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As a simple, clean and effective tool, micro bubbles have enabled advances in various lab on a chip (LOC)
applications recently. In bubble-based microfluidic applications, techniques for capturing and controlling
the bubbles play an important role. Here we review active and passive techniques for bubble trapping and
control in microfluidic applications. The active techniques are categorized based on various types of
external forces from optical, electric, acoustic, mechanical and thermal fields. The passive approaches
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these bubbles are employed in various applications. To finalize, by highlighting the advantages of these
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1. Introduction

Bubbles have continued to attract attention and appeared in
artistic works and the scientific literature for centuries.!
Recently, bubbles have been widely employed for many
applications ranging from materials science,”™
environment,” food industry,®’ engineering,® medicine®° to
life science.’ With the development of microfluidics in
recent years, micro/nano-scale bubbles have been considered
as an emerging tool and have become a field of growing
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interest for addressing many challenges in various Lab-on-a-
Chip (LOC) applications."* For example, under an acoustic
field, bubbles were remotely excited to act as a pump,"***
filter,"> mixer'® or transporter'” in the fluid. Moreover,
bubbles were also innovatively used to manipulate different
kinds of particles for functional applications without
contact,'® such as cell separation,” drug delivery,”>*' and
water treatment.”> Here, a bubble is considered a volume of
gas inside a liquid phase or a solid phase.*® Normally, due to
surface tension, a free-standing micro-scale bubble would
keep a spherical shape. In some cases, when a bubble is
attached to a solid wall or excited by external fields, such as
an acoustic field, the shape of the bubble is affected due to
contact or force field. In microfluidics, bubbles are usually
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confined in a microchannel at low Reynolds numbers.**
Bubbles could attain a suspended spherical shape if they are
much smaller than the microchannel. If they are attached or
confined by the microstructures of the microchannel, they
will usually form a spherical cap. With the actuation of low
and high acoustic energies, bubbles will respond to the
actuation with linear and non-linear oscillations.>>*” For
instance, Marmottant et al. successfully used a linearly
oscillated single bubble to generate microstreaming for
single-cell lysis.”® With high-intensity focused ultrasound
(HIFU), nonlinear bubble oscillation was induced and
employed for drug delivery and noninvasive therapy in
tissues.>® The strongest microstreaming occurs when the
bubble oscillates at its resonant frequency. For a spherical
microbubble, the resonant frequency can refer to Minnaeart's
equation. In particular, the resonant frequency for an air-
water bubble at atmospheric pressure and room temperature
can be estimated from eqn (1). From the equation, the
resonant frequency (kHz) of a bubble is inversely
proportional to its radius (mm).*°
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As a low-cost and efficient tool, bubbles open a new door
for tackling the challenges in microfluidics. Bubble-based
applications have gained more and more attention since
they are simple to fabricate and the bubbles are flexible to
integrate with different microgeometries. In bubble-based
microfluidic applications, the first and vital step is to
effectively form and trap bubbles. Various methods have
been explored for trapping bubbles in microfluidics. For
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example, external energy fields can be used to create and
maintain bubbles, such as electro-chemical,>*? acoustic,**
and opto-thermal methods.>**> Moreover, hydrophobic
microchannels or microstructures were also employed to
trap bubbles by modifying the surface wettability.*® Due to
surface tension, bubbles can be passively trapped in
microcavities for microfluidic applications.®” It is also
important to fix bubbles in the desired location, with the
desired size and lifetime in many bubble-based microfluidic
applications, such as ultrasonic diagnosis, drug delivery,
drag reduction, mass transport, micro-scaled sensing and
actuation. However, there still exist challenges in controlling
bubble size, location, and stability in many applications.
Therefore, to obtain more robust and reliable performance
of bubbles in microfluidics, it is of great significance to
investigate techniques for controlling bubbles, including the
stability, position and size of bubbles. The stability of
bubbles has been studied in the past several years, which
depends on the properties of bubbles, aqueous media,
temperature, time, and pressure. The mechanisms of the
instability include pressurization, pressure gradient, air
diffusion, condensation, vibration, and wetting
transition.’®*° To address this issue, many researchers have
investigated methods to enhance the lifetime of bubbles,
such as using soluble surfactants or NaCl solutions,
controlling saturation levels, designing structures to protect
bubbles from dissolution, etc.™** To precisely maintain
bubbles at desired positions, researchers explored many
approaches, such as using the properties of fluids and
geometry of microchannels, creating artificial -cavities,
employing laser or electric energy to focus, etc. According to
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different bubble trapping methods, the size control strategy
might be different. For example, the bubble size can be
adjusted by controlling the flow rate of the gas and liquid
supply, tuning the laser power or electric current, changing
the frequency of the piezoelectric, altering the temperature
and pressure applied to the channel or modifying the
surface properties.

Bubbles can significantly impact experimental results by
influencing flow behaviors. The use of bubbles benefits
various applications due to the advantages of simplicity,
controllability and biocompatibility. There exist several
excellent reviews on generation and stabilization of
microbubbles for ultrasonic imaging and medical
therapy.***® Bubble trapping and control techniques in
microfluidics, however, have not been surveyed in the past.

In this review, we introduce and discuss bubble trapping
and control techniques that have emerged and been
employed in microfluidic applications during the last few
years. These techniques can be classified into active and
passive categories based on their dependence on external
energy (Fig. 1). The active methods trap and control
bubbles by external fields, such as acoustic, optical and
electric fields. On the other hand, the passive trapping and
control techniques depend on device geometries and
surface properties. With this review, we hope to help
researchers better perform bubble-based microfluidic
experiments, serving as an inspiration of novel inventions
in the future.

