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Abstract
Cavitation in confined geometries, such as microfluidic channels, allows an
unprecedentedly detailed look on their dynamics with a much better control as
compared to cavitation in the bulk. Another advantage is that only small amounts
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of fluids are required. In these geometries, single or a few laser-generated bubbles
are utilized for fundamental liquid processing such as mixing, sorting, and
pumping. For acoustic cavitation, the bubbles need to be either injected a priori
or generated through an entrainment process. Then cavitation can be utilized for
emulsions, to lyse cells, to generate light (sonoluminescence), and to initiate
chemical reactions. This review presents a summary of the effects of confinement
on the bubble dynamics and how they can be utilized for research and
applications.
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Introduction

It is difficult to observe a completely spherical and symmetric cavitation bubble
collapse. The cavitation bubble collapse is influenced by the hydrostatic pressure
gradient, imperfection in the bubble generation process, and the wall of the liquid
container; all of them induce some asymmetry. These factors cause instabilities to
develop during the collapse phase. It is well known that when a bubble collapses
near a rigid structure, a high-speed liquid jet directed toward the structure is
generated. During its collapse phase, the initially spherical bubble moves toward
the structure and becomes toroidal with a thin jet in the center which attends a high
velocity up to about 100 m/s [1, 2]. In a confined geometry such as a microfluidic
channel, influences from the walls are expectedly more pronounced.

Although single-bubble dynamics is well studied, in many practical applications,
a large number of cavitation bubbles need to be generated and controlled. This can
be achieved through the use of a strong acoustic field. In section “How to Generate
Cavitation?,” we will show the method to generate strongly oscillating bubbles in a
microfluidic channel. Two technical “tricks” have been used to overcome the
constraints, namely, the lack of gas nuclei in the small liquid volume and the issue
of transport of acoustic energy into the channel.

In section “Effects of the Microchannel on the Bubble Dynamics,” the effect of
confinement is discussed. Previous theoretical and experimental works are reviewed.
Then the interaction of the bubble with a nearby object (such as a bubble, a cell, or a
droplet) is described. The section ends with detailed review of several fundamental
controls of microfluidic flow. Various mechanics such as pumping, switching, and
sorting in microfluidics are examined.

The last section is devoted to applications involving acoustic cavitation and
microfluidics. These include physical applications such as emulsification and chem-
ical processes such as sonoluminescence and sonochemistry. We will also present
some biomedical-related use of acoustic cavitation on a chip.
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How To Generate Cavitation?

Generation of Single Cavitation Bubbles in Microfluidics

Cavitation bubble dynamics in all aspects have been studied in great detail. They
have been summarized in a number of textbooks and comprehensive review articles.
For readers seeking an introduction, we recommend the review article by Lauterborn
and Kurz [3]. In that article, most of the knowledge for bubble dynamics in large
fluid volumes is covered. Our focus in this chapter is on the dynamics of bubbles
confined by two and more walls.

Cavitation bubble may be generated from bubbles that are already in the liquid,
from gas pockets that are entrained or added to the liquid, or by nucleation. There are
several bubble nucleation techniques. These include deposition of energy, for exam-
ple, through an intense laser beam, or by stretching the liquid, that is applying a
negative pressure. A stable gas bubble can be converted into a cavitation bubble by
expanding the bubble to about twice its original size [4]. This can be achieved by a
short exposure of the bubble to a low-pressure field in which the bubble expands or
by resonant excitation. Both methods of bubble nucleation work in confined geom-
etries too. A venturi nozzle reduces the pressure of the liquid easily below the vapor
pressure. Mishra and Peles [5] report on such kind of devices and their observation
of the resulting cavitating flows. The pressure can also be reduced by evaporation of
liquid with a pinned liquid meniscus. Evaporation causes the liquid droplet to pin to
the solid surface by maintaining its surface area but reducing its contact angle. The
liquid meniscus is therefore said to be pinned to the interface. Subsequently the
droplet will shrink. Cavitation bubbles generated by pressure reduction from liquid
droplet evaporation can be found in nanochannels [6], in synthetic trees [7], or in
droplets trapped in drying hydrogels [8].

Resonant excitation of gas bubbles and their transformation can be achieved by
irradiating the liquid in the microchannel with ultrasound. Many different approaches
to achieve sufficient pressure inside the fluidic channel have been reported in
literature. We are to highlight a few out of the long list. A straightforward approach
is to use a sonicator and adapt it to a microfluidic channel [9]. A more integrated
approach was developed by Tandiono et al. [10, 11] by attaching a piezoelectric
transducer to the glass substrate that supports the microfluidic channels. In this
design, the acoustic field serves two purposes; firstly, the sound field generates
Faraday waves [12], which entrain bubbles into the liquid in the microfluidic chan-
nels. These bubbles then start to oscillate, resonantly, and create intense cavitation.
Further discussion on acoustic bubbles is given in the following section.

Another method of generating cavitation bubbles in microfluidics is by energy
deposition (Fig. 1). The laser source is a Nd:YAG laser and some part of the laser
beam is utilized through an optical delay for illumination. Experimental results from
single and multiple bubbles generated with a laser are presented in the next section.
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Before we come to the details, we want to highlight that several approaches have
been utilized to create laser-induced bubbles in microfluidics: by linear absorption,
by multiphoton absorption, and by plasmonic absorption. Linear absorption utilizes
a liquid containing a dye with a high absorption coefficient at the laser wavelength
[13]. This allows fine adjustment of the bubble size through the laser energy
manipulation. The downside is that objects in the liquid may come into contact
with the dye. This interaction is undesirable especially for biological cells. Nonlinear
absorption [14] allows bubbles to be created in otherwise transparent liquids.
However, the absorption process possesses a threshold, and therefore only relatively
large bubbles can be generated. Plasmonic absorption can be achieved by deposition
of a thin gold layer on the substrate. A green laser is then targeted to the gold layer
for bubble nucleation. This approach is particularly attractive for studies with
cells [15].

Acoustic Cavitation in Microfluidics

The bubbles used in microfluidics for mixing and pumping are often oscillating only
gently. They are introduced either by direct injection [16] or trapped gas [17]. It is
difficult to create cavitation bubbles in microfluidics by acoustics. Two main hurdles
that have to be overcome are the lack of nucleation sites and the difficulty in
transmitting high-pressure amplitude ultrasound into the microfluidic channels.
The small volume of fluid in the microfluidic channels does not contain many
pre-existing gas pockets or impurities which act as nucleation site of the cavitation
bubbles. It is not practical to put an ultrasound transducer inside the microfluidic
channels. Often the ultrasound is generated externally by transducers attached to the
glass plate onto which the microfluidic channels are attached [10, 18]. The fragility

Fig. 1 Experiment setup for time-resolved fluorescence imaging
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of the system (both the polydimethylsiloxane (PDMS) and the thin glass slide)
prevents the use of high-intensity or large transducers.

