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Abstract. Bubbles in liquid have the advantages of controllability, compressibil-
ity and biocompatibility, so they are introduced into microfluidic system to drive
the fluid and operate micro-objects including cells. In recent years, the acoustic
and optothermal bubbles are the two most widely used and efficient bubbles in
microfluidic devices. Therefore, the aim of this study is to review recent advances
in acoustic bubble-basedmicromanipulators and optothermal bubble-basedmicro-
manipulators inmicrofluidic systems. The principles and applications of fluid con-
trol and micro-object operation of these two kinds of bubble-based manipulators
are introduced and the prospects and challenges are discussed.
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1 Introduction

In the microfluidic devices, the Reynolds number of fluid is much smaller than that of
macro fluid, which makes the driving of microfluidic more difficult, as well as the oper-
ation of micro-objects. Based on the principle of bubble induced acoustic microstream-
ing, liquid flow can be promoted and controlled by microbubbles, and micro-objects
can be operated under the action of Strokes drag force and Bjerknes force in differ-
ent microstreaming patterns. In addition, the volume change of optothermal bubbles
in the process of growth and disappearance will trigger the flow field, which can real-
ize the control of the fluid. Under the combined action of Marangoni effect and balance
between surface tension and pressure force,microparticles can be captured on the surface
of optothermal bubbles and move with the movement of bubbles, and the microstruc-
tures can be pushed to the specified position and adjusted to expected three-dimensional
(3D) gesture. In this review, we introduce and discuss recent advances in bubble-based
micromanipulators in microfluidic systems. In Sect. 2.1 and Sect. 2.2, we introduce the
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working principle, flow control and micro-object manipulation of the acoustic bubble-
based manipulator and optothermal bubble-based manipulator, respectively. Finally, we
summarize the current limitations of these two bubble-based manipulators and discuss
the future development.

2 Results and Discussion

2.1 Acoustic Bubble-Based Manipulator

Working Principle. Acoustic oscillating bubbles include inertial and non-inertial cavi-
tations [1]. Inertial cavitation means that the bubble expands and shrinks sharply or even
collapses when the oscillation amplitude is high enough and above a certain threshold.
Most oscillating bubbles in microfluids are stable, non-inertial cavitation bubbles. Oscil-
lating bubbles have their natural frequencies, and when they have the same frequency
as the exciting acoustic field, the bubbles will reach a maximum vibration amplitude. In
microfluidic devices, most acoustic bubbles are trapped in the tube or microchannel and
play a role. The resonance frequency f0 of the bubble in the tube or microchannel is

f0 = 1

2π

√
κP0

ρL0LB
(1)

where κ is the polytropic index, P0 is the constant far-field pressure, ρ is the density
of the fluid around the bubble, and L0 and LB are the lengths of the liquid in the tube
and the bubble column respectively. The microbubbles resonate under the action of
acoustic wave, the contact surface between microbubbles and surrounding liquid will
vibrate, which will trigger microstreaming and change the flow direction and speed of
microfluidswith different acoustic excitation frequency [2].Ahmedet al. found that using
ultrasound to oscillate bubbles trapped in a “horse-shoe” structure inside microtubules
can affect fluid flow (Fig. 1a) [3]. With the different size and shape of bubbles, the
flow microstreaming excited by acoustic bubbles is also different. Therefore, acoustic
microbubbles are used to fabricate micromixer, micropump and microvalve.

In addition to manipulating microfluidics, acoustic bubbles can also manipulate par-
ticles andmicro-objects such as cells. The particle close to the acoustic bubble is affected
by two forces at the same time (Fig. 1b) [4]. One is the viscous resistance caused by the
streamline direction of the micro flow field, that is, Stokes drag force fd

fd = 6πηRPυP (2)

where η is the dynamic viscosity, RP is the radius of the particle, and vP is the flow
velocity of solvent relative to the particles, which is also depend on RP . The other is
Bjerknes force fR caused by the scattering effect of the bubble on the incident acoustic
wave, also known as the second radiation force, for a rigid spherical particle

fR = 4πρ
ρ − ρP

ρ + 2ρP

RbRP

d5
ω2ε2 (3)

where ρ is the density of the fluid of the fluid around the bubble, ρP is the density
of particles, Rb is the instantaneous radii of a bubble, d is the distance between the
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bubble and particle centres, ω is the angular frequency and ε is the bubble amplitude.
Under different excitation frequencies, the flow field patterns around acoustic bubbles
are different. By changing themagnitude of these two forces, a variety ofmotion patterns
of particles can be realized, including capture, rotation and revolution.

