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Abstract

Acoustic cavitation (or the formation of bubbles using acoustic or ultrasound-based devices) has been extensively exploited
for biological applications in the form of bioprocessing and drug delivery/uptake. However, the governing parameters behind
the several physical effects induced by cavitation are generally lacking in quantity in terms of suitable operating parameters
of ultrasonic units. This review elaborates the current gaps in this realm and summarizes suitable investigative tools to
explore the shear generated during cavitation. The underlying physics behind these events are also discussed. Furthermore,
current advances of acoustic shear on biological specimens as well as future prospects of this cavitation-induced shear are

also described.
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Introduction

Acoustic cavitation takes place when liquid is irradiated
with ultrasound (frequency > 20 kHz) of sufficient intensity
to enable the growth of pre-existing gas nuclei into bubbles
that oscillate and subsequently collapse (Leighton 2012).
The resulting features of the adjacent flow field have been
discussed in terms of micro-mixing in food/dairy indus-
tries (Krasulya et al. 2016; Chéavez-Martinez et al. 2020),
cell/tissue permeabilization in biomedicine/biotechnology
(Coussios and Roy 2008), and nanotechnology (Anandan
and Ashokkumar 2014) among others.

Cavitation bubbles (name derived from the Latin word
cavus meaning void) are often accompanied by the forma-
tion of several physical and chemical effects. These include
high-pressure bubble collapses (Obreschkow et al. 2013),
powerful shockwaves (Pecha and Gompf 2000), high-speed
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concentrated liquid jets (Chen and Lin 2008), and even
nanosecond flashes of light bearing intense temperatures
(Young 2004). Some of these can occur periodically, dur-
ing the bubble lifetime. It is these physical and chemical
effects (Kentish and Ashokkumar 2011) which ultimately
form the backbone of multiple novel manufacturing pro-
cesses (Manickam and Ashokkumar 2014). Bubble-induced
physical effects help concentrate mechanical energy on small
areas, stimulating shear forces leading to material erosion
(Franc and Michel 2006). Each of the aforementioned cav-
itation-based phenomena depend on some distinct group of
parameters. These parameters are indirectly related to the
input configurations of the ultrasonic units, i.e. sonoreactors.
Understanding their physics would ensure better control of
the outcome.

Both experimentally and numerically, it is cumbersome
to investigate the numerous phenomena triggered by several
acoustic bubbles. Notwithstanding these hurdles, chemi-
cal effects have been well understood due to several stud-
ies related to sonochemistry (Brotchie et al. 2009; Bhangu
and Ashokkumar 2016). However, understanding physical
effects and predicting the respective shear forces have been a
challenge due to lack of controlled experiments and suitable
computational models.

The aim of this review is to present the current state of
knowledge related to acoustic cavitation-induced shear.
This is done by reviewing existing literature on the ero-
sive potential of (i) shockwaves due to bubble collapse,
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(i) microjets occurring due to asymmetric collapse, and
(iii) fluid streaming—three behaviours that are all pos-
sible in sonoreactors. The typical investigative tools for
this purpose are also summarized. In addition, the recent
advances and future applications are enumerated. In this
process, the challenge(s) with practical implementation is
further clarified.
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Fig. 1 Bubble lifetime: nucleation, growth and collapse

] — (o] —

l

Bubble lifetime—an overview

In order to understand acoustic cavitation, it is necessary to
know its origin and the events occurring during the bubble
lifetime. Figure 1 illustrates the general lifetime of a bubble
over several oscillation cycles. It starts from its nucleation
as it expands gradually to a maximum radius, R,,,,, during
its growth stage and then retracts back to its original size
during its collapse stage (Leighton 2012). These growth and
collapse stages together constitute the oscillation time, T,
of the same bubble. For acoustically generated bubbles, the
latter is generally subjected to a continuous sound wave,
thereby facilitating this growth and collapse to continue
over several cycles till the bubble disintegrates completely
to daughter bubbles. Here, T, becomes equivalent to the
time period of the applied sound wave, which generally sees
the bubble grow in size with each subsequent cycle.
Bubbles can be created by various means or sources of
energy, e.g. acoustic, hydrodynamic, spark/laser or even by
a sparger (see Fig. 2) (Podbevsek et al. 2021). This energy
might be in the form of heat caused by laser or an electric
spark that provides the latent heat for vaporization within
a certain region of liquid volume. The nucleated bubble
would have a corresponding R, and T .. Likewise, for
the case of an acoustic bubble, the bubble is generated by
tensile forces provided by rarefaction regions of the sound
wave Again, bubbles can be introduced by injecting gas
into liquid using a sparger. Hydrodynamic cavitation makes
use of a venturi device to generate bubbles due to reduction
in pressure in the downstream flow. Among these methods
of bubble nucleation, acoustic bubbles form our topic of
interest. It is worthwhile to note that this mode of cavitation
is unlike other modes of bubble inception. This is because
acoustic cavitation can have sustained stable oscillation of
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Fig.2 Flowchart enumerating different modes of nucleation, growth, and collapse. The highlighted physical effects are discussed in subsequent