Iida et al. [18] investigated the use of mild ultrasound (about 0.5 MPa) to generate
cavitation bubble in a millimeter-sized channel or chamber. They used an external
transducer which is attached to the bottom of their devices. They compare the results
from these 1D channel and 2D chamber to that of a 3D (20 millimeter in height) glass
tube. They measured the production of cavitation bubbles indirectly by monitoring
the generation of fluorescent hydroxyterephthalate (HPTA) from the chemical reac-
tion between terephthalate anion with OH radicals which are produced by ultrasonic
cavitation. Higher ultrasonic power is needed to generate HPTA in the channel and
chamber as compared to the tube.

Tandiono et al. [10] reported the first successful attempt to generate intense
acoustic cavitation in a microfluidic channel. They overcome the problems men-
tioned by having a gas inlet (see Fig. 2). The gas pockets in the fluid form a large
number of gas–liquid interfaces. The gas–liquid boundaries become the nucleation
sites of the acoustic cavitation. On the same glass slide as the microfluidic channel,
coin-shaped ultrasound transducers are attached. The ultrasound waves cause the
gas–liquid interface to oscillate. At high-oscillation amplitude, these surface waves
entrap gas pockets which expand and oscillate (see Fig. 3). The acoustic cavitation
bubbles thus generated are used to create sonoluminescence and sonochemistry [11],
cell disruptions or stretching [19, 20], and emulsification [21]. Details of these
applications are given in the subsequent sections.

air

water

outlet

water inlet

DEV02C: 50/100 - 500 (V)

T-junction

PZT Transducer
Microfluidic Device

Microscope Slide

gas inlet

Fig. 2 The design and setup
of the microfluidics device for
the generation of intense
cavitation. The transducer
generating ultrasound is
attached on the left side the
microfluidic channel which is
made of polydimethylsiloxane
(PDMS) on a glass slide of
75 � 50 mm2. The width of
the T-junction is 50 μm and
100 μm for the gas and the
main (water) channels,
respectively. The main
channel expands to 500 μm
downstream. The height of the
channel is 20 μm. The zoomed
inset shows a typical
configuration of the
liquid–gas slugs in the
channel (Reproduced with
permission from Ref. [5],
Fig. 1)
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Ultrasound Contrast Agents

Apart from cavitation bubbles, there is another type of bubble which is either
generated in microfluidics or used in microfluidic research. It is known as the
ultrasound contrast agent (UCA). These bubbles are typically in micron size
(about 1–3 μm in radius). They are stable bubbles because of a lipid or polymer
coating on the bubble surface. The bubble core is made of air or heavy gases such as
perfluorocarbon.

The UCAs are used in ultrasound imaging for contrast enhancement [22]. They
are injected intravenously into the blood circulation system. The bubbles oscillate
and reflect the ultrasound. The echo generated allows the differentiation between the
blood vessels and the surrounding tissues resulting in clear ultrasound images.
Without the UCA bubbles, the echogenicity difference between the blood and its
surrounding tissues is not strong.

Experiments with Ultrasound Contrast Agents (UCAs)
Experiments on UCA concentrate on the delivery of drug or gene into targeted tissue
or cells. The loading of the drug or gene is performed in multiple ways. The drugs
could be loaded on the surface of the microbubbles by ligands [23, 24]. The ligands

Fig. 3 The entrapment of gas pocket in a microfluidic channel. The air is on top and the water
below. The number in each frame indicates the time in microsecond, and the frame width is 100 μm.
The transducer is driven at 50 V, 100 kHz. In the first frame, the crest is circled. In the second, third,
and fourth frames, the arrows point to the location where a gas nucleus is formed. The ultrasound
causes this gas pocket to oscillate in the subsequent frames (Reproduced with permission from Ref.
[5], Fig. 4)
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bind the drug molecules and the lipid layer on the bubble. Alternatively, the drug is
dissolved in an oil layer within the microbubble [23]. In some cases, especially for
gene transfection, the genetic material (e.g., plasmid DNA) is incorporated within
the lipid layer [24].

After being injected into the bloodstream, the delivery of drug or gene is activated
by ultrasound when the UCAs are detected by imaging to be near the targeted area
(site of tumor, tissues to be transfected et cetera). The acoustic pressure waves cause
the microbubbles to oscillate or collapse. The drug or gene is then dispensed from the
bubbles to the surrounding tissues. Details of the mechanism of drug/gene delivery
by UCA could be found in [24, 25].

These loaded UCAs have been studied to treat multiple illnesses and genetic
disorders [23, 26, 27]. Since UCA has been developed initially for echocardiogra-
phy, it is investigated for therapeutic treatment for the heart. Detail applications are
presented and discussed in [23]. They include the use of UCA for sonothrombolysis
and drug/gene delivery. Recent animal study from Wu et al. [28] suggests that the
use of microbubbles (and ultrasound) and drug is a good treatment modality for heart
attack (myocardial infarction). Datta et al. [26] present a systematic study of the use
of ultrasound and microbubbles for the removal of blood clot. They find the
ultrasonic bubbles enhance the removal of the blood clot and the delivery depth of
the drug into the clot. While sonothrombolysis for heart and transcranial ultrasound
surgery has been done for animal [28] and human trials [29], gene therapy is
progressing at a slower pace. Successful tissue and animal trials have been reported
[26, 30]. UCA gene delivery has the virtue of being nonviral and potentially
noninvasive.

Effects of the Microchannel on the Bubble Dynamics

Single and Few Bubbles in Confined Environments

Cavitation bubbles in confined geometry have interesting properties to actuate and
manipulate microfluidic fluid flow and the objects within the channels. These
properties drive the research interest in this area. This chapter is organized by first
introducing the simple models which describe the flow from single and multiple
oscillating bubbles in a thin gap. We will then discuss the interaction of the bubbles
with objects of interest before we address specific fluid flows created by single and
few bubbles.

Modeling Approaches

We will first discuss a simplified approach to model bubbles by reducing the
Navier–Stokes equation into an ordinary differential equation (ODE). Ignoring
viscous and thermal effects, few-bubble systems can be described by a set of
ODEs, including their transversal motion. However, particular qualities of the flow
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induced by the bubble cannot be described within above framework. Objects in the
thin gap may undergo large shear. For this to occur, we need to account for the
development of a nonuniform flow profile and, in particular, for the formation and
separation of boundary layers. An example of the flow obtained from computational
fluid mechanics is given resembling oscillatory flow in thin gaps.

Single-Bubble Ordinary Differential Equations
Next we derive a general ordinary differential equation describing the oscillation of a
bubble in a thin gap with a planar flow following closely the derivation from Xiong
et al. [31]. The radius of the cylinder is R and it is confined in a channel of height h.
The geometry is sketched in Fig. 4.

We use an axisymmetric coordinate system (r, z, θ) and ignore translational
motion of the bubble. Bubble motion will be discussed in section “Computational
Fluid Dynamics (CFD) of Single Bubbles.” The liquid is assumed incompressible;
hence the fluid flow is given by the Navier–Stokes (NS) equation:
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where ρ is the density of the fluid, μ is the dynamic viscosity, u
!
is the liquid velocity,

and p is the pressure. As the problem is axisymmetric, i.e., @=@θ ¼ 0, planar flow
depicts uz ¼ 0, and ignoring any swirl uθ ¼ 0, we obtain the NS equation of the
radial component:
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As the continuity equation demands that ∇ � u! ¼ 0, one can show that the radial

velocity component has the form ur ¼ G z, tð Þ
r , where G is an arbitrary function.