Fig. 1. (a) The acoustic streaming pattern around a bubble located in the horse-shoe structure
of the microfluidic pipe. Adapted from Ahmed et al. [3] with permission from Royal Society of
Chemistry, Copyright 2009. (b) The geometry and force analysis diagram of the particle trapped
on the surface of the microbubble. Adapted from Chen et al. [4] with permission from Royal
Society of Chemistry, Copyright 2016.

Flow Control. Cavitation microstreaming generated by acoustic bubbles can enhance
fluidmixing, and the induced flowfield andmixing intensity can be changed by changing
the number [3], position and shape [5], arrangement and mixing area [6] of bubbles in
the microfluidic pipe. Orbay et al. [7] introduced an acoustic-bubble based micromixer
where the uniform mixing of two high viscosity liquids with low Reynolds number can
be realized. Bertin et al. prepared an armoured microbubbles (AWBs) to overcome the
problem of short service life of microbubbles [6]. Recently, Conde et al. [8] proposed a
hybrid approach combining a substrate with a slab, in which the substrate containedmix-
ing chamber and microfluidic channel, and the slab contained the structure required to
capture bubbles (Fig. 2a). This method reduces the acoustic energy lost on the substrate
and further improves the mixing efficiency. Micropump based on acoustic oscillation
microbubbles have attracted extensive attention because of their simple structure and
high specificity [9]. Patel and colleagues proposed a bubble-based micropump [10]. The
bubbles in lateral cavity acoustic transducers (LCATs) produce oscillating flow velocity
due to the oscillating movement of the air/liquid interface. This structure can separate
particles or cells of different sizes. Recently, Gao et al. [11] placed opposite microcav-
ity in the main microchannel to realize efficient bidirectional micropump (Fig. 2b). The
flow direction of fluid and particles can be changed by actuating specificmicrobubbles of
opposite directions and different sizes with different acoustic field driving frequencies.
As for microvalve, acoustic bubbles can be used to adjust the chemical concentration as
a chemical switch [12]. Ahmed et al. utilized the acoustic oscillating bubbles to generate
digital chemical waveforms and analog waveforms, and the shape, frequency, amplitude
and duty cycle can be easilymodulated at the same time. It’s a powerful tool for the inves-
tigation and characterization of the dynamic properties of many biochemical processes.
(Fig. 2c) [13]. Similarly, Liu et al. [14] proposed a tunable chemical gradient generator
based on the gas permeability of polydimethylsiloxane (PDMS). The adjustable chemi-
cal gradient was realized by changing the excitation combination of bubbles in different
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channels. In general, the microstreaming generated by acoustic oscillation bubbles can
be driven far beyond Stokes boundary layer, and can produce effective fluid control
even when dealing with high viscosity fluids. In addition, such acoustic bubble fluid
controllers are generally economical and low power consumption.

Fig. 2. (a) Up: configuration of the hybrid micromixer. Down: micrographs showing before and
after mixing. Adapted from Conde et al. [8] with permission under the terms of CC BY 3.0
license, Copyright 2016. (b) Up: configuration of the acoustic-based bidirectional micropump
device. Down: acoustic bubble induced microstreaming flow and the velocity profile given by
particle image velocimetry (PIV). Adapted from Gao et al. [11] with permission from Springer
Nature, Copyright 2020. (c) Up: schematic of the experimental setup for chemical switching.
Down: results demonstrating switching between the blue and red dyes. Adapted from Ahmed
et al. [13] with permission under the terms of ACS Author Choice License, Copyright 2014.
(Color figure online)