sections with temporal, spatial and intensity scales
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bubble unlike transient oscillation for hydrodynamic cavita-
tion or even one/few oscillation cycles for laser-generated
bubble. Hence, the oscillatory effect of acoustic bubbles is
more pronounced. It is also interesting to note that cavitation
can be homogeneous; i.e. bubble content and solvent have
largely the same species (laser/spark-induced in pure liquid)
or heterogeneous, i.e. bubble content and solvent molecules
are different (via sparger/acoustic devices) (Brennen 2013).

Based on the amplitude of the supporting sound wave,
oscillations can be linear (same degree of expansion and
contraction of bubble at very low transmit energy of insoni-
cation), non-linear (at higher amplitude of insonication,
expansion exceeds compression), and stable (bubbles oscil-
late at a resonance size over several cycles) (Albrecht and
Hohmann 2004; Young 2004). These oscillations interact
with and affect the immediately adjacent liquid field. As
the bubble resumes oscillation, it buffets the ambient lig-
uid causing an agitating motion around it. This also causes
a fluctuation of velocity and pressure, leading to a steady
streaming motion (Tho et al. 2007). The consequent features
when limited to the boundary layer around the bubble are
termed as microstreaming and should not be confused with
acoustic streaming which is defined as the liquid agitation
caused by ultrasound in the bulk solvent (Lighthill 1978).

After the bubbles reach a critical size, they collapse
violently. During this collapse stage, the gases inside the
bubble are adiabatically compressed to very small vol-
umes over a very short time span. As a result, the inside
gases heat up to very high temperatures and pressures.
The associated energy can easily dissociate molecules—
thereby leading to chemical reactions inside the bubble
and on the bubble/solution interface as well as in the bulk
liquid, collectively referred to as sonochemistry (Bhangu
and Ashokkumar 2016). The nanosecond flash of light
accompanied by this process due to conversion of kinetic
and potential energy is called sonoluminescence (Young
2004). Simultaneously, the high-pressure collapse gener-
ates an instantaneous shockwave into the liquid (Young
2004). Conversely, if the bubble is brought near a surface
(free, solid, etc.), asymmetric collapse takes place with
the development of a fast liquid jet (Franc and Michel
2006). These are highly potent for material damage and
are instrumental for acoustic cavitation-induced shear.
Hence, these are individually discussed in subsequent
sections.

At the end of the collapse stage, the bubble may either
display rebound (re-growth of bubble and continuation of
oscillation cycle) or disintegrate into several bubbles.

Applications employing acoustic cavitation

As elucidated in the previous section, acoustic cavitation
can offer conditions of nucleation, oscillation and collapse,

which can be sustained over several cycles. Figure 3 sum-
marizes the typical magnitudes of these cavitation-induced
effects.

Despite having a very small volume (~ mm?), bubble
collapse pressures can measure few tens of gigapascal
(Obreschkow et al. 2013). This can result in powerful
shockwaves through the surrounding liquid with shock
velocities as high as 4000 m/s (Pecha and Gompf 2000).
Concentrated liquid jets from asymmetric bubble collapse
also bear high speeds (~ 100 m/s) (Chen and Lin 2008).
Furthermore, the nanosecond flashes of light at the end of
bubble collapse can create local temperatures as high as
10,000 K (Young 2004).

These unique features of acoustic bubble formation are
central to its use in different applications. For instance,
gene/drug transfection depends on powerful micro-jetting
(Han et al. 2015), sonochemical reactions would rely on
intense bubble collapse (Mondal et al. 2021), transport of
species can be enhanced via microstreaming (Tho et al.
2007), etc. Some of these applications are illustrated
in Fig. 3. Additionally, the inset in Fig. 3 describes the
strong bubble-induced shear forces that are capable of
damage. This damage might be in the form of reparable
cell sonoporation (Sankin et al. 2010) or even cell/tissue
damage (Yatipanthalawa et al. 2021) due to micro-jetting
and bubble-collapse. Even streaming can permeabilize
tissues (Cleve et al. 2019). In fact, ultrasonic cleaning
(fruits/vegetables/jewellery/electronic chips) and emul-
sification of phases (food and dairy industries) etc. very
much exploit the shear and turbulence generated by cavi-
tation bubbles.