Inserting this expression into Eq. 2, it simplifies into

ρ
@ur
@t
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r

� �
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þ μ

@2ur
@z2

(3)

Equation 3 can be integrated once across the channel height to obtain

Fig. 4 Side view of a bubble
with lateral radius R being
constrained by two horizontal
plates separated by a distance h
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where τw ¼ μ @ur
@z is the shear stress at z ¼ �h=2 , i.e., at the channel walls.

Conservation of mass with the boundary condition at uz r ¼ Rð Þ ¼ dR
dt ¼ _R demands

that the averaged velocity is ur ¼ R _R=r: Inserting this expression into Eq. 4, we
obtain an ordinary differential equation in R:
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We now integrate Eq. 5 from R1 to R in the radial direction resulting into
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where p(R) is the pressure in the liquid at the bubble surface. The logarithmic
singularity in the first term of Eq. 6 prevents to set integrate to infinity but only to
a finite size R1 which is typically the dimension of the microfluidic container.

The wall shear stress is not specified in Eq. 6 and depends on the velocity profile
ur(z). Next we assume a Poiseuille-type flow, thus a quadratic flow velocity profile
with no-slip at the channel walls τw and insert into Eq. 6, thus

ur ¼ f r, tð Þ
2μ

z2 � h2

4

� �
: (7)

Here the function f(r, t) can be obtained from mass conservation. Therefore, Eq. 7 is
integrated over the channel height and equated to the mass flux at the bubble wall:

2πRh _R ¼ 2πrhur ¼ 2πrh � f r, tð Þh2
12μ

� �
: (8)

We can now solve Eq. 8 for the velocity ur(z), calculate the wall shear stress τw, and
insert into Eq. 6:

R€Rþ _R2 þ 12μ
h2ϱ

R _R

� �
ln

R
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þ

_R2

2
1� R2

R21
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ϱ
: (9)

Equation 9 is a Rayleigh–Plesset-type equation for a single bubble in a channel
which accounts for viscous dissipation. We assume that the shape of the bubble does
not change during the bubble oscillation; the bubble remains in a cylindrical shape
with a constant contact angle Θ (liquid side). The pressure balance at the bubble wall
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(ignoring normal viscous stresses) allows to relate the bubble pressure with the
pressure in the liquid at the bubble wall:

p Rð Þ ¼ pυ þ pg � Δp ¼ pυ þ pg0
R0

R

� �3k

� σ
1

R
þ 2 cosΘ

h

� �
: (10)

Here, pυ is the vapor pressure, pg is the gas pressure, and Δp is the jump due to
surface tension. The gas pressure pg is related to the gas pressure at equilibrium pg0
through the bubble radius R0 at equilibrium and the polytropic exponent κ assuming
an ideal gas law. The coefficient of surface tension is σ and the Laplace pressure has
contributions from two radii of curvature.

Depending on the geometry, Eqs. 9 and 10 can be simplified, e.g., for sufficiently
large channel gaps h; the contribution from viscosity in Eq. 9 and surface tension
Eq. 10 may be ignored. A comparison of the bubble dynamics in a h = 8 μm and a
h = 700 nm thick channel is presented in Fig. 5 as solid lines. The dashed lines show
the dynamics in absence of the viscous contribution, while the symbols present
experimental measurements.

During the initial expansion of the bubble from a size smaller than the gap height,
the liquid flow will be a mixture of a 3D spherical and a 2D planar flow. To account
for this, Leighton [32] provides corrections to the inertia term, i.e., LHS of Eq. 6.

Multiple Bubble Ordinary Differential Equations
If more than one bubble is present, interaction of the bubbles needs to be taken into
account. The interaction between bubbles can be derived straightforwardly assuming
potential flow of two or more cylindrical bubbles. A convenient approach to derive
the equations of motion for the radial and the translational motion is the Lagrange
formalism [33–35]. The geometry for two interacting bubbles is sketched in Fig. 6,
together with the arbitrary origin O, and the variables used in the equations below. A
full derivation is stated in Quinto-Su et al. [36]. The resulting equations of motions
are

Fig. 5 (a) Comparing the
radial dynamics of a bubble in
the extended nanochannel
with 8 μm (hollow square)
with a viscid 2D model (solid
line) and inviscid 2D model
(dashed line). Left axis is for
the bubble in extended
nanochannel and the right one
is for the bubble in a
microchannel
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The pressure p in Eq. 11a is the pressure difference between the pressure at infinity
and the pressure in the bubble. Equation 11a is a modified cylindrical Rayleigh
equation for bubble i with two additional pressure terms on the RHS: the first is
caused by the bubble translation and resembles a stagnation pressure and the second
term is pressure induced by the neighboring bubble.

The sum in Eq. 11a includes all bubbles, except bubble i. A comparison of this
model with two cavitation bubbles recorded with a high-speed camera at 500,000
frames is shown in Fig. 7. The bubbles are created with two laser foci at a distance of
70 μm with a smaller bubble on the left and a larger on the right, Fig. 7a. Both the
radial and the translational models are well described using only the initial radial
velocity of the bubbles as a fit parameter. For this example the pressure p in Eq. 11a
was taken as the ambient pressure as laser-induced bubbles in water contains mostly
condensable gas; surface tension and normal viscous stresses are not relevant. Yet,
for more viscous liquid or gas bubble oscillations, a restoring gas pressure must be
taken into account similar to Eq. 10.

Computational Fluid Dynamics (CFD) of Single Bubbles
Oscillating bubbles in a narrow gaps may not form a parabolic flow profile instan-
taneously as assumed in Eq. 7. The timescale to develop a flow field is given by the
diffusion of vorticity which is of the order of Δt ¼ ρl2=μ; where l is a length scale,
e.g., h/2, for the above h = 8 μm channel Δt = 16 μs which is of the order of the
bubble oscillations.

Fig. 6 Sketch of the bubble
geometry and variables for
bubble–bubble interaction.
The positions of the bubbles
1 and 2 with radii R1 and R2

have their centers at r01 and
r02 and translate with
velocities U1 and U2

(Reproduced with permission
from Ref. [36], Fig. 1)
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We cannot therefore simply assume that the flow has developed. Additionally,
during the initial expansion phase, the pressure inside the bubble might be higher
than the surrounding fluid. During expansion, the pressure in the bubble drops, while
the pressure far from the bubble might be higher, and an adverse pressure gradient
builds up. The boundary layer may separate and give rise to a complex flow pattern
with reverse flow, vorticity transport, and stagnation points inside the channel.

Axisymmetric radial flows of real fluids in narrow gaps have been studied
experimentally and analytically in the past 50 years due to their relevance in
industrial applications such as radial viscometers, radial diffusers, nonrotating air
bearings, and disk-type heat exchangers, e.g., see Elkouh [37] and Von Kerczek [38]
for analytical solutions to flows of a harmonically oscillating source at the center.
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Fig. 7 Two unequal-sized bubbles created at a distance of 70 μm. The interval between two frames
is 2 μs and the frame width is 128 μm. Top right figure denotes the radii in time for both bubbles.
The bottom right figure shows the inter-bubble distance variation in time (Reproduced with
permission from Ref. [36], Fig. 5)
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To demonstrate the importance of boundary layers, we present here a solution to
the Navier–Stokes equation using the volume of fluid method with a level-set
approach for the liquid–gas interface; for details see Li et al. [39]. The simulation
starts with a pressurized spherical gas cavity in the center of a 20 μm high gap filled
with a stagnant liquid (water).