Microheater Magnetic
control
Thermal

control

Cylindrical
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2. Active trapping and control
techniques

With the aid of external energy inputs, active bubble trapping
methods provide several advantages for various bubble-based
microfluidic applications. For instance, active trapping
methods offer flexible ways to control the position, size, and
generation rate of bubbles. Moreover, with different trapping
techniques, the properties of trapped bubbles can be varied,
including air bubbles, vapor bubbles, nitrogen bubbles,
oxygen bubbles and hydrogen bubbles, which could be
applied according to the requirements. In this section, we
classify the active bubble trapping and control methods
based on the types of external fields: optical, electrical,
thermal, magnetic, mechanical and acoustic (Table 1). We
further discuss the different active trapping mechanisms,
types of bubbles and their applications under external fields.

2.1 Optical control

Pulsed laser microbeams have been employed to trap bubbles
in many microfluidic applications with the advantages of
precise position control and size control. When an intense laser
pulse is focused in a liquid medium, heated plasma is
generated by the optical technique and then a bubble is formed
at the focus point due to the rapid temperature increase. Once
the bubble is created, it first expands to an almost perfect
sphere and then collapses with subsequent rebounds. The
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Fig. 1 Overview of common bubble trapping and control methods in microfluidics.
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Table 1 Comparison of different active bubble trapping and control techniques
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Implementation
and energy Type of Size of bubble  Location of
Technique Mechanism consumption bubble (diameter) bubble Performance Application Ref.
Optical Optical force Laser pulse and  Vapor 0-160 pm Generate at Bubble collapses and  Cell sorting 49,
laser energy is bubble arbitrary fully disappears within 93
tuned from 0 to locations 20 ps
100 pJ based on the
Laser pulse and  Vapor 0-9 pm laser spot The bubble dissolves Cell poration 51
laser intensity is  bubble locations rapidly when the laser
508 kW cm™ pulses cease
Laser pulse Vapor 0-100 pm The bubble collapses  Cell poration 50
combined with bubble completely within 13.3
trapping us
structure and
laser energy is
100 pJ
Photothermal Continuous-wave Vapor 0-60 um The bubble collapses  Fluid actuation 53
conversion (CW) laser bubble quickly due to the flow
operation and
laser power is
8-16 mW
Marangoni Laser heating Vapor 200 pm, 570 um Response time is one ~ Micropumps, 52,
convection and laser power  bubble and 700 um to tens of seconds and microvalves 94
is 250 mW (controlled by the bubble shrinks but
laser power) does not collapse after
the laser is turned off
Electrical ~ Electric force Constant DC Oxygen 5-20 um H, and O, — Microswimmers 75
and bubbles are
hydrogen generated at
bubbles the cathode
Electrochemical Electrolyzer Oxygen O, bubble: side and the  The bubble gradually  Study of the 77
reaction control system and 40-80 um; H, anode side, grows and eventually bubble
and current hydrogen bubble: 30-70 respectively detaches from the evolution
densities are 20  bubbles  um (controlled surface of the mechanism
mA cm 2 and 100 by the current electrode
mA cm™ intensity and
the flow rate)
Electrical force  Glass electrode Plasma — Create on one — Gene transfer 95
and stiction force bubble side of the
of the air-liquid glass
interface and electrode
applied power is
15 W
Electrochemical AC power supply Air-buffer ~75 pum — Bubble formation rate  Liquid 96
reaction and current is 20 bubble is influenced by interfacial
HA applied current tension
measurement
Thermal Evaporation Heating and Vapor 0-350 pm Generates on  The bubble grows to Micropump 62
applied power is  bubble the micro line maximum in 30 ms
34W heater and collapses in 0.6 s
when voltage
application to the
heater ceases
Evaporation High power Vapor Satellite bubble Creates on The primary bubble Study of 60
heating and heat bubble size: ~9 um to  the heater shrinks to a minimum thermal bubble
flux is 20.3 MW 23 um; primary  surface in tens of dynamics
m™ bubble size: microseconds when
~0-200 um the power is off and is
removed from the
heater under acoustic
actuation
Magnetic ~ Electromagnetic Magnetic Vapor 0-1 mm Creates at the The bubble shrinks in  Micropump 97
force induction bubble heating plate  the 1 s condensation

heating and
applied power is
3W
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Table 1 (continued)
Implementation
and energy Type of Size of bubble  Location of
Technique Mechanism consumption bubble (diameter) bubble Performance Application Ref.
Mechanical Vacuum Vacuum and Oil-water 1-7 pm Suspend in The bubble remains Bubble size 90,
pressure vacuum bubble the fluid stable when the control for 91
pressures are vacuum pressure is biomedical
from —100 to —20 -60 and -70 kPa for at applications
kPa least 25 minutes
Extraction force Pressure Air-water 250 pm The bubbles are Airborne 87
difference bubble generated for an particle
between the elapsed time of 0.2604 collection
outlet and gas X107 s
flow channels
Acoustic Acoustic SAW and applied Vapor 1-10 pm The bubbles are Bubble 92
radiation force ~ power is 400 mW bubble aligned into multiple =~ manipulation
parallel lines
Acoustic Piezoelectric disk Vapor — Generate in The bubbles are Mixing 98
pressure bubble an removed when the flow enhancement
acoustically rate is high for highly
profiled viscous fluids
microfluidic
structure (low
pressure
regions)
Acoustic Ultrasonic Oil-water ~41-67 pm (can Forms at the — Bubble size 99
pressure transducer bubble be increased by cross junction control

turning on the
transducer)

volume and lifetime of the bubble depend on the laser
wavelength, focal spot, laser fluence and pulse duration.*”
Several techniques implemented using pulsed lasers have been
reported for bubble trapping in microfluidics. Ohl, C. D. et al.
created a bubble near a solid surface.*® The bubble close to a
surface is created by an intense laser pulse from a Q-switched
laser into a water-filled cuvette. The bubble dynamics revealed
four stages: bubble expansion, bubble collapse, jetting and
expansion, which will induce a shear flow to remove particles
from the surface and realize local surface cleaning. Aside from
creating bubbles near a surface, suspended bubbles can also
be trapped in liquid. Recently, Wu et al reported that a
suspended bubble trapped in a microchannel triggered by a
pulsed laser could be applied for fluorescence-activated cell
sorting (PLACS)."” With the aid of the pulsed laser, the
suspended bubble expands and collapses in 30 ps. As shown in
Fig. 2a, when the bubble expands and collapses, the fluid can
be switched; with controlling the pulsed time interval, target
fluorescent cells can be sorted efficiently. Using the same
bubble trapping method, 3D PLACS was developed by thin-film
PDMS fabrication techniques, which achieves a higher
throughput than PLACS by studying the laser energy, nozzle
shape, and bubble size.** Due to the advantage of precise
location control, the pulsed laser was used to trap the bubble
next to the cell. The collapse of bubbles will lead to
microjetting, deforming and porating cell membranes
(Fig. 2b).>*"?