It is hence clear from the discussion above that most of
these applications utilize acoustic cavitation-induced shear
for their operation. In order to precisely control each of these
applications, there is a need to understand the physics behind
each of these individual effects.

Cavitation-induced physical effects

Mason et al. (2011) found evidence of strong erosion
caused by acoustic bubbles at lower ranges of ultra-
sound (< 100 kHz) frequency, which decreased steadily
with higher values (~ MHz). Schematic trends like that
shown in Fig. 4 helped to understand how physical effects
change with input parameters such as frequency with-
out any additional quantification. The horizontal scale in
Fig. 4 indicates the major part of the power ultrasound
regime (i.e. from 40 kHz to 1 MHz) useful for acoustic
cavitation. It is however to be noted that the wear induced
by acoustic cavitation can be a combination of one or
more of these effects (collapse shockwave, micro-jetting
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Fig.4 Frequency dependence of physical effects of acoustic cavita-
tion (McKenzie et al. 2019)

or streaming). But which effect dominates and under what

conditions are largely unclear. Hence, these are individu-
ally examined in the following subsections.

@ Springer

Collapse shockwaves

As mentioned earlier, bubble collapse creates shockwaves.
When the pressure difference between the inside and out-
side of a bubble is significantly large, it forces the bubble
wall to expand radially outwards very quickly, pushing the
adjacent fluid. Consequently, an evolving shock wave front
develops. Patella and Reboud (1998) experimentally and
numerically tested the effect of cavity collapse on a number
of materials and inferred that high-pressure wave emission
was largely responsible for causing material damage (Sarkar
et al. 2021). The radiated pressure wave can take up to 50%
of the kinetic energy generated from the bubble collapse
(Pecha and Gompf 2000). The intensity of this shock has
been measured directly using Mie scattering and hydrophone
methods or indirectly inferred through measurement of col-
lapse intensity (Young 2004).

Figure 5 shows the bubble collapse temperatures (7)
obtained numerically for different operating frequencies and
power of the ultrasonic unit. It shows collapse temperatures
higher than 10,000 K (Kanthale et al. 2008) on sonicating
water, which are largely overestimations when compared to
experimental measurements under the same conditions.
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TPA-"/" = constant (1

By assuming the adiabatic compression of the bubble,
collapse pressures (P) can be roughly estimated using Eq. 1,
n being the adiabatic index (for an air bubble, n=1.4). The
collapse temperature and pressure for a bubble oscillating
at a frequency of 23.5 kHz and input driving pressure of
1.2—1.5 bar are roughly around 10* K and 10 GPa, respec-
tively (Young 2004). Matula et al. (1998) measured a pulse
rise time of 5.2 ns and pressure amplitude of 1.7 bar using
a hydrophone, placed 1 mm from the bubble. In fact, val-
ues of shockwave velocities are measured in the range of
950-2000 m/s. The higher this value, the more likely the
resulting damage.

15
¢ (b
(@ - 35
L4
13 3
12 )
g = 25
En o)
& L4 S ]
210 q 2 -
S
3 L4 15
8
1
7 "o
.
6 ¢ 0.5 y,
L A
5
0 10 20 30 40 50 60 0000

Acoustic power (W)

Fig.6 (a) Effect of ultrasonic power on microjet velocities. Inset
shows asymmetric collapse of bubble on a wall, subjected to ultra-
sound (Wu et al. 2019); (b) phase plot showing different regimes of
micro-jetting for S = 1, side schematic illustrates jet-towards (Fong

Microjets

It is already mentioned that micron-sized jets develop
due to asymmetric bubble collapse (Fig. 6). This collapse
is generally triggered by the presence of a foreign body,
as briefly indicated in Fig. 2. The body may be a free
surface, a solid surface (inset Fig. 6(a)) or even another
bubble. The strength of this jet, measured by its velocity
and shape, is largely dependent on a number of factors.
Primarily, with increasing acoustic power of the ultrasonic
unit, the jet velocity onto a wall was also found to increase
as shown in Fig. 6(a).

Likewise, jet velocity also relies on the surface geometry
(Tomita et al. 2002) and its stiffness, i.e. whether the surface
is rigid/soft/gelatinous (Hopfes et al. 2019). In fact, as a bub-
ble moves closer to the wall, the shockwave energy reduces,
and the jet hammer caused by asymmetric bubble collapse
dominates (Supponen et al. 2017). Hence, the distance of
the bubble from the wall is one of the predominant factors
governing wear caused by bubble-induced microjets (Lech-
ner et al. 2019, 2020).