Micro-object Manipulation. The microstreaming caused by oscillating bubbles (iner-
tial and non-inertial) excited by acoustic field can make cell lysis, perforation and defor-
mation. Low intensity ultrasound leads to stable cavitation of microbubbles, which is
conducive to the cell formation of small pores and endocytosis. High intensity ultrasound
can lead to inertial cavitation and bubble collapse, resulting in cell membrane perfora-
tion. In 2019, Meng et al. [15] utilized acoustic microbubbles oscillated with almost
the same amplitude and resonance frequency to ensure efficient and uniform acoustic
perforation. Recently, Liu et al. [16] realized efficient cell lysis on lab-on-a-chip (LOC)
device by using acoustic driven oscillating bubble array. Subsequently, they fabricated
a microfluidic device where the cells can be captured and paired with the oscillating
bubble surface under acoustic excitation, further realizing the fusion of homotypic or
heterotypic cell membranes [17]. Recently, they designed a traveling surface acoustic
wave (TSAW) device composed of TSAWchip and PDMS channel to explore single-cell
ultrasonic perforation using targeted microbubbles (TMB) in non-cavitation (Fig. 3a)
[18]. TSAW was applied to accurately manipulate the movement of TMBs attached to
MDA-MB-231 cells, resulting in ultrasonic deformation and reversible perforation at
the single cell level.

In microfluidic devices, microbubbles can capture, rotate and operate cells under
acoustic excitation through the joint action of Stokes force and Bjerknes force. In these
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examples, bubbles are usually spontaneously generated due to the hydrophobicity of the
structure and trapped in microchannels or microcavities. Ahmed et al. and Ozcelik et al.
proposed a technique of acoustofluidic rotational manipulation (ARM) based on the
oscillating bubbles trapped within sidewall microcavities of the microfluidic channel to
realize the rotation of nematodes, single cells and organisms [19, 20]. Läubli et al. used
similar methods to rotate plant cells to achieve high-resolution 3D reconstruction [21].
Tang et al. then realized the 3D reconstruction ofHeLa cells [22]. Peng [23]manufactured
amicrofluidic devicewhere the particles can be focused, captured, extracted and enriched
in a non-contact, unmarked and continuous manner by activating bubbles at a specific
frequency. Recently, Gao et al. [24] captured bubbles with the required size and position
in the microcavity structure of monolayer PDMS microchannels. In the low-frequency
acoustic field, the oscillating motion of bubbles induced microfluidic vortices, which
were used to break blood clots in blood samples (Fig. 3b). Then, they proposed a tumor-
on-a-chip platform (ABSTRACT platform) based on acoustic oscillating bubbles to
capture and rotate CTCs to the desired position [25].

Fig. 3. (a)Up: schematic of the experimental device.Down: bright field and calcein-AMimages of
the sonoporation achieved before and after the TSAW treatment. Adapted from Liu et al. [18] with
permission under the terms of CC BY 4.0 license, Copyright 2022. (b) Up: working mechanism
of acoustic bubble-based thrombolysis. Down: blood clots disaggregated to single cells by the
acoustically excited bubble. Adapted from Gao et al. [24] with permission from Royal Society
of Chemistry, Copyright 2021. (c) Up: schematic of the acoustofluidic multimodal manipulation
device. Down: diverse modes of acoustic microstreaming and sample manipulation. Adapted from
Zhang et al. [26] with permission from Royal Society of Chemistry, Copyright 2021.

Acoustic bubbles in microfluidic devices can also realize particle and cell sorting.
Rogers et al. [27] selectively captured particles by acoustically excited oscillating bub-
bles. According to the size and resonance frequency of the bubbles, the interaction
between Stokes force and Bjekness force was different, resulting in particle attraction
or repulsion. Recently, Meng et al. [28] effectively separate two cells with the same size
distribution through surface acoustic waves and targeted microbubbles. By specifically
adhering targeted microbubbles to MDA-MB-231 cells, the acoustic sensitivity of the
cells can be significantly improved, so that MDA-MB-231 cells can be separated from
MCF-7 cells. Acoustically excited oscillating bubbles can also realize the transmission
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and multiple manipulation of particles. Xie et al. [29] controlled the trajectory of par-
ticles in a LOC device by using oscillating bubbles trapped in “horseshoe” structure.
Once the bubble was excited and oscillated, the particles would be captured by adjacent
bubbles. After the transducer was shut down again, the particles immediately returned
to the laminar driving state. Recently, Zhang et al. [26] proposed a multifunctional
bubble-based acoustofluidic device. By changing the applied acoustic field frequency,
the arranged bubbles trapped in the microcavity at the bottom of the chip can be flexibly
switched between four different oscillatory motions, so as to generate corresponding
microstreaming modes in the microchannel and realize the stable transportation, trap-
ping, 3D rotation and circular revolution of micro-objects (Fig. 3c). In general, due to the
different oscillation states and corresponding microfluidic modes of acoustic bubbles,
they can achieve a variety of controllable multimodal operations on micro-objects, and
has a wide range of applications in the biological field.