The continuous-wave (CW) laser, emitting a continuous
laser beam with output heat control, is also applied in bubble
trapping for microfluidics. Once the CW laser focuses on the
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of the
microchannel

liquid, the surrounding liquid is sufficiently heated to
evaporation which forms a bubble at the center of the beam.
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Fig. 2 (a) Schematic presentation of the bubble generation process by
the focused laser beam and particle sorting in PLACS. Reprinted with
permission from ref. 47. (b) Laser induced microbubble expansion and
collapse for single-cell membrane poration. Reprinted with permission
from ref. 50. (c) The setup of the laser system and the mechanism of
generating bubbles. Reprinted with permission from ref. 58.
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With the continuous laser power, the bubble will gradually
grow and then achieve saturation at a size dominated by
vaporization.’> When the laser is turned off, the bubble
shrinks and finally collapses.” By experimentally
investigating the temporal evolution of CW-laser induced
bubbles, Kim et al. provided the knowledge of predicting and
controlling the bubble size for a long time duration.>*
Compared with the pulsed laser technique, the CW laser
method can produce more stable bubbles that are suitable
for long-period bubble-based microfluidic applications. For
instance, Taylor, R. and C. Hnatovsky introduced a stable
bubble generation technique by using a low power CW laser
coupled into a fiber probe.>® The stable bubbles were trapped
at a submerged taped near-field scanning optical microscopy
(NSOM) fiber tip in distilled water in the range of 40-400 pm,
with a lifetime of over an hour. Zhang et al reported an
effective method to create bubbles with controllable sizes in
a microchannel using a CW laser light shone onto different
patterned chromium pads in various fluids.”® By controlling
the size of bubbles with adjustable laser power, bubbles can
release cells from the capturing area. Namura et al. developed
a microfluidic control method by integrating a CW induced
bubble and gold nanoparticles.”® Generated by CW power in
a microfluidic chamber, the bubble was heated on a gold
island film, which induced Marangoni flow around the
bubble. When the CW laser power changes, the flow
direction can be instantaneously switched in response to the
laser power. Xie et al. utilized the acoustic field to actuate a
CW laser created micro-sized bubble where the second
radiation force was produced and applied to deform the
cells’” and concentrate the cells (Fig. 2¢).”® The size of the
bubble can be controlled with adjustment of illuminating
time and laser power.

The optical control technique allows the bubble to be
trapped at any location of a microchannel and enables a
flexible bubble size control. However, the stability of the
bubble and complex experimental setups still need to be
further improved. The applied high energy has the potential
to impact the cell viability as well.

2.2 Thermal control

Thermal control is a widely used technique for trapping and
controlling bubbles in microfluidics. Heated by a heating
source, the water inside the microchannel is transferred from
the liquid phase to the gas phase and then the thermal vapor
bubble is generated in the desired position. With controlling
heating sources, the bubble grows and finally collapses due to
the condensation of the vapor at the bubble interface. Thermally
induced bubbles have been employed as actuators, pumps,
rotors and valves for microfluidic applications.”®*" Among these
thermal bubble based applications, different techniques are
employed to form bubbles. A silicon microheater is the most
common one that is used to create individual and controllable
thermal bubbles in a microchannel. Using a heater with two
embedded polysilicon lines, Jung et al. created a thermal bubble

This journal is © The Royal Society of Chemistry 2020

View Article Online

Critical review

in a microchamber.®® In their works, a desired size of the bubble
can be obtained when the heater size, chamber depth and pulse
duration are matched well. Besides, the growth and collapse of
bubbles induced a pumping flow, which can be controlled by
the pulse duration and input pulse voltage. The thermal bubble
induced by the embedded silicon microheater has also been
applied to sort bioparticles®® and separate single
microparticles.”  Different from the embedded silicon
microheater, Tsou et al proposed a silicon-based vertical
microheater to generate thermal bubbles that attach to the
sidewall of the microchannel.®® With controlling the bubble size,
this device is successfully employed in switching fluid and
integrating with microfluidic systems. Apart from the silicon
microheater, thermal bubbles can also be generated using a
platinum microheater, which is more stable at high
temperatures. For example, Wang et al utilized a thin-film
platinum microheater to trap and control bubbles within a high
temperature range.®’” Due to the Marangoni effect, the liquid-
vapor interface changed quickly and the heat transferred to the
surrounding liquid, inducing the mixing effect in the
microchannel. Qu et al. were able to trap a thermal vapor bubble
in a microchannel for investigating the effect of acoustic force
on the vapor bubble using a single platinum serpentine
microheater.”® Wang et al patterned a superhydrophobic
material copper surface to generate thermal bubbles, which can
effectively lower the bubble formation temperature and facilitate
bubble detachment.®® Using resistors as the heat source, these
above-mentioned techniques provide a controllable and stable
way to generate bubbles in microfluidics. However, an
associated drawback with the micro resistance heater is that the
resister needs to be connected to an outer power supply, which
increases the complexity of the system. This shortcoming was
fixed by using induction heating technology to generate thermal
bubbles without physical contact and an external power supply
7072 Based on the principles of heat transfer and
electromagnetic induction, the heating plate can transfer the
power from the electromagnetic field and eddy current without
contact. Liu et al. experimentally investigated the impact of the
thickness of the heating plate on the induction heater for
thermal bubble generation.” To generate thermal bubbles with
minimum power, they experimentally determined the optimum
thickness of the heating plate. The heat inducted thermal
bubble can be used as the actuator in microfluidic applications
based on explosive evaporation. Although the induction heating
technology realizes non-contact heating, for portable
microfluidic applications, the bulky power supply for generating
bubbles still hinders the effort of miniaturization. The incubator
was also applied as a heat source for increasing the bubble size
inside the channel, but the unwanted bubble generation can be
a potential issue.”

circuit.