Non — dimensional standoff distance : y, = 2)
max

Here, d! refers to the normal distance of the bubble cen-
tre from the wall. R, is the maximum bubble radius. y;
is largely used for bubble interaction with a solid surface.
When the other surface is another bubble, bubble-pair inter-
action takes place (Fong et al. 2009; Chew et al. 2011; Han
et al. 2015).

Non — dimensional inter — bubble distance : y = d
2Rmax
(3)
@ coalescence
+ jet towards
= © 4
A Y d
T
p ®
. ¢ * 'S\/ d'
* . .
» sjettowards  Solid surface

et al. 2009); (c¢) schematic of twin bubble-pair near solid wall where
bubble 2 is incepted first, allowed to grow and after Az time-delay,
bubble 1 is created. 1 and 2 are used to name bubbles based on their
ascending normal distance from the wall
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Non — dimensional phase difference : Af = 241 4)
0sc
. . . . Rmax small
Non — dimensional size ratio : § = ———— )
max,large

As shown in Fig. 6(c), the symbol d refers to the centre-
to-centre distance between 2 bubbles of a bubble pair, while
At is the time interval between their creation. T is the time
of oscillation of the bubble. S indicates the size ratio between
smaller (R, sman) and larger (R, jaree) bubbles. For simple
cases, when similar-sized bubbles are used, S equals 1.

Based on these above dimensionless parameters (Egs. 2-5),
the development of different types of directional jets can be
defined along the centre line joining a bubble pair (Fong et al.
2009; Chew et al. 2011). Figure 6(b) illustrates 3 different types
of liquid jets occurring for such a tandem bubble pair, based
on the inter-bubble distance and time delay of inception. These
include jetting towards (shown in inset in Fig. 6(b)), jetting
away and catapult jetting (bubble shapes resemble a catapult
during jet development). The parameters are also explained
schematically in Fig. 6(c). For complex cases when § # 1, R
and 7. are chosen based on one of the reference bubbles.

It is interesting to note that bubble-induced microjet veloci-
ties (Uj,) can go up to 100 m/s. Such values often exceed the
material threshold velocities (velocities above which pitting
can occur on the surface). For instance, the threshold veloc-
ity of water on Cu at 300 K is 50 m/s. Another analysis is
obtained from the water hammer (Sankin et al. 2010) effect
used to explain cell sonoporation via micro-jetting. Typical
magnitudes from jet impact of cavities can foster a 200-MPa
impact pressure over 0.05-0.5-ns duration (Preece and Brun-
ton 1980). Equation 6 shows the dependence of water-hammer
pressures (p;,) on the density (p; ) and sound velocity (c; ) of
the liquid, through which the jet traverses.

max

Py = %chLUjet (6)

Based on the pitting caused (when impact pressures exceed
surface yield stress), the corresponding stress can also be cal-
culated. Likewise, the wall shear stress can also be calculated
using a calibrated flush-mounted sensor placed on the wall to
record the shear stress post jet impact (Dijkink and Ohl 2008).

It is interesting to note that most of these single bub-
ble—induced jets are made using a laser or by spark gen-
eration as it is very experimentally cumbersome to control
acoustic bubble interaction with another surface.

Streaming
As mentioned earlier, streaming or more specifically micro-

streaming constitutes fluctuations in velocity and pressure

@ Springer

amplitudes (Collis et al. 2010) caused by the oscillating bub-
ble wall. As a result, primary and secondary flow vortices
can also occur. During acoustic cavitation, where a bubble
is subjected to ultrasound, soundwaves are reflected from all
directions, thereby distorting the shape of the bubble. This
is known as shape-mode oscillation (Poulichet et al. 2017).

Elder (1959) categorized streaming into a few stable
regimes based on a parameter space of streaming velocity (u)
and kinematic viscosity (v), depending on the sound ampli-
tude. He observed some flow patterns in low-viscosity liquids,
e.g. pure water (v = 0.01 cm?/s). Figure 7(a) illustrates typical
streaming patterns around a bubble attached to a solid bound-
ary. Initially, the bubble registers volumetric oscillation (i
= 11 cm/s), with the overall shape remaining spherical. But
beyond a certain pressure amplitude, shape oscillations (non-
uniform dilation of the bubble wall (Poulichet et al. 2017))
appear and u increases significantly with little change in driv-
ing pressure amplitude. In fact, Elder (1959) found that the
addition of a surfactant creates a no-slip boundary condition
around the bubble. This boundary layer was eventually bro-
ken up by bubble pulsations and flow directions also reverse
significantly. Kolb and Nyborg (1956) performed experiments
on anchored bubbles to explore the adjacent flow field.