Figure 8 depicts the temporal evolution of the bubble shape for 10 μs, thus an
order of magnitude shorter than the vorticity diffusion time Δt. The spherical bubble
quickly grows into a pancake shape, forming thin liquid films at the upper and lower
solid walls. The maximum bubble radius is obtained after 4 μs. During bubble
shrinkage, the convex interface flattens and only increases curvature after 8 μs,
that is, when the internal pressure increases and dampens the collapse of the bubble.
The bubble collapses to its minimum volume at t = 10 μs and rebounds afterward
(not shown here). Right to the bubble profile in Fig. 8, the radial velocity profile at a
distance of r = 50 μm from the bubble center is shown. Initially, the liquid is at rest
and rapidly develops into a plug flow with strong wall shear stress. Gradually, a more
parabolic profile develops. At the later expansion stage, the velocity near the walls is
reduced and reversed in direction, while the liquid velocity in the center of the gap is
still outward and positive. A more detailed study reveals that the adverse pressure
gradient is responsible for the flow reversal.

Cavitation bubble dynamic modeling by solving the full Navier–Stokes equations
in tubes has received more attention than in a planar gap. For example, Yuan and
Prosperetti [40] and Ory et al. [41] have studied the pumping effect originating from
vapor bubble expansion and collapse in tubes. Ye and Bull [42, 43] describe the
therapeutical method of gas embolotherapy, where the expansion of liquid into a
vapor shuts of nutrition supply to a malignant tumor. Their work [43] extends the

t=0μs
t=0.5μs
t=1μs
t=1.5μs

t=2μs
t=3μs
t=4μs
t=4.5μs

t=5μs
t=6μs
t=6.5μs
t=7.5μs

t=8μs
t=8.5μs
t=9.5μs
t=10μs

Fig. 8 Bubble shape evolution together with the radial liquid velocity profile at r = 50 μm from
the center of the bubble. Please note the reversal of the flow direction near the boundaries occurring
before the flow in the center of the gap
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bubble oscillation into flexible tubes with the important finding that wall shear stress
are greatly reduced once the constraining tube can elastically deform.

Effect of the Gap Height and Geometrical Shape on Bubble Dynamics

So far the bubble size considered is comparable and larger than the width of the gap,
and the bubble center was located at the center of the gap. In many applications,
bubbles are created close to one of the walls, e.g., on micro-heaters embedded in one
of the plates. For narrow channels one can expect that the bubble fills quickly most of
the gap. In contrast, if the gap is very large, the bubble is less affected and oscillates
similarly to the situation where it is bounded by a single plate [44].

In a systematic study, Gonzales-Avila et al. [45] report about three scenarios and
categorize them according to the nondimensional maximum bubble radius η = h/Rx,
where h is the gap height and Rx the maximum bubble radius in the plate direction.
Figure 9 depicts a collection showing that bubbles created in a very narrow gap
expand and collapse by filling most of the channel, i.e., a disk-shaped bubble. For
0.4 < η < 1.0, the bubble collapses onto the opposing side of the channel. The
bubble migrates away from the plate it has been created. In the regime 1.0 < η
< 1.4, the bubble collapses mostly in the center of the channel, while for larger η-
values, the collapse proceeds on the plate the bubble has been nucleated.

If the bubble is further constrained by lateral walls, complex jetting phenomena
are observed. Zwaan et al. [46] showed that the bubbles can develop multiple jets.
The number of jets corresponds to the number of nearby boundaries. Figure 10
depicts a bubble collapsing in a channel with two jets along the channel, three jets
within an equilateral triangle, and four jets in a square chamber. The jets start from
regions where there the largest volume of liquid is.

We have seen before that jets can be induced by a second nearby bubble which for
a potential flow resembles a rigid boundary at half the distance between the bubbles.
Another way to generate liquid jets is through an asymmetry of the bubble itself.
This asymmetry can be conveniently generated with laser-induced bubbles, by either
altering the shape of the focus or by creating multiple bubbles nearby which upon
expansion coalesce and thereby form odd-shaped bubbles. An example for a toroidal
bubble is shown in Fig. 11. There the laser focuses in on a circle resulting into to an
annularly expanding bubble with a stagnation point in its center; see Lim
et al. [47]. This specific laser focus was generated with a digital hologram and an
objective lens acting as a Fourier lens.

Interaction of Single and Few Bubbles with Objects

Control over time and strength of the bubble dynamics enable the utilization of the
bubble for manipulation of objects. In the paragraphs below, some of the work using
cavitation bubble dynamics to study rheological properties of suspended objects are
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discussed. First we will show the effect of the cavitation bubble dynamics on soft
objects such as gas bubbles, biological cells, and droplets. Then an application will
be presented to characterize the stiffness of some of the hardest fabricated material.

Interaction with Gas Bubbles
Gas bubble shock wave interaction is of major concern in medical applications such
as shock wave lithotripsy [48–50], in cavitation damage research [44, 51], and in the
study of explosives [52, 53]. In 2006, Chen et al. [13] devised a clever experiment
where they generated first a gas bubble and then a cavitation bubble with a pulsed
laser in a narrow gap filled with a light-absorbing liquid. The narrowness of the gap
allowed a clear flow on the surface deformation, jetting, and breakup of the bubble
resembling a cross-sectional cut; see Fig. 12. In a follow-up paper by Chen and Lin
[54], they discussed the detailed fragmentation dynamics, yet more studies and
comparison with analytical modeling of the fragmentation mechanics as well with
numerical simulations may allow to make significant impact on our current under-
standing of shock wave–bubble interactions in liquids [55].

Fig. 9 Bubble dynamics as a function of channel height for bubbles with an approximate
maximum horizontal bubble radius of Rx = 140 μm. The upper wall is visible in (a–d); the time
in microseconds is shown on the upper left corner of each frame. (a) η = h/Rx = 0.4, bubble
collapse between the two walls; (b) η = 0.8, bubble collapse onto the upper wall, at maximum
expansion the bubble reaches the upper wall; (c) η = 0.9, bubble collapse onto the upper wall, the
bubble does not reach the upper wall at maximum expansion; (d) η = 1.2, neutral collapse; (e)
η = 1.6, non-spherical collapse onto the lower wall; and (f) η = 7.3, quasi-hemispherical collapse
onto the lower wall. The scale bar indicates a length of 100 μm (Reproduced with permission from
Ref. [45], Fig. 3)

Acoustic Cavitation in a Microchannel 113



Interaction with Cells
The delivery of therapeutic agents into eucaryotic cells is hindered by the high
selectivity of the cell membrane on foreign agents. In particular, uptake of large
molecules such as DNA and RNA needs some active injection mechanics which