2.3 Electrical control

Electric fields can be employed to effectively trap bubbles in
microfluidics. To apply the electrical energy, one or two pairs
of electrodes are embedded in a microfluidic device and are
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connected to an electrical power supply. The power supply
can be divided into two types: alternating current (AC)
electric field and direct current (DC) electric field. With the
aid of an AC or DC field, bubbles can be trapped and
controlled in microfluidic devices by electric force or an
electrochemical reaction.

With the advantages of low energy requirement, the
electrochemical technique is regarded as an effective way to
trap bubbles in the microchannel. Fattah et al. introduced an
electrochemical method for bubble generation using a
modified carbon microtube (CMT).”* Based on the concept of
bipolar electrochemistry (BPE), an oxygen bubble is formed at
one end with a Pt cluster of the CMT, which induces a local
mechanical perturbation and movement of the CMT
microswimmer in the opposite direction. The external electric
field not only realizes the generation of bubbles at one side of
the conducting object, but also enables the local generation of
gas bubbles as both extremities of the object.”” As a result of
two redox reactions across bipolar electrodes, various
amounts of H, bubbles and O, bubbles can be generated at
different sides of bipolar electrodes in pure water, when the
amplitude of the electrical field is chosen above a given
threshold. Moreover, the unbalanced quantity of H, and O,
bubbles can induce the motion of the bipolar electrodes and
thus can be further exploited for electrode motion control
(Fig. 3a).”® To further understand the electrochemical
reaction, Li et al. investigated the evolution of the H, and O,
bubbles generated by the electrochemical reaction in a
microchannel filled with water. They found that the diameter
of bubbles is proportional to the current density, but is
inversely proportional to the flow velocity.”” Using the
electrochemical technique, Ma et al. successfully generated
programmable on-demand H, and O, bubble patterns at gold
and copper electrodes (Fig. 3c).”® The size of the bubble was
defined by controlling the current. Due to the acoustic
impedance difference between gas and liquid, these bubbles
can effectively block ultrasound. By digitally controlling the
bubble patterns, they realized spatial ultrasound modulation.

Compared with thermally trapped bubbles, electrochemical
bubbles require lower energy input but are limited by slow
bubble deflation rates. Using a picomole of salt, Hua et al
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successfully produced an H, electrochemical bubble in a
microchannel and applied it as a valve that can open and close
in milliseconds by voltage pulse.*" They found that bubble
deflation rates increased with the decrease of the dimension of
the microchannel, while bubble inflation rates increased with
the increase of the input voltage. With electrolysis of water,
Obata et al. trapped a hydrogen bubble on a platinum electrode
and controlled the bubble via adjusting the mixing potential.””
By controlling the generation and shrinkage of the
electrochemical bubble, the bi-directional movement of the
fluid in a microchannel was realized.

Different from electrochemically generated bubbles, using
a pair of electrodes, a vapor bubble can be generated inside a
microchannel by sparks. Specifically, when a high voltage
spark discharge is applied to the electrodes, an electric break
down of dielectric liquid is created between the electrodes,
which induces a localized plasma and forms the bubble by
vaporization. By integrating the spark induced vapor bubble
into a microchannel, a high-speed and accurate cell sorter
was realized.?® With the expansion of the bubble, the sample
is pushed away to the collection channel; in the bubble
collapse period, the stream flows back to the waste channel.
Besides, the sorting performance can be optimized with
testing different voltages and pulse durations. Since the
generation and collapse of a bubble can generate vortices,
the high voltage pulse induced bubbles were also applied to
mix the fluid (Fig. 3b).*!

2.4 Mechanical control

Mechanical bubble trapping and control techniques are usually
implemented by integrating a microfluidic device with an
external gas or vacuum supply. When gas is injected into a
microchannel filled with liquid, gas pressure can be controlled
with the flow rates of gas.®” As an example, using a syringe
pump, gas is periodically injected into the liquid channel to
create bubbles.**® With ultrasonic exposure, the gas-liquid
interfaces in the microchannel are able to completely lyse
bacteria and yeast cells within one second. Bubbles can also be
mechanically  controlled by hydrodynamic actuation.
Khoshmanesh et al. drew an air bubble at the tip of a feeder
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Fig. 3 (a) O, and H; bubble generation and bubble induced transition motion of an object by bipolar electrochemistry. Reprinted with permission
from ref. 76. (b) The high-voltage pulse between two electrodes induces an electric spark for bubble formation and its application of mixing fluid .8t
(c). Programmable on-demand H, and O, bubbles are generated on gold and copper electrodes by the electrochemical method. Reprinted with
permission from ref. 78.
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tube and moved it along a feeder channel.’® Under the
hydrodynamic actuation, the oscillating bubble inside the
feeder channel induces a strong disturbance in the main
channel and thus enhances the mixing efficiency. Using a
stepper motor, the size and shape of the bubble were precisely
controlled by adjusting the gas pressure. Thus, the application
of particle patterning in the main channel was realized
(Fig. 4a). Bubbles were effectively produced by continually
driving air through a microchannel array. Because of the
pressure difference between gas supply channels and the outlet
of the reservoirs, bubbles were generated at the end of gas
supply channels. When bubbles are formed, the particles were
trapped inside the bubbles and released into a liquid reservoir
with 90% collection efficiency. Additionally, a Teflon layer was
coated on the microchannel walls which will increase the
hydrophobicity of the microchannels and result in stable and
continuous bubbles.®’

Apart from gas injection, pressure has been used to
control the bubble size and position as well. Liu et al
introduced a microfluidic standing air bubble system which
consists of a bubble channel, pneumatic channels, and
permeable porous barriers between them.®*® The size of the
bubble can be controlled by adjusting the pneumatic
pressure (-90 kPa to 200 kPa). This study introduced a way
not only to control the bubble size, but also to enhance the
stability of bubbles by the control of air diffusion between
pneumatic channels and bubbles. Using a similar method,
the control of bubble position was also realized and applied
in tuning the concentration gradient of a solution.®* Under
various vacuum pressures, the size of the bubble can be
controlled for different applications. By applying the above
mentioned approach, researchers shrank bubbles in
microchannels as small as sub-micrometer diameters by
embedding a vacuum channel on the microfluidics device
(Fig. 4b),°>°' which provides an effective way for users to
engineer a desired bubble size in microfluidic platforms.