2.2 Optothermal Bubble-Based Manipulator

Working Principle. The optothermal effect is usually used to convert light energy into
heat energy, and microbubbles are generated at the interface between heat absorbing
materials (including metal, amorphous silicon, indium tin oxide or their combination)
and liquid [30]. The temperature decreased along the radial direction because of con-
vective cooling along the top and bottom surfaces. This temperature gradient causes a
corresponding convective flow which forms a clockwise flow pattern near the bubble–
liquid interface (Fig. 4a) [31]. This microscale circulation is caused by the Marangoni
effect. The velocity field between liquid layers caused by the thermal Marangoni effect
can be described as [32]

η

(
∂μ

∂n

)
= γT

(
∂T

∂t

)
(4)

where η is the dynamic viscosity, μ is the tangential component of the fluid velocity
vector at the interface between liquid and air, andn and t are the unit vectors of the normal
and tangential directions of the interface, respectively. γT = ∂γ /∂T is the derivative of
surface tension γ with respect to temperature.

Fig. 4. (a) Convective flow pattern around an optothermal bubble. (b) The experimental image
and force analysis image when a particle is trapped on the bubble surface. Adapted from Zhao
et al. [31] with permission from Royal Society of Chemistry, Copyright 2014.
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Under the action ofMarangoni convection, the particleswill be brought to the bubble,
andwill finally be captured on the bubble surfaceThe force balance on the particle located
at the bubble–liquid interface can be described as (Fig. 4b) [31]

F

FP
= RB

R

sin(|θC − β|)
sinβ

(5)

where F is the combined force of the surface tension FS , FP is the pressure force, RB is
the radius of the bubble and R is the radius of the particle, θC is the contact angle among
the particle and the liquid-gas interface, and β is the half central angle. The balance
between these two forces keeps the particles tightly trapped on the bubble surface, and
makes it possible for optothermal bubbles to manipulate other micromodules.

Flow Control. The liquid jet produced by cavitation bubble collapse can cause different
fluid mixing. In 2007, Hellman et al. utilized laser to produce cavitation bubbles in the
microfluidic channel solidified with silicone resin, which realizes the mixing of water
and naphthol green dye. For micropump, Dijkink et al. first produced a pump based on
the principle of cavitation bubbles generated by laser pulse focusing to drive the flow
of microfluidic fluid [33]. As for the microvalve, the bubble can play the role of a valve
in the microfluidic system using the characteristic that the bubble volume is affected by
temperature. In 2011, Zhang et al. [34] used laser to irradiate the chromiumpad immersed
in the liquid to produce controllable bubbles, and control the flow direction of the fluid
through the growth process of bubbles, which could realize the open and closed state of
laminar flow as a microvalve (Fig. 5a). Subsequently, Jian et al. [35] used laser-induced
bubbles to selectively control the flow direction in microfluidic chips. The direction and
speed of the pumping flow can be adjusted by changing the spot position and laser power.
In order to reduce the complexity of optical system, Hyun et al. [36] deposited titanium
film on the roughened end-face of silica optical fiber to make optic fiber microheater,
and embedded it into microfluidic system to form an optofluidic microvalve-on-a-chip
system. The high-speed bubble can grow into a vapor plug, which successfully blocks
the liquid flow in the microchannel as a valve. Compared with the acoustic bubble fluid
controller, the advantage of the optothermal bubble fluid controller is that it can generate
bubbles at almost any position of the microchannel to realize the fluid control of specific
parts. However, its disadvantage is that a laser beam can only generate one optothermal
bubble, which has a relatively low efficiency; and the equipment is more expensive and
complex.