Fig. 10 Snapshots for three different geometries from left to right: single-bubble cavitation in a
150 μm wide and several millimeter long channel, in a 200 μm isosceles triangular structure with
feeding channel attached to the corners and in a square chamber with 200 μm long sides
(Reproduced with permission from Ref. [46], Fig. 5)

Fig. 11 Toroidal bubble created from a circular focus depicted in the first frame. The bubble
expands initially with a rough surface likely due to separate bubbles which only coalesce in a later
stage. Please note that the bubble retains its toroidal shape during the expansion and collapse cycle.
The recording is taken at a frame rate of 250,000 fps. The black bar denotes a length of 100 μm and
the time stamps in the upper right are given in microseconds (Reproduced with permission from
Ref. [47], Fig. 8)
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may be provided by viruses to deliver the molecular load through the plasma
membrane. Transfecting single cells on demand would be a helpful tool in the
development of novel medication and several approaches exist. Single-cell electro-
poration [56], optoporation [57], and sonoporation [58] have been developed. The
latter two are based on focused laser light to directly form a tiny hole in the
membrane and on creating/driving a bubble near to a cell to induce sufficient shear
[58]. While in general the term sonoporation is used for driving a stable microbubble
by ultrasound, they can also be generated with focused laser light in a microfluidic
chip [59]. The technique has been considerably advanced using two laser pulses
triggered at different times to create two bubbles with a high-speed jet [15, 60]. This
tandem bubble technique has been carefully analyzed in the bulk liquid by Han
et al. [61].

If the cavitation bubble is created within the cell, e.g., by focusing the laser pulse
directly into the cell, cell lysis may be induced [62]. This technology may be suitable
for collecting cellular content of single cells for μTAS systems. The strong shear
flows (see section “Computational Fluid Dynamics (CFD) of Single Bubbles”)
created by an expanding cavitation can be utilized to test the rheological properties
of cells. Quinto-Su et al. [63] demonstrated this in a study where original red blood
cells were compared to cells that have been treated biochemically to soften and
harden the plasma membrane. This nearly impulsive stretching of cells near to a
cavitation bubble in a confined geometry can probe the cell’s yield strength. Inter-
estingly, maximum areal strain of a red blood cell is about an order of magnitude
larger as compared to a quasi-static stretching [64, 65].

Generation and Coalescence Droplets
A pulsed laser-based droplet generator has been demonstrated by Park
et al. [66]. The device consists of two parallel channels in which two immiscible
fluids are flowing. They are connected by a nozzle and the laser is focused in one of
the channels close to the nozzle. The expanding bubble accelerates some fluid into
the second channel, thereby creating a droplet. The droplet size can be varied by
changing the location of the laser focus and the laser energy allowing to produce
highly repeatable droplets at rates of up to 10 kHz.

Having already a train of droplets and focusing a laser into that train, coalescence
can be induced by the expanding bubble driving the interfaces into each other. Once
the continuous phase separating the droplets ruptures coalescence is obtained. This
technique has been demonstrated for on-demand droplet merging by Li et al. [67].

Interaction with Nano Objects
Two bubbles created simultaneously side by side in a microfluidic channel develop a
liquid jet pointing toward each other, very similar to a single bubble created at half
the distance to a rigid boundary. However, if one of the bubbles is considerably
smaller, it will collapse and develop the jetting flow first. Once the second bubble
collapses, it does not “see” the smaller collapsed bubble and shrinks more radially
symmetric. The result is a directed flow from the smaller bubble to the larger bubble
toward a stagnation point. A long object with dimensions oriented normal to the jet
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flow direction will experience a largely nonuniform force which will bend the object.
This allows to measure the elastic properties of suspended objects, such as
multiwalled carbon nanotubes [68] and copper nanowires [69].

Generation of Fundamental Microfluidic Flows

A wide variety of flows can be generated by single and multiple bubbles. As
described above, these flows can be used to separate cells, generate droplets, and
deform thin objects. In microfluidic designs fundamental flows are combined to
solve specific tasks. Here we’ll provide a summary of fundamental flows cavitation
bubbles can generate, i.e., mixing, pumping, switch, and cavitation induction. These
flows may be combined, scaled, and optimized to solve a more complex microfluidic
handling task.

Mixing
Mixing of miscible and low-viscosity fluids on large scale is a simple task; here the
turbulent eddies support the entrainment the fluids such that molecular diffusion is
occurring on a large interface. In microfluidics, surface forces keep flows even at
rather high velocity laminar and therefore diffusion can only act on small interfacial
areas. There are various ways to create these entraining eddies in microfluidics, one
of them is to utilize the flow created by single cavitation bubbles. In the work of
Hellman et al. [70], the horseradish peroxidase-catalyzed reaction is utilized to
demonstrate rapid mixing after the collapse of a cavitation bubble. The bubble
dynamics and liquid motion are shown in Fig. 13. Here two jets from along the
channel direction meet and create a region of strong vorticity. This vortex region
spreads and mixes both liquids over a timescale of milliseconds.

Pumping
When a cavitation bubble is expanding and collapsing in a channel, the location of
expansion and collapse may differ if the bubble experiences different pressure
boundary conditions during expansion (outflow of the tube into the reservoirs) and
collapse (inflow). The reason is that for a finite Reynolds number, a jetting flow is
generated during the bubble expansion, while during bubble collapse a sink flow is
developed. Yuan et al. [40] model the flow for an arbitrary number of bubbles
oscillating in the tube. They show that a single bubble being positioned not at the
midpoint of the tube will create a net flow over one oscillation cycle, i.e., pump
liquid to the side posing the lower resistance. The model has been refined by Ory
et al. [41] considering the heat transfer and axisymmetric viscous flow.

A different pumping mechanism was used by Dijkink et al. [16]; they create a
single bubble in chamber near to the exit channel. The channel width is considerably
smaller than the chamber dimensions and the bubble at maximum expansion.
Therefore the bubble dynamics is only little affected by the channel and shows a
similar behavior as if it would collapse near a rigid boundary (see [71]): during
bubble expansion it pushes some liquid into the channel; during early collapse,
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liquid is sucked back into the chamber; and once the jet forms, liquid is pushed again
into the chamber (Fig. 14). A net flux into the channel remains, resembling a positive
displacement pump.

Switching and Sorting
Rapid switching of fluid flows allows the sorting of a stream of particles or droplets
on demand. Wu et al. [72] demonstrated that a stream of particles can be deflected
using the pressure generated from an expanding cavitation bubble. Their key idea is
to separate the flow to be switched from a stagnant actuator chamber through an
elastic membrane. Once a bubble is nucleated in the actuator chamber, it blocks the
main flow which enters a y-region. At a suitable deflection strength, the particles or
droplets can be switched between the two exit channels; see Fig. 15. This flow sorter
was developed into a fluorescence cell sorter by Wu et al. [73].

Homogeneous Cavitation
During the early state of a violently expanding bubble, a shock wave is emitted
which can be utilized for localized nucleation of secondary cavitation. An example
of the shock wave emission is shown in frame (a) of Fig. 13. The initial pressure
close to the bubble is of the order of gigapascals [74]. However it quickly drops to
much lower pressures over time.