Jalal and Leong (2018) described a parameter space
where streaming motion is classified according to the Reyn-
olds number, Re, and the composite parameter € (defined in
Egs. 7 and 8). Below, D is the diameter of the spherical bub-
ble, v is the kinematic viscosity, i, is the velocity amplitude,
and f is the frequency. St refers to Stanton number which is
defined as Eq. 9.

Re = Duy,
e = — (7)
%
€= o ®)
Df
Re
St ~ - ©)]

Furthermore, analytical studies have led to interesting
conclusions about how the presence of a solid wall enhances
streaming velocity (Nyborg 1958). Wu and Du (1997) devel-
oped a theory to predict the streaming velocity inside and
outside a bubble subjected to an ultrasound field in an infi-
nite liquid. In fact, Eq. 10 describes the streaming, more
precisely the first-order tangential velocity outside a single
bubble (u,,,) in the absence of a solid boundary (Fig. 7(b)).

-
190 = —3uty sinexp(ion| 2 +

v

2 .
A I (R
,Z_éU 6

s,

1+
(10)
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Fig.7 (a) Effect of driving pressure amplitude on an ambient flow-
field around an air bubble attached to a solid boundary in water (kin-
ematic viscosity, v = 0.01 cmz/s); the incident sound pressure was

Here, r and q are part of the spherical coordinates with the
origin at the centre of the bubble. i, is the velocity amplitude
of the incident wave; w, the angular frequency; p, the den-
sity; u, the shear viscosity; and d,=+/2u/pw, the viscous
penetration depth (thickness of the viscous boundary layer)
in the liquid. The tilde sign refers to the same quantities but
for gases inside the bubble with R, referring to the equilib-
rium radius of the bubble. Doinikov and Bouakaz (2010)
further modified these calculations to accommodate all sizes
of the bubble with respect to sound, viscous and thermal
wavelengths and deduced the radial and tangential stresses
generated by acoustic streaming for a range of frequencies
with specific R, and acoustic pressure amplitude. In fact,
2 predominant modes of bubble oscillation are observed.
These are described as monopole and dipole (Fig. 7(b)).

Tho et al. (2007) and Collis et al. (2010) observed some
flow patterns through streak photography imaging. Figure 8
shows how the patterns change with little change in operating
frequency. However, these provide limited information on the
flow-field surrounding free levitated bubbles, which are com-
monly used. In fact, whether the same features will appear for
free bubbles under the same operating conditions is also unsure.
Leong et al. (2011) have reported that streaming can help aug-
ment mass transfer across the bubble interface, a function that
has been largely beneficial for micro-mixing in chemical and
process industries. In such applications, freely moving bubbles
are widely used. Hence, closer investigation of microstreaming
around levitated bubbles could be beneficial.

Fig. 8 Different microstreaming
flow-patterns for single bubble
with change in frequency for
fixed input power, 30 Vpp.
Arrows indicate flow-direction.
Used with permission from
(Collis et al. 2010)

u=60cm/s

Free
Bubble ~

QD

_QD

Dipole

,

Monopole

varied from 4.4 mbar to (8.6 + A) mbar; (b) schematic of flow-around
free bubble with change in driving pressure amplitude. Used with
permission from Elder (1959) and Wu and Du (1997)

Investigative tools
Experimental

Bubble-related experimental investigations have looked at
certain aspects of this cavitation phenomena. These aspects
include measurement of cavitation efficiency (i.e. the inten-
sity of bubble collapse) of the bubble system or mapping the
flow structures induced by the bubble in its surroundings.
As mentioned earlier, controlled physical experiments are
by and large difficult due to the spatial and temporal scales
of the bubble-related event. Despite this, there remains a
large number of experimental methods which help investi-
gate such related phenomena. Some of these are summarized
in Table 1.

Most of these experimental methods register the effect
of a bubble-induced physical event. They do not directly
measure the shear stress. Some of the methods, say PIV
or even PTV, provide flow-field data; i.e. for the bubble-
induced flow, u and v are the velocity components that can
be directly measured in a 2-dimensional (x, y) plane. Based
on this, strain-rate magnitude and vorticity can be calculated
(defined in Egs. 11 and 12).

) 5 ) . 03
2D strain — rate magnitude : 2( u ) +2 v + du + (d_v )
ox ady dy ox

an
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2D vorticity (z — direction) : du _ v (12) RD. R
dy Ox lyye = min <, = 15)
T

Based on the strain calculation and the orientation of the
surface, the stress can be estimated. Generally, this shear stress
is responsible for the force that is applied leading to permanent
deformation or damage of the target specimen.

