective flow switch

Precise temporal flow control is a fundamental challenge in
microfluidics. Previously, passive frequency-selective flow
control has been realized using complex microfluidic cir-
cuits (Leslie et al. 2009). Based on the teardrop-shaped
cavity induced directional microstreaming flow, we
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Fig. 3 Flow-field around an oscillating bubble trapped in the
teardrop-shaped cavity captured at an exposure time of 190 ms.
Arrow represents the direction of flow of microparticles

developed for the first time an active frequency-selective
flow switch. Two oppositely facing teardrop-shaped cavi-
ties were constructed with size 120- and 200-pum to achieve
selective acoustic actuation/response (refer to Fig. la).

Experiments were performed first selectively actuating
the 120-um bubble at 32 kHz and later selectively actuat-
ing the 200-um bubble at 24 kHz. For the smaller sized
bubble, particles are directed along the positive x-axis,
whereas, they are forced to move the opposite direction
when the larger bubble is actuated. The results of the
velocity field around the bubble are presented in Fig. 4.
The velocity field was mapped by tracing the trajectory of a
seeded microparticle as it approached the bubble, acceler-
ated and shot past the bubble while maintaining its motion
on the symmetry line of the teardrop-shaped cavity. Nev-
ertheless, a significant error is introduced while using this
approach because of insufficient spatial and temporal res-
olutions. The error in particle position is quantified as the
difference between the position where the particle assumes
average velocity and the lower bound position, whereas an
error in particle’s velocity (Av) is quantified as (Xu and
Attinger 2007b)

S\ (I1AN\?
() +(a)
where 0 is the error in particle position, dr is the time it
takes for the particle to travel distance [ and At is the half of
the temporal resolution. Note that the temporal and spatial

resolution strongly depends on the flow velocity, the defined
frame-rate and the exposure time of each frame. In our

Av =
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Fig. 4 Velocity of a microparticle as it approaches and leaves the
teardrop-shaped cavity. The velocity of the particle is mapped by
tracking the particles in the flow. Frequencies of 32 and 24 kHz were
used for the 120- and 200-micron bubbles, respectively

experiments, df = 1/25's, At = 1/50 s and ¢ is conserva-
tively estimated to be 40 pum. In the future, we hope to use
more accurate techniques like the micro-Particle Image
Velocimetry (WPIV) for reducing errors. However, at present
the purpose is to demonstrate the flow switching mechanism
and present a qualitative description of the flow. It is hoped
that such a flow switch could be utilized for controlling the
direction of flow as well as enhancing transport of particulate
matter in microchannels in lab-on-a-chip devices.

3.3 Flow pattern control

Precise spatial flow control is another fundamental challenge
in microfluidics. Here, we demonstrate that complex flow
patterns can be constructed by chaining directional micros-
treaming flow using teardrop-shaped cavities in a certain
arrangement, such as a square array with the tails pointing
orthogonally to each other (Fig. 5 and Figure S2). Particles in
the vicinity of the array were noticed to move in a butterfly-
shaped pattern (clockwise) in accordance with the direction
of the tails, forming a closed loop (see also supplementary
movie). Furthermore, we observed that particles moving
along the streamlines (symmetry lines of the teardrop-shaped
cavities) move faster than the particles outside the loop. We
can control the flow speed by tuning the input voltage that is
applied to the piezo-actuator, and Fig. 6 plots the time a
particle took to follow the loop (along the symmetry lines of
the cavities) versus the input voltage.

3.4 Experimental repeatability

Experiments with the teardrop-shaped cavities showed a
generally high repeatability in all cases, performing as
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Fig. 5 The image shows the flow field developed around an array of
four teardrop-shaped cavities with their respective tails pointing
orthogonally to each other, causing the particles to be directed
clockwise. The exposure time for the image is 190 ms
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Fig. 6 The graph delineates the time it takes for the particle to move
in a closed loop (along the symmetry lines of the cavities) measured
against input voltage to the piezoelectric transducer; the parameters
bear an inverse relation. A high voltage creates a higher flow speed
and a shorter loop time, while a lower voltage induces a slower flow
speed and a longer loop time

designed when perfectly made with the micro-milling
machine. On one hand, although the bubble shape was
found to be very repeatable, a marginal variation in bubble
size will demand the actuation frequency to be fine-tuned.
On the other hand, some testing factors lead to diminishing
returns on repeated experiments. For one, the hole geom-
etry is so important to the resultant bubble that any alter-
ations to it will affect the microstreaming characteristics.
The most common factor was a build-up of tracer particles
used to visualize the microstreaming. While essential for
observation, the particles eventually gather in the holes
after several tests to the point of shoving out any trapped
air and preventing any microstreaming. This problem can
be mitigated by cleaning the chip in between experiments

or eliminating the particles altogether in future experi-
ments. Another error factor is “random bubbles” or acci-
dentally trapped air on the chip. These bubbles can
oscillate and cause unintended microstreaming. In our
experiments, these bubbles were manually removed with a
needle. Possible solutions in the future include hydropho-
bicity control of the substrate (Betz et al. 2010; Drelich
et al. 2011) and implementation of bubble removal ele-
ments (Xu et al. 2010; Liu et al. 2011).

4 Conclusion

In this communication, we have presented our preliminary
results on an innovative active flow control method in a
microfluidic environment using acoustically activated
microbubbles confined in teardrop-shaped cavities. We
have shown how the dimensions and orientation of tear-
drop-shaped cavities are essential to precise bubble con-
finement, the direction of the flow field, and the streaming
frequency of the trapped bubble. Utilizing these design
parameters, we have displayed frequency-selective excita-
tion of two different-sized microbubbles in creating a flow
switch. In a third set of experiments we used a square array
of teardrop-shaped cavities to direct flow in a loop. We
plan to build complicated flow circuits and perform precise
measurements in our follow-up studies. We believe that
teardrop cavities have great potential in microfluidic
devices for enhancing flow control both spatially and
temporally and providing alternatives to micropumps and
fixated micro-transporters.
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