Fig. 13 Stroboscopic image series of a cavitation bubble expanding and collapsing and the
subsequent mixing in a 200 μm wide microfluidic channel (Reproduced with permission from
Ref. [70], Fig. 3)
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Nucleation of secondary cavitation can be induced if the homogeneous cavitation
threshold of the liquid is overcome. Although the precise value and the thermody-
namic pathway for yield/rupture of water have not been settled [75], it is of the order
of several hundreds of megapascals. The positive pressure pulse from the expanding
bubble can be inverted by reflecting it at an acoustically soft boundary, e.g., a
liquid–gas interface. The interface can be static as was shown in Ando et al. [74]
or that of a neighboring expanding cavitation bubble as demonstrated by Quinto-Su
and Ando [76]. In both cases the onset of homogeneous cavitation was found at
-60 MPa and -20 MPa, respectively.

Applications Involving Bubbles in Confinement

In this section we present a brief discussion of a number of applications involving
bubbles oscillating in a microfluidic environment. We focus on novel applications,
such as using the ultrasonic bubbles to generate emulsions, and common biomedical
applications involving cells.

Emulsification

When the cavitation bubbles in a microfluidic channel are excited strongly, they are
capable of breaking up interfaces or fluid boundaries in a microfluidic channel or

Fig. 14 Selected frames depicted the working principle a single bubble base pump displaying the
microfluidic chamber (below), the bubble, and the channel (on top) into which the liquid is pumped.
Overlayed are measured velocity vectors of the flow fields and a representation of the flow field is
sketched below. The first image shows the chamber just before bubble initiation; 1 μs later the
bubble is rapidly expanding, reaching its maximum size at 3 μs. Afterward the bubble starts to
collapse creating a jet which is directed into the channel. In the last frame, the bubble has completely
disappeared leaving some recirculating flow. The scale bar denotes 50 μm (Reproduced with
permission from Ref. [71], Fig. 2)
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chamber. Ohl et al. [21] report the use of the strongly oscillating bubbles to generate
emulsions. Their setup is similar to that in Fig. 2 with the addition of a second liquid
inlet. The two liquids are typically immiscible (e.g., oil and water) but not necessary
so. The bubbles are generated as previously discussed (section “Ultrasound Contrast
Agents”). However, in this case, there is an additional liquid–liquid interface.

Figure 16 shows the creation process of oil–water emulsion (viscosity ratio =
10:1). The liquid lining the microchannel is colored water, and a silicone oil is in the
middle of the channel. The bubbles oscillate violently when the system is sonicated
at its resonant frequency of about 100 kHz (driving voltage is about 200 V). They
move along the channel rupturing the liquid–liquid interface, by creating high shear
stress when oscillating and high-speed jets when collapsing. This process creates
droplets in the channel. Further sonication causes the droplets to fragment into
smaller droplets. It is found that the duration of ultrasound exposure is positively
correlated to the uniformity of the emulsion and inversely correlated to the size of the
droplets.

This system is highly efficient as submicron monodispersed emulsions as shown
in Figs. 17 and 18 are created within milliseconds. Figure 17 shows a uniform
emulsion of water in oil. Each of the droplet is about 1 μm in radius. A similar
emulsion of oil in water is given in Fig. 18. In this case, the emulsion is slightly less
uniform but longer sonication duration may increase the uniformity of the droplets
formed. The system is highly versatile as emulsion of liquids with viscosity ratio up
to 1000 has been produced.

Kentish et al. [77] use a sonic horn to generate nano-size droplets to form oil-in-
water emulsions in a microfluidic chamber. Many other microfluidic emulsion
generation systems make use of flow focusing instead on ultrasound and bubbles.

Fig. 15 Working principle of the cavitation bubble-based microfluidic switch. (a) Before
switching, a train of particles/drops are transported into the waste channel. (b) A cavitation bubble
is induced in the actuation chamber (pulsed channel) by a focused pulsed laser beam. The bubble
expansion deforms the thin membrane and squeezes the fluid in the sample channel. (c) The selected
particle is transported into the collection channel (Reproduced with permission from Ref. [72],
Fig. 1)
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Fig. 16 The process of generating a water-in-oil emulsion. The bubbles are created as described in
[10]. The flow in the channel induces the bubbles to move. They rupture the liquid–liquid interfaces,
and droplets are formed
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Some designs generate droplets through edifies or gaps in the microchannel, and
others make use of mechanical parts such as a rotor to fragment the droplets. Recent
reviews [78, 79] give good summaries of the current state of technology involved in
the generation of emulsions in microfluidics.

Sonochemistry and Sonoluminescence

The strongly oscillating bubbles in a microfluidic channel generate transient regions
of high temperature and pressure. Temperatures as high as 5000 �C and pressure as

Fig. 17 Water-in-oil emulsion created in the microfluidic channel after sonification. The oil–water
viscosity ratio is 100. The sub-figure on the right shows a magnified view of the area indicated

Fig. 18 Oil-in-water emulsion created in a microfluidic channel. The oil–water viscosity ratio is
100. The sub-figure on the right shows a magnified view of the region indicated
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high as 500 MPa have been measured [80]. The enormous energy concentrations in
localized positions (where the bubbles collapse) enable chemicals to overcome
reaction energy barrier. This branch of chemistry is known as sonochemistry.
Sonochemistry is usually performed in bulk solution (within chemical flasks)
using sonic horns. It is difficult to induce sonochemistry in microfluidics, due to
the small volume of fluid and the problem of generating ultrasonic cavitation bubbles
within the channels. Tandiono et al. [6] report the first success in generating
chemiluminescence and sonoluminescence in microfluidics using a similar setup
as described in Fig. 2.

The chemiluminescence described in [11] is the emission of light from the
oxidation of luminol in a sodium carbonate base solution [81, 82]. The oxidation
process is caused by the radicals H and OH which are produced by the ultrasonic
bubbles from water (H2O). The radicals subsequently trigger the formation of an
unstable amino phthalate derivative with electrons in an excited state. As the
chemical relaxes to lower-energy states, excess energy is emitted as a visible bluish
light.

The image of the blue light emitted from chemiluminescence of luminol is
captured by an intensified and cooled CCD camera (Fig. 19). The light is seen at
the location where the cavitation bubbles are located (at the gas–liquid interfaces).
The gray outline of the microfluidic channels which is taken with side illumination is
superimposed to indicate the channel location. The green dash lines overlaid show
the locations of the liquid slug.

Tandiono et al. [11] also show the evidence for sonoluminescence in their
microfluidic system when it is strongly driven (driving voltage = 230 V).
Sonoluminescence is the emission of light from the rapid heating of the bubble
interior (during ultrasonic bubble collapse) without the use of chemicals. Figure 20
shows the light emission as detected by a photomultiplier. The microfluidic system is
excited 100 times with 5000 cycles of ultrasound waves (on–off ratio is 0.01). It is
noted that the amount of light detected in the sonoluminescence experiment is much
lower than that from the chemiluminescence experiment. This is perhaps due to the
fact that only a few of the bubble which collapses in the confined geometry of the
microfluidic channels are sufficiently strong to induce sonoluminescence.

