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Bubble dynamics in complex fluids
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The field of bubble dynamics and cavitation, motivated initially by applications in
underwater acoustics and later in biomedical ultrasound, continues to evolve. This article
describes the recent focus and ongoing developments in understanding and utilizing bubble
dynamics in complex fluids. An introductory overview is given of the phenomena of spher-
ical bubble dynamics in complex fluids. The emerging interest in using bubble dynamics
to probe high-frequency viscoelastic properties of complex fluids is then highlighted. This
interest is motivated by the fact that timescales as short as 107 s can be probed, com-
parable to the relaxation timescales for complex fluids containing suspended particles or
macromolecules. The focus of the article then shifts to specific examples from my research
group. First, I present our work on linear rheology of soft solids using ultrasound-driven
bubbles. I then discuss how the deformation and flow fields generated by acoustically
driven bubbles can modify the microstructure and properties of complex fluids, bearing
potential for bubble removal from yield-stress fluids. Finally, I describe our observations
of self-assembly of locally ordered microstructures in complex fluids driven by bubble
dynamics. In closing, I discuss the growing synergy between the communities of cavitation
and rheology, which will be instrumental to address new challenges in the characterization
and manipulation of complex fluids.

DOI: 10.1103/hjSm-fcvt

I. INTRODUCTION

The presence of bubbles in complex fluids and soft matter is widespread in natural and artificial
systems that span multiple decades in length scales (Fig. 1). At the kilometer scale of volcanoes,
bubbles grow by exsolution during decompression of ascending magma [1], a complex fluid with
nontrivial, time-dependent rheology. At the centimeter scale of leaves, tensile stresses due to
evaporation can cause bubble nucleation in trees [2]. For biomedical applications of ultrasound,
micron-sized bubbles are manufactured and used for both ultrasound medical imaging [3] and drug
delivery [4]. Cavitation at the scale of single cells is suspected to play a role in neurostimulation
by ultrasound, but the mechanism is yet to be fully elucidated [5]. Finally, bubble nucleation and
cavitation in complex fluids is relevant in many industrial processes, from food processing to
manufacturing of materials. The classical example of the manufacture of polymer foams motivated
one of the earliest studies on bubble motion in viscoelastic liquids [6]. More recently, in the ultra-
sonic processing of nanomaterials, the length-dependent flow behavior of carbon nanotubes around
cavitation bubbles was found to explain the resulting size distributions [7]. In these examples,
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VALERIA GARBIN

FIG. 1. Bubbles in complex fluids. Top: From the kilometer scale of volcanoes (left; USGS, public do-
main), to the centimeter scale of plant leaves (right; adapted from [9] with permission from Springer). Bottom:
Biomedical application of microbubbles in blood brain barrier opening (left; reproduced from [10]), industrial
applications in the manufacture of polymer foams (middle; adapted from [11].), and ultrasonic processing of
carbon nanotubes (right adapted with permission from [12]. Copyright 2009 American Chemical Society).

it is crucial to understand and quantify the effect of viscoelastic properties of the surrounding
complex fluid on bubble dynamics. Conversely, in many of the examples, bubble dynamics are
found to affect—and can ultimately be used to manipulate—the surrounding complex fluid. The
mathematical description of the effect of viscoelastic properties of the surrounding medium on
bubble dynamics has been reviewed recently [8]. This article first provides a high-level overview
of ongoing developments in the field, then focuses on recent advances made by our research group,
and, finally, highlights questions that remain open for future research.

Before addressing the effect of a viscoelastic medium on bubble dynamics, one must first
recognize that bubble dynamics are highly nonlinear even in simple fluids, as shown in the
classical theory of bubble dynamics by Prosperetti and Plesset [13]. Despite this complexity, our
understanding of bubble dynamics in simple fluids is now sufficiently advanced that it can be built
upon. From the seminal work of Lord Rayleigh on the collapse of a cavity [14] to the explanation of
single bubble sonoluminescence [15], a widely accepted theoretical framework exists for describing
bubble collapse under idealized conditions. With the Rayleigh-Plesset equation, we can describe
spherical bubble collapse as well as spherical bubble oscillations driven by pressure fluctuations
[13]. For small-amplitude oscillations, we can describe bubbles as harmonic oscillators and use
linear theory to analyze their resonance behavior [16]. To extend the analysis to complex fluids,
one can generalize the Rayleigh-Plesset equation [17], which is derived for a Newtonian liquid,
to account for the material properties of the complex fluid through the deviatoric stress tensor, t.
Indeed, rather than by a constant, Newtonian viscosity, a complex fluid can exhibit non-Newtonian
behavior, as well as elastic, solidlike behavior [18]. Furthermore, the viscous and elastic properties
may depend on time, on the strain amplitude or strain rate, and on the history of deformation.
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Research in the field of rheology has led to the development of constitutive models for many of these
behaviors [19], some of which have been successfully combined with the modified Rayleigh-Plesset
equation, as briefly explained in the following.