Theoretical/numerical

Bubble-related theoretical investigations have been conducted
to examine bubble dynamics. Rayleigh formulated an equa-
tion to describe the oscillatory behaviour of a single bubble
with reference to fluid properties. This work has progressed
from inclusion of viscosity effects (in the Gilmore equation)
to equations that considered bubble response to large pres-
sure oscillations (Keller-Miksis equation) (Pandit et al. 2021).
Below is shown the modified Rayleigh-Plesset (RP) equation
(Eq. 13) that accounts for bubble subjected to ultrasonic field
[p(¢¥) = —p,sinwt]. Here again, R is the radius; p, pressure; p,
density; u, liquid viscosity; o, surface tension; and P> Pressure
of gas whose time () derivative is considered. p, is background
static pressure (1 atm), p, stands for acoustic pressure ampli-
tude, w is angular frequency of oscillation, R= ¢ 7 is velocity of
bubble wall, and R= % 7 is acceleration of bubble wall.

Rdp g

3

. . 4uR
RR+ 2R = 1| (p, - pR 20
2 p

m-po) - 4820 T
13)

These calculations formed the cornerstone of numerical
simulations by providing initial conditions to understand
cavitation-related phenomena. Some of these equations
have been employed to understand sonochemistry. This
has been conducted by Yasui et al. (2007, 2008). The same
set of equations have also contributed to the fluid-dynam-
ics community who have combined this along with the
Navier—Stokes eq. to examine the physical effects induced
by cavitation dynamics in a time-resolved manner.

As mentioned previously, the diffusion of vapour mol-
ecules in and out of the bubble affects the bubble growth.
This goes on to influence the collapse dynamics of the bub-
ble and should likely be included. Moss et al. (1999), Sto-
rey and Szeri (2000), and Toegel et al. (2000) have contrib-
uted to developing these mass transfer models. All of them
assumed bubble contents to be homogeneous. Formulations
were provided for the time rate of particle change across the
interface, % (i refers to each species), as well as for thick-
ness of the diffusion layer, / ;4. These are respectively shown
in Egs. 14 and 15.

a; _ 4;;R2DCM (14)
dt Laise

Here, D, is the diffusion coefficient; ¢, concentration of
species; and cg, concentration at equilibrium on the wall.
Heat transfer across the bubble interface has been mod-
elled by Toegel et al. (2000) based on the molecular theory
of gases. Here, a diffusion length for heat transfer (/,,) is
defined based on the temperature (7) variation in radial
direction (r).

()= o a9

[, = min ‘/R—kl—? 17
th — R’ﬂ_ ( )

Here, again T is the temperature of unbounded liquid;
Ty, the temperature of the bubble contents; and k, thermal
diffusivity. Since the objective of this paper is to review
bubble-induced shear, the salient numerical models dealing
with physical effects due to fluid motion have been tabulated
as follows in Table 2.

Recent advances in applications

The current section investigates two major fields where
the use of acoustic-cavitation-induced shear is quite
indispensable.

Drug delivery and sonodynamic therapy-related
applications

It is already known that bubbles can contain fluid and carry
the same through miniscule channels over certain distances.
This makes it a very prospective carrier of life-saving drugs.
These drugs are packed as payload within coated bubbles
(for stability) and transmitted in vivo to a target location.
Pulsed ultrasound of suitable intensity is often used to guide
these bubbles (Ohl et al. 2015). As the bubble approaches
the target, its oscillatory movement triggers microstream-
ing which can be controlled by the applied acoustic power
and frequency. In fact, a bubble subjected to high acoustic
power can exhibit certain modes of shape oscillation thereby
manipulating the liquid motion around it. All these stimu-
late shear forces that can help permeabilize cells and tissues
(Cleve et al. 2019). Besides microstreaming, the bubble can
interact with the target creating a liquid jet that creates a
lesion on the target cell (sonoporation), thereby facilitat-
ing delivery of its payload. This entire process (known as

@ Springer
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targeted drug delivery) is an intricate one requiring precise
manoeuvering of the bubble and proper permeation of the
target (Dijkmans et al. 2004).

Laser-induced cavitation (LIC) has been applied for cell
sonoporation (Sankin et al. 2010) via jetting but mostly con-
fined to lab-based experiments. This is largely because the
physics of jetting is sensitive to the type of surface (Hopfes
et al. 2019), its stiffness, geometry (Tomita et al. 2002), etc.
as earlier discussed. Even a small variation of these proper-
ties can alter jet directions and may lead to undesirable dam-
age at wrong locations. Also, the type or shape of the dam-
age due to cavitation-induced shear needs to be assessed.