In a larger container, Rivas et al. [83] measure luminol chemiluminescence and
sonoluminescence emission due to the oscillation and collapse of multiple bubbles
generated from micromachined pits (15 μm in radius). Ultrasound is generated by a
transducer placed at the bottom of a disk-shaped reactor and coupled to the glass
bottom of the reactor. The plates containing the pits are arranged in several config-
urations and are submerged in the reactor and sonicated with different solutions.
They report that the light emission is due to the transient cavitation nucleated by the
microbubbles in the pits.

Tuziuti [84] investigate the effect of dissolved gas degree of saturation (DOS) on
sonochemistry in a single microfluidic channel compared to a reactor which is
millimeter in size. He measures the chemiluminescence intensity and finds that the
sonochemical reaction in the microchannel needs lower power density for the same
unit volume output. The 3D reactor requires higher power density and lower DOS to
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allow effective cavitation oscillations. He postulates that sonochemistry is more
efficient and homogeneous in a microchannel.

Sonochemistry in microfluidics has the advantage of requiring only small amount
of chemical fluids. The geometry allows direct observation of the relation between
the ultrasonic bubbles, the sonochemistry, and the emission of light. The flexibility
in microfluidic system design allows further optimization of these processes and
customizations required for specific applications.

Biomedical Applications

Apart from chemistry-related applications, ultrasonic bubbles are utilized in various
biomedical-related application of microfluidics. The small size of the channels is
ideal for visualization of the manipulation of small objects such as cells and DNA.
The controlled flow and ultrasound deployment allow for gentle handling of cells as
well as applying localized shear stresses for cell lysis and fragmentation. In this
section, several applications involving bacteria, yeast cell, red blood cells, and other
biological tissues are discussed.

Fig. 19 Luminol chemiluminescence from cavitation bubble in microfluidic channels. The
superimposed gray outline of the channel shows the distribution of the liquid and gas phases. The
green lines indicate the locations of the liquid slugs. The bluish light from the oxidation of luminol
is captured with an intensified and cooled CCD camera (Reproduced with permission from Ref.
[11], Fig. 2a)
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Cell Stretching and Rupture
The harvesting of cellular content for analysis and profiling is an important process
in biotechnology. Currently sonication is done in bulk medium using a vibrating
probe which is inserted directly into the medium [85]. The ultrasound from the probe
creates cavitation bubbles which oscillate and collapse. These bubbles generate
mechanical shear stress on the cells and lyse them [86]. However this process is
inefficient as some energy is lost as heat, and large amount of cells (medium in
milliliter) is required.

Using microfluidics, however, the process is potentially more controlled. The
cells could be lysed by different means in a microfluidic system: chemical [87],
thermal [88], electrical [89], or mechanical [90]. Tandiono et al. [19] describe the use
of a mechanical lysis of Escherichia coli bacterium and Pichia pastoris yeast cells
using ultrasound in microfluidics. The gram-negative bacterium and the yeast cells
are chosen because they are common microbial host cells that are used for screening
of clones from genomic libraries and heterologous protein expression [91, 92]. Both
cells allow the functional expression of multiple proteins in parallel in microplate
assay. These proteins can be made amenable to microscale analysis.

The microfluidic system used in the experiment consists of a meandering channel,
with two inputs (one for gas and one for liquid), and an outlet similar to the one in
Fig. 2. The cells are mixed with the input liquid before the liquid comes into contact
with the gas to form a slug after the T-junction. The main channel has a width of
500 μm and a depth of 20 μm. The ultrasound is generated by four transducers which
are attached on the same glass slide as the PDMS (polydimethylsiloxane) slab

Fig. 20 Sonoluminescence signal from the microfluidic channels. (a) A driving voltage of 230 V is
applied for 5000 cycles at the frequency of 103.6 kHz. (b) The light emission recorded by the
photomultiplier from 100 repeated signals of (a). The light emission stops as soon as the ultrasound
is turned off (Figure reproduced with permission from Ref. [6], Fig. 4)
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containing the microfluidic channels. Sonication is done in burst with 5-second
intervals. The transducer is driven with 200 V at resonant frequency of the system
(~130 kHz).

The effect of the sonication on the green fluorescent protein (GFP) expressing
E. coli is shown in Fig. 21. Before the ultrasound is applied (Fig. 21a, left), the
rod-shaped bacteria are seen to fluoresce in green. During sonication, the fluid
movement and intense interaction between the bubbles and the cells are shown in
the motion-blurred Fig. 21a (center). After the ultrasound is turned off, the flow in
the channel stops. However it is clear that no intact bacteria remain (Fig. 21a, right).
The supernatant appears greenish with the intracellular content from the lysed cells.
Bright field microscopy (Fig. 21b) shows the microfluidic channel with the bacteria
(left). After sonication, all of the bacteria are fragmented (right).

Tandiono et al. [19] also sonicate Pichia pastoris yeast cells using the same
microfluidic system. The yeast cells harboring the pAcGFP1 (Clontech) and pGAP-
EGFPd vectors are used. These cells have rigid extracellular cell wall which is made
of a layered mesh of embedded glucans, chitin, and mannoproteins. The cell wall
provides structural support that makes the yeast cell difficult to lyse.

Figure 22 shows the amount of DNA (deoxyribonucleic acid) released from the
P. pastoris over time as quantified using qRT-PCR (real-time polymerase chain
reaction) analysis. Both axes are logarithmically scaled. With longer sonication,
the DNA concentration increases. It levels off after about 1 second. Further sonica-
tion leads to a decrease in DNA concentration measured. This may be an indication
of DNA damage due to chemical exposure (such as the OH radicals) [11] or
mechanical shear stress.

Marentis et al. [93] use a microfluidic ultrasound system, which they term
microsonicator, to lyse mammalian cells (HL-60) and bacterial spores (Bacillus
subtilis). The microfluidic channel used in [93] is 500 μm in width and 500 μm in
height. It is sonicated from below by an attached transducer at 380 MHz. They report
that 77.5 % of the HL-60 cells are lysed at a flow rate of 50 L/min. For the more
difficult to lyse spores, at 5 L/min, 54 % of the B. subtilis spores are lysed. Many
other microfluidic systems for cell lysis do not make use of ultrasound [94].

Another application of ultrasonic microfluidic system is for sorting and separation
of cells or blood content [95–97]. In these systems standing waves are utilized.
Augustsson et al. [95] use acoustophoresis to separate prostate cancer cells from
white blood cells. Yang and Soh [96] develop an ultrasonic microfluidic system that
sorts viable cells from a cell mixture containing both viable and nonviable cells.
Ding et al. [97] use precisely controlled standing surface acoustic wave (SSAW)
multichannel microfluidic system for cell sorting and processing. It is noted that
these applications do not make use of ultrasonic bubbles.