Consider a spherical bubble in a quiescent, incompressible, complex fluid. We limit the analysis
to a homogeneous, isotropic medium, keeping in mind that complex fluids can, in some situations,
also exhibit inhomogeneous or anisotropic properties [18]. Assume that the bubble has a fixed posi-
tion with its center at the origin of a spherical coordinate system (7, 6, ¢). The equation governing
the time evolution of the bubble radius R is then [17]

p(RR' + ;Rz) — p(R) — poo + f (V- 0),dr, (1
R

where p is the density of the medium, the dot denotes the derivative with respect to time, p is the
pressure in the medium far from the bubble, and p(R) is the pressure in the medium at the bubble
interface. The term (V - 1), is the radial component of V - 7, the divergence of the deviatoric stress
tensor. Early attempts at modeling bubble dynamics in viscoleastic media were focused on linear
viscoelastic effects, valid for small-amplitude deformation of the material: the linear Maxwell model
for a viscoleastic liquid [20] and the Kelvin-Voigt model for a viscoelastic solid [21]. To describe
an intermediate behavior between fluid and solid, the two constitutive models can be combined into
the the Standard Linear Solid model, which has been combined with the Keller-Miksis equation for
bubble dynamics [22]. For large deformations, a nonlinear constitutive model can be combined with
the equation governing bubble dynamics, which in this case should also account for compressibility
effects. Several nonlinear versions of the Maxwell model have been considered for viscoelastic
liquids [23-26] while for viscoleastic solids, the effect of nonlinear elasticity has also been analyzed
[27]. A recently proposed approach is to formulate the medium rheology through a relaxation func-
tion, thereby generalizing the Rayleigh-Plesset equation to materials with arbitrary rheology [28].
An equation governing spherical bubble dynamics—the Rayleigh-Plesset equation or a modifi-
cation accounting for compressibility effects—combined with a constitutive model for the medium
rheology can be seen as a tool to study complex fluids, with two important advantages, which are
discussed in more detail in [29]. First, the flow field around a spherically deforming bubble is well
defined. The flow is purely elongational, and a range of strains is probed in the same experiment,
as shown in Fig. 2(a) where the magnitude of the stretch £(¢) of each fluid element is color coded.
Second, there are three distinct phenomena resulting in spherical bubble dynamics which cover a
broad range of timescales, while being sensitive to the properties of the surrounding medium. Of
the three phenomena considered, bubble collapse and bubble oscillations are described by Eq. (1),
while bubble dissolution is described by a modified Epstein-Plesset equation [30,31]. The effect of
the elastic modulus G is exemplified in Figs. 2(b)-2(d) by computing the temporal evolution of the
bubble radius, assuming simple constitutive models for the surrounding (visco)elastic medium, as
explained below. Bubble collapse, shown in Fig. 2(b), can probe timescales as short as 10~7 s, which
are difficult to access in a controlled manner with other experimental methods. Spherical bubble
oscillations [Fig. 2(c)], for instance driven by an acoustic field, impose an oscillatory elongational
deformation at controlled frequency and they probe timescales of the order of 1076-1073 s, also
difficult to access otherwise. Both Figs. 2(b) and 2(c) are obtained by solving Eq. (1) for a
viscoelastic medium with neo-Hookean elasticity G and Newtonian viscosity 7. Finally, if we
consider a different mechanism of spherical bubble dynamics, which is dissolution or growth by
mass transfer (depending on the gas saturation in the medium, ¢), then we again have the same
deformation field and slow timescales of deformation of the order of 10° s. Figure 2(d), obtained by
solving the Epstein-Plesset equation [30] modified for a neo-Hookean, purely elastic surrounding
medium of shear modulus G [31], shows that elasticity affects bubble dissolution and can arrest
it. Together, these three distinct phenomena cover 10 decades in deformation frequency, all with a
well-defined, elongational deformation field of the fluid. For these reasons, there has been significant
work in the bubble dynamics community to use bubble dynamics in complex fluids and soft solids

010502-3



VALERIA GARBIN

(a) / . NS \ 1t)/lo
y 2
R®) h Y 3/2
Ro \ . ¢ |
\ 2/3
‘ \ 1/2
| | e
3 %
—— G =0Pa 2% =1.025G =0 Ps
(b) —2220}(;; Pa (C) (d) ,“" ¢ = 1.025,G = 200 l’:
G = 30000 Pa /"
2 1 AN A\ A\ A\ A 1k

NV VT

e \
Sy
~

1 V'\V’\\"\F 05| — c_ore 8 ¢ =1.00,G = 200 Pa
— G = 3000 Pa
G = 30000 Pa
%3 5 10 15 20 0 1 2 3 4 % 1 2
t/t* t/t* t/t*
A
1055 10735 103 s Tt

FIG. 2. Spherical bubble dynamics spanning 10 decades in timescales. (a) Elongational deformation field
around a spherically deforming bubble, with R the initial radius, R(¢) the time-dependent radius, and ¢ the
stretch of a fluid element. Effect of medium elasticity G on three distinct phenomena: (b) bubble collapse,
(c) bubble oscillations, and (d) bubble dissolution or growth by mass transfer, where ¢ is the gas saturation in
the surrounding medium. Adapted from [29] with permission from Elsevier.

to either understand the effect of the medium on bubble dynamics or to extract properties of the
medium, as discussed in [8].