2.5 Acoustic control

Acoustic control is a powerful way to trap and manipulate
bubbles in microfluidic applications, which can be
categorized into two types: surface acoustic wave (SAW) based
acoustic actuation and bulk acoustic wave (BAW) based
acoustic actuation. For the former type, the transducer will

Fig. 4 (a) The application of patterning particles by controlling the
shape and size of the bubble with a stepper motor. Reprinted with
permission from ref. 86. (b) The sequential shrinking of bubbles by
applying vacuum pressure. Reprinted with permission from ref. 91.
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generate acoustic waves that propagate along the surface and
it generally operates at high frequencies. For the latter type,
the piezoelectric transducer is widely used to produce the
acoustic waves that propagate in the direction perpendicular
to the surface.

Bubbles can be trapped and controlled by SAW for
microfluidic applications. SAW was used to induce bubbles
in a 3D microfluidic device to selectively trap and on-demand
release droplets in the microchannel. With controlling the
position of acoustic actuation, the individual droplets were
selectively manipulated and released based on the demand.
SAW is also employed in manipulating bubbles. For example,
SAW was used to align and trap bubbles in a microfluidic
device with different heights of microcavities.”” If the height
of the cavity is smaller than the wavelength of the SAW,
bubbles can be aligned into parallel lines inside the
microchamber which is dominated by acoustic radiation
force; meanwhile when the height of the cavity is larger than
the wavelength of the SAW, acoustic streaming will dominate.
Thus, the bubble can be trapped in the center of the
microcavity by adjusting the height of the cavity. It is also
found that the trapping rate increases with increasing input
power and decreasing flow rate.

Different from SAW, BAW is generated by a piezoelectric
transducer, which is operated at relatively low frequencies
and can be placed on the bottom, sidewall and top of the
microfluidic device. Wang et al. introduced a method to
generate a bubble in a microfluidic channel for mixing
enhancement with the actuation of a piezoelectric disk in an
effective frequency range.'® It is found that the bubble can
be generated inside the actuation chamber because there is a
low-pressure region where the water pressure is lower than
the vapor pressure. Using the same mechanism, an
acoustically generated bubble was successfully utilized to mix
highly viscous fluid (DI water and glycerol solutions) with
viscosity up to 44.75 mPa s in microfluidic systems
(Fig. 5a).® An acoustic transducer is also employed in
controlling the size of bubbles. Chong et al reported a
method to control the size of bubbles in acoustofluidic
devices.” Using an ultrasonic transducer, they induced
microstreaming around the bubble, which affects the gas
bubble formation by increasing the gas flow rate (Fig. 5b).
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Fig. 5 (a) Side view and top view of the acoustically induced bubble
based micro mixer. Reprinted with permission from ref. 98. (b) Under
different flow conditions, the bubble size in dimensionless number
changed with and without acoustic actuation. Reprinted with
permission from ref. 99.
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The test result shows that various bubble sizes can be
controlled with different actuation frequencies. In addition,
at a fixed frequency, the size of the bubble is proportional to
the input power through the transducer.

3. Passive trapping and control
techniques

Unlike active techniques, passive trapping and control
techniques do not require external energy, thus providing an
alternative approach with advantages of being simple, low
cost and energy saving. Based on fluid and surface
properties, the geometries and properties of the
microchannels can be designed and modified to trap the
bubble in a desired position and size. The passively trapped
bubbles have been widely applied in various microfluidic
applications with actuation of external fields, such as an
acoustic field and electric field. In this section, the passive
bubble trapping and control techniques are introduced from
two categories: device geometry and surface properties
(Table 2).

3.1 Device geometry

Based on theoretical and experimental results, microcavities
and microchannels have been successfully applied to trap
bubbles with various shapes, positions, and sizes. According
to the functional requirements, various types of bubbles,
such as hemicylindrical air bubbles and hemispherical air
bubbles, have been trapped and employed as micromixers,
micropumps, microswimmers, microvalves, microrobots, etc.
The following parts give an overview of the design of device
geometry for trapping and controlling bubbles together with
their applications in microfluidics.

In microfluidics, fluid flow is generally in the low
Reynold's number range. When the fluid passes the pre-
designed microcavity, air can be trapped in the microcavity
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and the air-liquid interface is passively formed. Here, we
present advanced bubble trapping methods using
microcavities with different geometries as well as related
microfluidic applications.