Micro-object Manipulation. When the laser pulse is focused on the buffer interface
of the cell solution, local cavitation bubbles will be generated. The hydrodynamic force
induced by bubble expansion and subsequent collapse will cause the rupture of cell
membrane. Rau et al. analyzed the operation mechanism and hydrodynamics behind
the pulsed laser microbeam-induced cell lysis [37]. They found that cavitation bubble
expansion was the primary agent of cell lysis. Cavitation bubble collapse, jet formation,
and subsequent radial outflow of fluid can also result in the lysis of cells in the central
region. Li et al. [38] designed conversion structures to capture a single cell, and then
a single cavitation bubble was generated next to a single captured cell by laser. The
jet generated by the collapse of the cavitation bubble was directed to the cell, resulting
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in strong deformation and lysis. Hu et al. utilized the laser to intermittently irradiate
the chip to produce bubbles to move cells [39]. With the movement of the laser, the
bubbles generated by the last laser irradiation will quickly separate from the substrate
and cause optothermal capillary flow. This micro flow will drive the cells to move a
certain distance, and the continuous generation and floating bubbles can continuously
move the operated cell. Thus, the damage of optothermal bubble temperature to cells
is greatly reduced. Fan et al. used the oscillation of bubble volume in the opening and
closing cycle of laser pulse to generate shear stress on the cell membrane near the
bubble, so as to realize cell perforation [40, 41]. Subsequently, they integrated a single-
cell analysis platform for cell perforation, cell lysis and cell manipulation (Fig. 5b) [42].
In microfluidic chips, optothermal bubbles can screen small objects. For example, Wu
et al. reported a high speed and high purity pulsed laser triggered fluorescence activated
cell sorter (PLACS) (Fig. 5c) [43]. They used the pulsed laser controlled by the detector
to generate explosive vapor microbubbles in the outer channel and trigger a high-speed
jet in the sample channel, which can make the specific cells deviate from the original
path and enter the collection channel to realize the cell sorting function.

Fig. 5. (a) Up: illustration of bubble generation on the chromium pad. Down: experimental image
of bubble growth, an illustration of the bubble behavior and the laser-induced bubble acts as a
microvalve. Adapted from Zhang et al. [34] with permission from Royal Society of Chemistry,
Copyright 2011. (b) Up: 3D structure of the microfluidic chamber where the cells can be cultured
and lysed. Down: brightfield images and fluorescent images before and after the adherent single-
cell lysis. Adapted from Fan et al. [42] with permission under the terms of CC BY 4.0 license,
Copyright 2017. (c) Up: schematic of the cell sorter. Down: time-resolved images of the laser-
induced cavitation bubble and fluorescent particle switching in PLACS. Adapted from Wu et al.
[43] with permission from Royal Society of Chemistry, Copyright 2012.

Optothermal bubbles can also manipulate microstructure. Hu et al. utilized optother-
mal bubbles to realize the movement and arrangement of multiple triangular SU-8 struc-
tures, and assembled the hydrogel structures with cells inside into a specific array.
Researchers have further developed a system that can generate and move multiple
optothermal bubbles at the same time (Fig. 6a) [44]. Cooperation between optother-
mal bubbles improves the efficiency of moving and operating micromodules. Therefore,
optothermal bubble microrobot has a wide application potential in biomedicine and tis-
sue engineering. However, the process of biological tissue reconstruction is complex.
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Due to the limitations of the generation and movement of optothermal bubbles in the
two-dimensional (2D) plane of the solid-liquid interface, optothermal bubbles can only
move the hydrogel structure, but cannot adjust the 3D posture of a single hydrogel
structure, which limits the real application in the construction of biological tissue engi-
neering. Fukuda et al. utilized a needle tube to blow bubbles into the solution, and the
flow field driven by the bubbles floating in the fluid made the hollow hydrogel module
with cell structure float up (Fig. 6b) [45, 46]. They used another needle tube to string
up the micromodules. After repeating this action, they string up a series of hydrogel
modules with different shapes, and again used the generated bubbles to adjust the pos-
ture of the micromodules to make them arranged neatly. Although this method realized
the 3D operation of the micromodule, it needs two actuators to control the injection
and collection at the same time, which has complex mechanical structure and high con-
trol difficulty. Moreover, the collected micromodules must have holes in the center to
string to the collector. In order to solve the above problems, Dai et al. creatively pro-
posed a method to utilize the optothermal bubbles on the 2D surface to realize the 3D
arrangement and assembly of the hydrogel microstructure (Fig. 6c) [47]. By controlling
the position and size of the optothermal bubbles generated at the bottom of the micro-
module, they can lift, flip and flexibly adjust the 3D posture of the micromodule. They
assembled the hollow ring structure into a 3D vascular structure and nested two ring
modules of different sizes. Then, Ge of the same research group utilized the optothermal
bubble operation method proposed by Dai to assemble the cell loaded microstructure
into a peritoneal tissue structure highly similar to biological peritoneum, which verified
the biocompatibility and feasibility of this method [48]. On this basis, Dai et al. further
utilized the 3D operation ability and cluster cooperation ability of bubble microrobots to