Another emerging topic in the last decade is sonody-
namic therapy (SDT), which involves elimination of a solid
tumour by sensitizing the target tissue with a non-toxic
chemical agent and then exposing it to low-intensity ultra-
sound (McHale et al. 2016; Wang et al. 2020). In fact, the
irradiated ultrasound helps activate the chemical agent,
thereby unlocking cytotoxic effects (Wang et al. 2020). An
operation of this scale again necessitates precise control of
acoustic cavitation and targeted application of the result-
ing shear forces. Also, several bubbles may be subjected
to ultrasound enabling their collapse on or near the tumour
target. The effectiveness of this method depends not only
on the physics of microjets and streaming or but also on
the properties of the medium (Tho et al. 2007; Collis et al.
2010) and the solid target (mechanical properties) (Hopfes
et al. 2019; Sarkar et al. 2021) that is to be disintegrated. For
this purpose, computational models (concepts described in
Table 2) are continuously being developed that could simu-
late the actual liquid medium and target tissue (mechanical
properties assigned similar to that of real biological tissues).

Also, simulating several bubbles is computationally
expensive; hence, the foundational concepts are generally
extracted from studies of a single bubble performing such
therapeutic applications. Even for cases where microscopic
interaction forces are involved, it is compulsory to under-
stand which numerical model can most realistically simu-
late this case. So proper selection of a numerical model is a

Fig. 9 Acoustic shear effect

on Navicula sp. for different

durations. EPS is extracellular

polymeric substance. Used with

permission from Yatipanthalawa L voes

etal. (2021) N Y
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pre-requisite for numerical evaluation of acoustic cavitation-
induced shear.

Biotechnological and bioprocessing-related
applications

The strong shear forces generated by acoustic bubbles are
also uniquely useful on biomolecules. On diatom cells
(Navicula sp.), the application of low-power ultrasound
was found to induce cell rupture leading to the release of
its oil-rich payload (step-wise process schematic shown
in Fig. 9) (Yatipanthalawa et al. 2021). It was found that
acoustic cavitation played a different role in each step—at
first, it caused gentle removal of the extracellular polymeric
substance (EPS) on the diatom cells. This helped expose
their bare surface. Afterwards, sustained acoustic shear (high
intensity, low frequency ~ 0.5 W/ml, 20 kHz) generated suf-
ficient shear stresses to break down the outer bare shell. This
helped release the lipid molecules whose accumulation and
extraction were further aided by the ultrasound.

Similarly, another unique application of acoustic (20 kHz)
shear on nano-sized algae called Nannochloropsis sp. is rup-
ture of its thick shell (force required stronger than that for
sonoporation). This helped release the incorporated lipids
using ultrasonication which can facilitate production of bio-
fuels (Yao et al. 2018). It is to be noted that throughout the
above-described processes, the shear applied is a combina-
tion of bubble collapse, jetting, and streaming. These can
lead to a turbulent and shear-intensive environment (Li
and Ashokkumar 2018); however, the cumulative physics
involved becomes more complicated. The above specimens
had been subjected to high shear rates using an Ultra-Turrax
(UT) but failed to achieve comparable yields. This shows
that acoustic cavitation—-induced shear is able to perform
delicate micro-scale operations, which otherwise is not pos-
sible. In fact, these operations particularly for biomolecules
include cell division, cell disruption, etc., whose mecha-
nisms are yet to be clearly understood. This would largely
require dynamically monitoring the biomolecules (subjected

Ultrasonication

20 kHz, 0.57 W/ml

l_Y_l

EPS removal [ Y

Rupture of cell and lipid release for extraction
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Table 3 Typical magnitude of fluid properties for water and liquid
nitrogen (LN2)

Ambient liquid environment Dynamic vis- Surface Bulk
cosity (Pa-s)  tension modulus
(N/m) (GPa)
300 K, 0.1 MPa (water) 853.74 0.0725 2.1
77 K, 0.296 MPa (LN2) 163.47 0.0066 0.593

to acoustic shear) at minute time and space resolutions to
observe any morphological/structural changes. With the
current advancement in experimental technology (refer to
Table 1), these gaps are being closely examined.

Likewise, low-intensity ultrasound (<0.1 W/cm?) has
been found to activate enzymes (Huang et al. 2017; Nadar
and Rathod 2017; Khan et al. 2021). In fact, acoustic cavita-
tion and acoustic streaming can potentially change the struc-
tural conformation of the activation site and improve the
stability of enzymes (Nadar and Rathod 2017). In addition,
solution transportation is enhanced, and unwanted protein
aggregation is avoided. Ultrasonic frequency, power inten-
sity, pH, treatment time, and duty cycle were further identi-
fied as the controlling parameters (Khan et al. 2021). How-
ever, the direct mechanism of acoustic cavitation/streaming
leading to enzyme activation is yet to be understood.