3.1.1 Single layer microcavity. Single layer microcavity,
which can be simply fabricated by photolithography or
micromilling technology, is widely applied to trap the bubble
in different locations of the microfluidic channel. Three types
of single layer cavities have been used to trap the bubble on
the side wall: vertical cavity,"”" lateral cavity,"* and triangle
cavity.®® These cavities are designed at one or two sides of the
microchannel, which can trap air bubbles when the
microchannel is filled with liquid. Vertical rectangular
cavities are designed to trap hemicylindrical bubbles. Under
acoustic actuation, the oscillating hemicylindrical bubble
would induce symmetric microstreaming flow around, which
is capable of mixing the fluid in the microchannel,’** and
manipulate cells, particles and microorganisms (Fig. 6a)."°*'%
Different from vertical cavities, lateral cavities are able to trap
asymmetric hemispherical shaped air bubbles, which would
generate a directional microstreaming flow under acoustic
excitation and could be applied in pumping particles,
enriching and sorting cellular subsets from whole blood
(Fig. 6b)."»*

Besides creating the cavity at the end side of the
microchannel, the cavity can also be designed inside the
microchannel with high flexibility. Ahmed et al. trapped a
single bubble by a “horse-shoe” shaped microcavity located
between two laminar flows inside a microchannel."® When
applying the acoustic wave, the trapped bubble disrupts the
two laminar flows and mixes the fluids in milliseconds. The
multiple “horse-shoe” shaped microcavities were developed
to trap bubbles inside a microchannel with precise control of
location and size.'®> By turning on/off the acoustic wave,
multiple bubbles are capable of controlling the particle
trajectory in a wide range. Using a similar structure, our
group oppositely placed two different sized cavity structures

Table 2 Comparison of different passive bubble trapping and control techniques

Type of Size of bubble
Technique bubble (diameter) Location of bubble Performance Application Ref.
Device Single Air-water 41 pm, 90 pm, 100 Bubbles are trapped on the Cavity structures Cell separation, 19,
geometry layer bubble pm, 120 um and 320 sidewall, center and substrate protect bubbles from  cell enrichment, 101,
microcavity um (controlled by of the microchannel dissolving and the micromixer, 104,
the dimension of the (determined by the location of lifetime can be micropump 106
cavity) cavity structures) prolonged for hours
3D Air-water 14.55 um, 15 um Micromixer, 16,
microcavity bubble and 20 pm, micropump, 110,
micropropulsor 111
Mobile Air-water 9 um, 20 pm Microswimmer, 43,
cavity bubble microrobot 114
Surface Chemical  Air-water 250 pm, 300 pm, 400 Bubbles are trapped on the Chemical treatment Micropump 120
properties treatment bubble/air-oil pum treated surfaces improves the stability
bubble of bubbles
Physical Air-water 20 pm (controlled by Bubbles are trapped on or Decreasing the size of Micromixer, 38,
treatment  bubble the size of the between micro/nano the structures drag reduction 125
micro/nano structures enhances bubble
structure) stability
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Liquid-air interface  Fluid

PDMS Channel
—

Fig. 6 (a) Schematic illustration of bubbles trapped in vertical cavities. Reprinted with permission from ref. 103. (b) Lateral cavity generated
bubbles for pumping fluids. Reprinted with permission from ref. 14. (c) Teardrop shaped microcavity trapped microbubble on the substrate.
Reprinted with permission from ref. 37. (d) Different sized bubbles trapped by a single layer microcavity structure for a bi-directional micropump.
Reprinted with permission from ref. 106. (e) A microbubble array trapped on the bottom of the channel for manipulating C. elegans. Reprinted with

permission from ref. 108.

to trap bubbles in the center of a recirculated microchannel
(Fig. 6d)."°® By tuning the input frequency, the direction of
microstreaming flow generated by oscillating bubbles is
switched, which can be employed in bi-directional cells or
particle transportation.

Apart from the above-mentioned cylindrical shaped
bubble, a passively trapped spherical shaped bubble is also
commonly investigated and applied in various microfluidic
applications. To study the dynamics of the entrapped bubble
under ultrasonic irradiation, spherical bubbles were
successfully trapped by the cylindrical cavities etched in
silicon and glass substrates.'”” Hashmi et al. introduced a
way to trap bubbles by teardrop bottom cavities with the use
of a micromilling machine (Fig. 6c).”” With acoustic
actuation, these entrapped bubbles in teardrop cavities
generated a directional microstreaming flow, which can be
further employed in drug delivery systems. To obtain a
bubble array at the bottom of the channel, our group created
an array of micrometer-sized holes to passively trap the air
bubble.'”® The size and location of bubbles can be
determined by the size and location of the cavities. Using
acoustic radiation force, the oscillating bubble array is used
to trap and enrich the microorganism (Caenorhabditis
elegans), as demonstrated in Fig. 6e. A cylindrical microcavity
array has also been fabricated on four PMMA plates, which
are vertically fixed inside a microchamber and above a
nanosensor.'” When applying the resonant frequency to the
device, the bubble arrays oscillate and generate
microstreaming flow to enhance the mixing effect, resulting
in a drastic reduction of sensing time.

3.1.2 3D microcavity structure. With the development of
3D printing technology, the sub-micron fabrication technique
has been utilized for precisely producing micrometer sized
3D structures. Using a two-photon absorption microscopy

This journal is © The Royal Society of Chemistry 2020

device, Bertin et al. fabricated hollow capsules as propulsors
to trap spherical bubbles with different predetermined
patterns and directions.'® Excited by acoustic waves, various
micro streaming flow patterns are generated in free space
based on the arrangement of the capsules, as shown in
Fig. 7a. Instead of creating a 3D structure in free space, our
group introduced a flexible bubble trapping technique by
integrating defended oscillating membrane equipped

Water L Get ——

Fig. 7 (@) 3D printed microcavity structures and microstreaming
patterns generated by the trapped bubbles. Reprinted with
permission from ref. 16. (b) SEM image of the DOMES structure for
bubble trapping and directional microstreaming flow around the
trapped bubble. Reprinted with permission from ref. 111. (c)
Schematic illustration of the armored microbubble swimmer and the
motion induced by acoustic energy. Reprinted with permission from
ref. 43. (d) Selective manipulation of bubble-based microswimmers in
water and gel by adjusting the applied frequency. Reprinted with
permission from ref. 113.
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structures (DOMES) with the microchannel.”'®'*" The
DOMES structure is fabricated on a flexible PET substrate by
two-photon polymerization, and then combined with a PDMS
channel and double-sided tape by manual alignment. When
the fluid flows through the structure, the spherical air
bubbles can be passively trapped by the cavity of the 3D
structure (Fig. 7b). Under the structure, a through-hole
connects to the atmosphere, which increases the stability of
bubbles and extends their lifetime. With different cavity
patterns and sizes, the DOMES device is capable of mixing
and pumping fluid by the acoustic driven bubbles. These
above-mentioned methods demonstrated the contributions of
3D cavity structures in protecting bubbles and maintaining
bubbles. Although the mass production of the structure is
limited by the expensive fabrication costs, the flexible 3D
microcavity structure shows great potential in various
bubble-based applications in future.