Fig. 6. (a) Micromanipulation of a microstructure using a pair of optothermal bubbles. Adapted
from Rahman et al. [44] with permission under the terms of CC BY 4.0 license, Copyright 2017.
(b) Schematic of the pickup ofmicromodules based onmicrobubble injection. Adapted fromWang
et al. [46] with permission from American Chemical Society, Copyright 2017. (c) Up: schematic
of the system setup to generate optothermal bubbles. Down: 3D manipulation and assembly of
square ring microstructures. Adapted from Dai et al. [47] with permission from John Wiley and
Sons, Copyright 2019. (d) Up: schematic of the integrated assembly process of two microparts by
optothermal bubbles. Down: the assembled gears, snake-shaped structure and car. Adapted from
Dai et al. [49] with permission from American Chemical Society, Copyright 2020.
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realize the assembly of multiple micromodules with different interfaces, including mor-
tise and tenon, gear, chain and car, which provided a new solution for the manufacturing,
assembly and driving of micro/nanostructure (Fig. 6d) [49]. In general, the optothermal
bubbles can realize diversified operation and different forms of motion states of a single
micro-object more flexibly and controllably, and plays an important role in the field of
precision microoperation and modular assembly.

3 Summary and Outlook

In this mini-review, the basic theory and wide applications of acoustic bubbles and
optothermal bubbles manipulators in microfluidic devices were discussed. Bubbles are a
double-edged sword in themicrofluidic system. Free and uncontrolled bubbles can cause
damage, but bubbles under the control of the energy field can become a favorable tool
in microfluidic system. Bubble-based manipulators still have great development space
in microfluidics. We will further discuss its challenges and future development.

For the acoustic bubble-based manipulator, it has the characteristics of simple equip-
ment, easy implementation, low power consumption and low cost. However, under the
long-time oscillation of the gas-liquid interface, the gas in the bubble may dissolve,
resulting in changes in the size and shape of the bubble. The resonance frequency of
the bubble can be affected, which may lead to the failure of the operation function.
Therefore, how to extend the service life of bubbles and improve the effectiveness and
stability of the bubble operation is an urgent problem to be solved in future development.
For the optothermal bubble-based manipulator, it has high flexibility and controllability.
However, the high temperature generated in the laser irradiation area may cause damage
to cells and biomolecules, which limits the relevant biological applications. The latest
breakthrough of optothermal bubbles is to realize the 3D manipulation and assembly
of microstructure on 2D plane [47, 49], which is difficult to realize without relying on
other operation technology such as microgripper/micropipette. Moreover, feedback con-
trol can be easily combined with the laser-induced optothermal bubbles to realize the
automatic operation and the cooperative control of bubbles, which is expected to realize
an operation factory.

In conclusion, the action range of the manipulator based on acoustic bubble and
optothermal bubble is limited to the 2D plane. Although they can be combined with
other operators such as microgripper [50] and magnetic microrobot [51] to complete
operation tasks in 3D space, the mechanical structure becomes more complex and is
only suitable for an open chip. The combination by superimposing multiple physi-
cal fields may further improve the control performance of bubbles. Researchers have
combined acoustic-magneto [51], light-acoustic [52] to further expand the application
range of bubble-based manipulator, and we look forward to the combination of multiple
physical fields to provide more possibilities. The bubble manipulator microfluidics has
great application value in biomedicine, microfluidics, clinical application and chemistry,
which needs more scholars to study. We hope that in the future, bubble-based manipula-
tors in microfluidic systems can integrate capture, transport and functional applications
of micro-objects, just like an automatic assembly line.
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