The present state of understanding relies on speculative
mechanisms and commenting on the physics based on a pos-
sible dominant effect. It is to be noted that biomolecules
will not be largely destroyed by acoustic cavitation. In fact,
the effect of bubble-collapse temperatures and pressures has
been investigated on dairy proteins (Shanmugam and Ashok-
kumar 2014). It has been found that that a very small pro-
portion (< 1-20%) of whey proteins get partially denatured
due to mechanical, cavitational, and cavitation after effects
of US. Hence, it is envisaged that acoustic shear will be

Fig. 10 Technological gaps
shown by the overlapped
regions where better under-
standing is needed

Radical
generation

Microbes,
Cancer cells,
polymers etc.

@ Springer
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largely involved in valorising biomolecules and, if properly
controlled, can further benefit related processing industries.

Futuristic application: cryogenic fragmentation

Single-bubble studies have demonstrated the role played by
fluid properties, e.g. compressibility, surface tension, and
viscosity (Tho et al. 2007) on the physical effects induced
by oscillating bubbles. Interestingly, at very low or cryo-
genic temperatures (< 123 K), the fluid and solid proper-
ties vary significantly (see Table 3 for fluid properties)
compared to room temperature, rendering a lesser-known
domain where bubble interaction has been scarcely tested.
Recent studies (Mondal et al. 2018) for 77 K have shown
that the shear generated by bubble collapse may be suffi-
cient to dent certain metal (particularly bcc metal which has
low impact resistance at 77 K). In fact, microstreaming can
induce flow circulations fostering different orders of magni-
tude of shear forces. This can be extended to gently remove
cryogenically frozen tumours (e.g. cryosurgery (Onik et al.
1993)). Additionally, it offers promise for cleaner, greener
disintegration of materials (tissues to metals) and warrants
further investigation.

Challenges and technological gaps

General challenges during implementation

However, the impediment in understanding the physics
behind acoustic bubbles is short time duration (~ms) and
small spatial scale (~mm) of the bubble-related event (Han
et al. 2015). This has restricted the understanding of the
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" Physical
effects
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fundamental aspects of bubble interactions, mentioned
before. The fact that bubbles can have a damaging effect
has been explored hitherto through the study of bubble
collapse, shockwaves (Kennedy 2005), high temperature
‘hot-spots’ (Suslick et al. 1999), etc. But phenomena like
jetting or microstreaming with acoustic bubbles are more
whimsical and difficult to quantify as they require exhaustive
flow-field analysis, using highly controlled experiments. Use
of substrate-attached bubbles (Tho et al. 2007; Collis et al.
2010; Leong et al. 2011) near a target object is not a solu-
tion, as the contact-line dynamics of the substrate interferes
with the bubble-target interaction (Cleve et al. 2019). Again,
numerical simulation models describing such multi-physics
are based on assumptions with limited validity making the
investigation of acoustic cavitation-induced shear quite chal-
lenging. In addition, the presence of several bubbles makes
it a statistical challenge to clearly interpolate the effect due
to one single bubble.

Technological gaps

Though a lot of work has been carried out to examine some
or most of these physical features, there is lack of connec-
tion of these flow features with common input parameters.
This has led to speculations of many bubble-induced mecha-
nisms as mentioned earlier, without knowing the original
cause of the phenomena. Even after rigorous calculations,
there is lack of quantification, thereby restricting the design
and development of these acoustic techniques. Figure 10
illustrates the contribution of ultrasonics in generating sev-
eral effects via cavitation bubbles, with overlapped regions
largely indicating the regions where knowledge is lacking.
The consequent effect on target specimen exhibits the tech-
nological innovation, where this knowledge can benefit. All
these studies not only contribute to improve current applica-
tions but also pave the way for futuristic technologies.

Conclusion

Bubbles generated by ultrasound are well known for their ther-
apeutic effect on tissues due to a number of physical effects
triggered during their lifetime. But lately, the same bubbles
are found prospective around unique biological specimen, e.g.
diatom cells, enzymes, etc. This has motivated us to explore
the physics behind the strong shear forces generated by bub-
bles in an acoustic field through our current review.

Herein, we have attempted to summarize a variety of
physical effects (shockwave, microjet, microstreaming),
their governing parameters (mainly power and frequency),
and the typical magnitudes that can be triggered by acoustic
bubbles. In addition, we have outlined the several investi-
gative tools (both numerical and experimental) associated

with these physical effects along with suitable references.
Our work also briefly describes the current advances of this
shear effect on biological samples, with a strong potential
for large-scale industrial application. In fact, this study could
benefit the ultrasound-based community, biological indus-
tries dedicated to green cultures, and creative enterprises
involved with clean fragmentation.
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