3.1.3 Mobile cavity structure. Bubbles can be trapped in a
mobile cavity structure and controlled by external fields as a
microswimmer, which presents great promise for moving
and transporting objects in microfluidic applications. Using
3D microfabrication, Bertin et al. created a free cavity
structure to trap 3D microbubbles, called armored
microbubbles (AMBs).**> When the structure is submerged in
liquid, the AMBs can be trapped in the shape of the hollow
capsule. Unlike free bubbles in water, the bubbles can be
protected from dissolution by the cavity structure and their
lifetime can be prolonged for hours. By applying acoustic
waves, AMBs can be propelled by the streaming flow around,
as shown in Fig. 7c. With the use of microlithography, Feng
et al. produced several end open microchannels to trap
bubbles by simply submerging the channel in liquid."** In
their work, the bubble size is determined by the dimension
of the microchannel. Using this bubble trapping method,
they trapped a single bubble, an array of bubbles and
embedded bubbles in a turbo blade, respectively. When the
input frequency is well tuned, the oscillating single bubble
and the array of bubbles are able to propel the objects; the
bubbles embedded in a turbo blade can generate torque and
rotate the swimmer.

Using photopolymerization, another type of acoustic
microswimmer that consists of a rectangular polymer body
with several conical indentations was created.'’® The
indentations of the structure were used to trap bubbles
inside when the microswimmer was submerged in a
chamber filled with liquid. Moreover, the diameter and
depth of the indentations can control the bubble's motion.
Since the resonant frequency depends on the size and shape
of bubbles, the oscillation motion of bubbles can be
activated by changing the frequency. Therefore, by
controlling the size and shape of trapped bubbles, selective
actuation of a single microswimmer then was realized
(Fig. 7d)."** Using a similar fabrication method, a
microrobot with an inner spherical body cavity was created
to trap a spherical air bubble.'** With the control of
acoustic and magnetic fields, the motion direction control
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of the microrobots inside the microchannel has been tested,
showing great promise in biomedical applications.
Moreover, 3D direct laser lithography was also employed in
creating movable 3D cavity structures for bubble
trapping.**®

3.1.4 Microchannel geometry. Passive bubble trapping is
also realized by utilizing the geometry of the microchannel,
such as corner, dead end or some special structures inside
the microchannel. Due to surface tension, bubbles can be
inevitably  trapped at  specific  positions inside
microchannels. By utilizing structures of the microchannel,
researchers are able to use bubbles based on the need of
microfluidic applications.

Bubbles trapped in corners are usually undesired for most
applications. However, it is possible to utilize these
undesired bubbles if there are some techniques to control
them. For this phenomenon, Liu et al. studied the growth of
air bubbles during negative pressure driven flow in the
corner of a PDMS channel (Fig. 8b).""® From the simulated
and experimental results, they found that the growth rate of
bubbles is quantitatively correlated to the bubble's location
and driving pressure, which provides the strategy to control
the bubble in bubble-based applications. Aside from the
corner, the structure inside the microchannel is also applied
for bubble trapping.’"” A square shaped bubble trap structure
was created inside a microchannel to effectively trap a bubble
using the curvature effects from the Young-Laplace equation.
In this work, an offset region was created to detach the
bubble from the upper wall. Once the bubble was detached
from the wall, the flow would drive the bubble toward the
trap region. By applying offset regions with different lengths,
the trap can hold different sized bubbles (Fig. 8a). This
method could be utilized in trapping bubbles at desired
locations based on the requirements of applications. It is also
found that bubbles can be passively trapped at the top of the
cylindrical and hemispherical well in the microchannel.'*®'*®
When a bubble flows through the bubble trapping chamber,

C Trapped blubbles
)
i

Air
bubble

/ 200 um

Fig. 8 (a) Design of a microchannel structure for trapping bubbles.*”
(b) Bubbles trapped at the square corner of the microchannel.
Reprinted with permission from ref. 116. (c) Bubbles trapped at the top
of a cylindrical chamber in the microchannel.**®
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the bubble will rise to the top of the chamber due to
buoyancy (Fig. 8c). When the rising velocity (Vyising) is larger
than the flow velocity (v), the bubble will float and attach to
the top wall. Thus, the dimension of the well can be
determined by controlling the rising velocity, which is
expressed in eqn (4).

- 8Apdy
Vrising = 184 (2)
_Q
v=2 ®
1840
dp > 2ApA (4)

where g denotes the acceleration of gravity, Ap is the density
difference between bubbles and surrounding liquid, d, is
the diameter of bubbles, ux is the viscosity of the
surrounding liquid, Q is the flow rate and A is the cross-
section area of the channel."*®

3.2 Surface properties

Surface properties, such as wettability, adhesiveness,
capillarity, and surface tension, have significant impacts on
bubble trapping and control. Among these surface
properties, the wettability of a surface can be controlled by
modifying the chemical composition and/or roughness of
the surface. Here, we summarize the techniques for
effectively trapping and controlling bubbles via modifying
surface properties.