When a laser-generated bubble is oscillating next to a red blood cell (RBC), it has
been shown that the cell can be stretched [63] (also see Section “Interaction with
Cells”). Tandiono et al. [20] extend the study by observing the interaction between
one RBC and a single laser-generated cavitation bubble in a microfluidic chamber.
The cell is placed in a microchamber which has a height of 20 μm. A pulsed laser is
used to generate the cavitation bubble. Figure 23 shows the cell’s response next to
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the bubble. Initially (frame 1), the cell (4 μm in radius) is 84 μm away from the
bubble center. As the bubble expands, the bottom of the cell is pushed away and the
cell appears being “flattened” (frames 2–4). The bubble reaches its maximum size
(100 μm in radius) at frame 4. After which, the bubble collapses. The flow generated
by the rapid collapse of the bubble causes the RBC to stretch. Eventually it is seen to
be elongated (frame 12).

Tandiono et al. [20] attempt to understand the stretching mechanism with numer-
ical simulation. A boundary element method code is used to simulate the interaction
of an elastic fluid vesicle and a vapor bubble. Details of the modeling methodology
are reported in previous publications [98, 99]. The elasticity on the cell is described
by an elasticity parameter, K, where K ¼ σ

Rcp1
; σ is the surface tension, Rc is the cell

radius, and p1 is the ambient pressure. Figure 24 shows the result of a cell with
moderate elasticity (K = 0.067). The cell is flattened at the bottom and pushed up
slightly as the bubble expands. When the bubble collapses, the cell bottom is initially
stretched, and the whole cell is elongated at the end of the collapse.

For a rigid cell with K = 1.33, there is hardly any deformation on the cell
throughout the bubble oscillation. As shown in Fig. 25, the rigid cell undergoes
mild oscillation and returns to its original round shape after the bubble has collapsed.
For a very “soft” cell with no surface tension (K = 0), it deforms as the bubble

Fig. 21 Images of green fluorescent protein (GFP) Escherichia coli taken before and after
sonication. (a) Fluorescence microscopy imaging of the bacteria before (left), during (middle),
and after (right) ultrasound exposure. All bacteria are lysed with supernatant which appears
greenish due to the intracellular content. (b) Bright field microscopy images of the bacteria before
(left) and after (right) sonication. All bacteria are fragmented (Figure reproduced with permission
from Ref. [19], Fig. 2)
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expands. But it regains its shape upon bubble collapse. From a parametric study, it is
understood that only cells within certain elasticity range demonstrate the
“stretching” phenomena. Also maximum elongation occurs when the oscillations
of the bubble and cell are out of phase, that is, the bubble oscillates at half the
oscillation time of the cell.

The ease of manipulating small entities, like cells, and the low volume of liquid
needed (low-resource requirement) are important driving forces behind the use of
microfluidics for biomedical technology. Diagnostic kits using microfluidics have
been developed as a point-of-care device or as a substitute to the time-consuming
laboratory testing [100–102] (note that no acoustic cavitation is used in these
systems). For example, Chin et al. [100] use a microfluidic chip to perform
ELISA-like assay for the detection of human immunodeficiency virus (HIV) in
blood samples. The device requires only 20-minute processing time, needs small
volume of blood (obtainable from a lancet puncture), and uses cheap photodetectors
for rapid optical readout. Tests done using patient blood samples from a hospital in
Rwanda show results that match the sensitivity and specificity of a rival laboratory-
based ELISA test. Another clinical use of microfluidics is in the rapid purification
and analysis of neutrophils. Warner et al. [101] design and utilize a microfluidic chip
to isolate human blood polymorphonuclear cells (PMNs). These cells are then
analyzed for gene expression using a commercial GeneChips. The results show
unique genomic expression among patients with acute respiratory distress syndrome
(as compared to healthy control subjects). Kotz et al. [102] make a microfluidic chip
that is capable of isolating neutrophils from whole blood samples and “on-chip”

Fig. 22 DNA concentration of the treated Pichia pastoris yeast cell with increasing sonication.
The error bars are obtained from multiple runs (2–4 runs). It is seen that DNA concentration
increases with longer ultrasound exposure. After about 1 s, the amount of DNA levels is off. The
negative control is obtained from untreated samples (Figure reproduced with permission from Ref.
[19], (Fig. 6)
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processing for mRNA and protein isolation for genomics and proteomics. The
device is tested on blood samples from trauma and burn patients with success. In
conclusion, these microfluidic diagnostic techniques have the advantages of rapid
processing, small sample volume requirement, and low-cost.

Conclusions

In general, the use of microfluidics as a research investigative tool has been
expanded to practical and commercial products in recent years. It is used in fluid

Fig. 23 A large cavitation bubble (partially seen) generated by a pulsed laser expands and
collapses near a red blood cell. There are 12 frames shown taken at an interval of 2.78 ms (framing
rate = 360,000 fps). The frame width is 16 μm. The cell is “flattened” during bubble expansion
(frames 1–4) and then “stretched” during bubble collapse (Figure reproduced with permission from
Ref. [20], Fig. 2)

Fig. 24 Interaction of a “floppy” cell (on top) and a cavitation bubble (below). The cell has an
elasticity parameter, K = 0.067. It is initially “flattened” when the bubble expands, and then it is
“stretched” as the bubble collapses (Reproduced with permission from Ref. [20], Fig. 6)
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dynamic studies for transport, sorting, mixing, emulsification, and the manufacturing
of coated bubbles and droplets. It has also been used for chemical and biological
analysis, clinical diagnostics, and treatment. In a 2006 Nature paper, Whiteside [103]
has predicted that “(the) microfluidic technology will become a major theme in the
analysis, and perhaps synthesis, of molecules.” Indeed many microfluidic tools and
systems have since been developed. However there are still limitations to be
overcome, notably the lack of robustness and the difficulty in upscaling output
volume. Most microfluidic devices that are made of PDMS (polydimethylsiloxane)
are subjected to degradation after rapid use or thermal loading. The output volume of
a microfluidic device is typically in the microliter, which is good for laboratory
research or analysis but not practical for biotechnology processing and manufactur-
ing. Nevertheless, it has remained an indispensable tool in scientific research. Its
ability to facilitate visualization, its small input volume requirement, its potential for
rapid processing and low-cost are advantages that will continue to fuel its develop-
ment in the future.

A fruitful area for future study may be the simplification of current microfluidic
designs which then would allow upscaling. Yet, to achieve this, electric engineers
who are to integrate acoustic transducer, and fluid mechanics specialist and materials
expert who are to design channels which can be mass produced, are needed. Then
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Fig. 25 The vertical deformation of the cell, Z0, as a function of the dimensionless time,
t0: Z0 ¼ zup�zbottom

2Rc
; where zup is the top coordinate, and zbottom is the lowest coordinate of the

cell along the axis of symmetry, z. t0 ¼ t

Rm

ffiffiffiffiffiffiffiffiffiffi
ρ1=p1

p ; where Rm is the maximum bubble radius, p1 is

the density of the fluid inside the cell, and p1 is the ambient pressure. The cell with no surface
tension (K = 0) is flattened as the bubble expands but regains its shape upon bubble collapse. The
rigid cell (K = 1.33) oscillates slightly as the bubble expands and collapses. Only the cell with
moderate elasticity (K = 0.067) elongates after bubble collapses (Reproduced with permission
from Ref. [21], Fig. 8)
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instead of sonicating the bulk of a liquid with complex acoustics and bubble
dynamics, simpler flows near to surfaces are obtained. We expect that breakthroughs
in these geometries may be possible.
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