3.2.1 Chemical treatment. Chemical coating is regarded as
a one-step method to modify the surface properties for
bubble trapping and control. Depositing specific chemical
agents on a surface can reduced surface energy and thus
improve the surface hydrophobicity. Hence, bubbles are
easier to be trapped on the surface and their stability is
enhanced. Perfluorodecyltrichlorosilane (FDTS) is a chemical
solution that can lower surface energy. By treating the surface

a Defective air pocket

Mineral oil

Without DI Water
FOTS
treatment /\/ Liw% Mineraloil

Lipophobic Perfect air pocket
] LKL
treatment

b

Inlet 1 Inlet 2

o«"““

Transducer

Bubble
t=0.00s t=0.04s t=0.08s t=0.12s

View Article Online

Critical review

of the sidewall with FDTS via vapor deposition, the contact
angle of oil on the FDTS treated surface was larger than 90
degrees and thus the air-oil bubbles can be perfectly trapped
and maintained on the treated sidewall for half an hour
(Fig. 9a)."*° With acoustic actuation, the trapped air/oil
interfaces can generate a directional pumping flow in an oil
liquid. Moreover, the stability of bubbles can be improved by
depositing a chemical layer. For instance, a hydrophobic
Cytop layer was deposited on the surface where the bubble is
placed, which improves the adhesion of the bubble and
eliminates random bubble motions under
excitation. ~" By coating a cylindrical cavity with Rain-X, a
superhydrophobic surface applied product, Chen et al
successfully created and stabilized bubbles.'*?

The polytetrafluoroethylene (PTFE) surface, also called the
Teflon surface, is hydrophobic in air and hydrophilic in
water, which is applied to trap air bubbles. Interestingly,
using vacuum treatment, the treated surface of the sample
can become superhydrophobic in water."** Once the sample
was dried and immersed in water, the PTFE surface will be
recovered, resulting in the sample becoming hydrophilic
underwater. The round-trip transition can trap the bubble
with a certain location as well as control the path of the
bubble through the PTFE surface. Additionally, by means of
the above-mentioned method, the underwater bubble can be
switchable for many times (Fig. 9c). By spin coating the PTFE
on the nanostructure surface, two water-air interfaces were
created and applied in guiding waves for optofluidics."**

3.2.2 Physical treatment. Increasing the roughness will
enhance the hydrophobic behavior, and thus enhance the
bubble trapping efficiency. Many biological surfaces, such as
plant leaves, have high surface roughness with the
geometrical microstructure to repel water for cleaning and
transporting nutrition. Based on the same principle,
geometrical micro/nanostructures are studied to increase the
roughness for trapping the bubble. For example, a rough
wavy structure of a PDMS channel sidewall was made for
capturing bubbles inside the microchannel, fabricated by the
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Fig. 9 (a) Difference in the performance of bubble trapping without and with FDTS treatment.’®° (b) Schematic illustration of a wavy PDMS
structure in the microchannel for capturing bubbles. Reprinted with permission from ref. 125. (c) The transformation of a hydrophilic surface to a
hydrophobic one for bubbles on a laser induced rough PTFE surface with vacuum and dry treatments. Reprinted with permission from ref. 123.
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deep reactive ion etching (DRIE) process.'* Since the wavy
structure has a rough surface, the hydrophobicity of the
PDMS sidewall is enhanced, resulting in the air bubble being
trapped on the wavy structure. The bubble in the presence of
acoustic waves was used for rapidly mixing two viscous
fluids, which could be integrated into various lab-on-a-chip
applications (Fig. 9b). Similarly, a textured rough surface with
nanostructures can also be effectively used to trap the
bubble.'*® Moreover, by integrating a porous hydrophobic
membrane with the microchannel, bubbles can be trapped
and removed from the porous membrane area with the
appropriate bubble length, time, flow rate and pressure
difference. According to the theoretical and experimental
results, once the bubble length, time, flow rate and pressure
difference are satisfied at the same time, complete bubble
extraction can be realized."*’

Besides, many types of micro/nano structure patterns with
hydrophobic surfaces, such as ridges,"*® trenches,'*
pillars,*° and irregular structures,'*" have been applied to
trap bubbles (air-liquid interfaces) for drag reduction in
laminar flows. Supported by surface tension, the air-liquid
interface between structures is shear free and does not resist
flow."*> Therefore, drag is reduced due to the decreased
surface area of the solid that is in contact with the fluid flow.
Many theoretical predictions and experimental studies
proved that the laminar drag can be significantly reduced
using this technique.'®® However, the instability of the air-
liquid interfaces could hinder the performance in practical
applications. To address this issue, Choi et al. studied the
effects of the pressure gradient on stability. They found that
ridges with small width and length can enhance the stability
of bubbles and the drag reduction efficiency even at a high
pressure gradient.*®

4. Conclusions

In the past few decades, as a promising tool, microbubbles
have been applied in various microfluidic applications due to
the advantages of cleanliness, flexibility and controllability. In
this review, we summarized the active and passive trapping and
control methods of bubbles in various microfluidic
applications. With the help of external fields, such as optic,
acoustic and electric fields, bubbles can be actively trapped at
desired locations. Moreover, depending on the types of
applications, tuning of energy input can control the size of
bubbles. We also present a variety of passive bubble trapping
and control methods based on modifying the device geometries
and surface properties. From the former, based on the type and
location of bubbles, we introduced many types of microcavities,
microchannels for bubble trapping and control with novel
fabrication techniques. The latter includes the techniques to
form and manipulate bubbles by means of modifying the
surface properties both physically and chemically. Additionally,
by applying external forces (e.g. acoustic force), applications of
these trapped bubbles have been extended to many fields, such
as fluid control (mixing, pumping and switching), micro object
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manipulation (microorganism manipulation, cell lysis and cell
separation) and mass transfer (drug delivery, microswimmer).
Microbubbles have also been widely applied for drag reduction
in microchannels, which could be helpful for reducing energy
consumption in an engineered system. Despite these benefits,
some of the issues remain to be further studied for trapping
and control in bubble-based applications: the stability of
bubbles and the undesired bubbles trapped in the microfluidic
system. Although there exist some methods that offer the
solution for stability enhancement such as changing the type of
liquid, using a less soluble gas as the inner gas of the bubble
and utilizing a surfactant to protect the bubble, the stability
under different conditions is still challenging. In future, with
more advanced theoretical and experimental developments of
bubble trapping and control techniques, we believe that
microbubbles will play more important roles in microfluidic
applications, and solve challenging problems in many scientific
and engineering fields.
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