In this article, I will mainly describe recent experimental findings from my research group based
on ultrasound-driven bubble oscillations as a platform for controlled deformation of complex fluids.
The technical aspects of the experiments are not reported in extensive detail here, as they can be
found in the respective publications. The emphasis is on the unexpected observations that led us to
new research directions. The article also provides the context of the current state of the art, with
reference to significant contributions by other research groups. Section II describes the application
of bubble dynamics to probe the rheology of complex fluids. In Sec. III, yield stress is introduced
and yielding by bubble oscillations is discussed. In Sec. IV, the heterogeneous microstructure of
a complex fluid is taken into account and the evolution of the microstructure caused by bubble
dynamics is examined. Finally, in Sec. V, I will discuss ongoing developments in this growing field
at the crossroads of fluid dynamics, rheology, and soft matter physics.

II. BUBBLE DYNAMICS TO PROBE HIGH-FREQUENCY RHEOLOGY

In the last decade, the three bubble dynamics phenomena introduced in Sec. I have been proven
by different research groups to be sensitive to the rheology of the surrounding medium in controlled
experiments (Fig. 3), thus laying the foundations for the application of bubble dynamics for the
rheological characterization of complex fluids. A bubble can be either laser or spark generated,
typically for bubble collapse experiments, or it can be injected in the medium. The latter approach
proves particularly challenging for certain complex fluids, as will be discussed later in Sec. III.
Once a bubble is present in the medium, the experimental data for the temporal evolution of the
radius, R(?), can be fitted to the predictions of a model combining the governing equation for bubble
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FIG. 3. Measuring medium rheology from bubble dynamics. (a) Bubble collapse at 1075 s timescale,
reproduced from [32] with permission from Elsevier. Experimental data of collapse dynamics of a laser-
generated bubble in a polyacrylamide gel are compared with the best fits for different constitutive models
of the medium. A neo-Hookean Kelvin-Voigt viscoelastic solid model (blue solid line) gives the best fit and
provides estimates of the elastic modulus G and viscosity 1. (b) Resonance curves for linear bubble oscillations
at 1073 s timescale, reproduced from [33]. Experimental data for the normalized oscillation amplitude, xo, are
fit to resonance curves from linear theory with a Kelvin-Voigt constitutive model. For agarose hydrogels of
increasing concentration, the resonance frequency increases due to the increased elasticity G [see Eq. (2)],
while the increased viscous damping broadens the resonance peak. (c) Bubble growth by mass transfer at 103 s
timescale, reproduced from [34] with permission from the American Institute of Physics. Laser-generated
bubbles in air-saturated gelatin grow by mass transfer. The growth dynamics can be fitted to estimate the
saturation coefficient ¢ and the elastic modulus G of the medium.

dynamics with an appropriate constitutive model for the complex fluid, enabling extraction of its
rheological properties [29].

The method based on bubble collapse, termed “inertial microcavitation rheometry,” was first
introduced by Estrada ef al. [32]. Figure 3(a) shows the experimental results and model predictions
from [32] for a laser-generated bubble in a polyacrylamide gel. Testing of different constitutive
models showed that a neo-Hookean Kelvin-Voigt constitutive model—with both elastic and viscous
components—accurately fits the bubble collapse dynamics and enables estimation of the elastic
modulus G and viscosity n. These methods has been further developed by generating the bubbles
acoustically using focused ultrasound [35], by applying data assimilation techniques [36], and by
introducing reduced-order models [37].

Our group has focused on linear bubble oscillations of controlled amplitude and frequency driven
by ultrasound. Figure 3(b) shows an example for agarose hydrogels [33]. We injected a spherical
bubble in the hydrogel before complete gelation. Agarose hydrogel is optically transparent and the
rheological properties can be easily tuned. We used a microbubble spectroscopy approach [38] to
construct the resonance curves of bubbles in gels with different concentration. The bubble was
driven with ultrasound at 10-50 kHz and with sufficiently small acoustic pressure amplitude that
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the bubble dynamics remained linear. We see in Fig. 3(b) that the increase in concentration causes
increasingly more damping and a shift of the resonance frequency. Because the bubble oscillations
are linear and we also worked in the regime of linear deformation of the material [33], following
[21] we can then use the linear Kelvin-Voigt constitutive model for the stress tensor in Eq. (1) and
apply linear theory to obtain an expression for the resonance frequency wy that allows us to quantify
the elastic modulus G,

23k — 1)

2 1 4
w; 3kpo + Ry +4G|, 2)

PRG
where Ry is the equilibrium bubble radius, « is the polytropic exponent quantifying deviations from
ideal gas behavior, pg is the ambient pressure, and y is the interfacial tension of the gas-liquid
interface. The extracted values of G were higher for higher agarose concentration, as expected. We
also compared the values with the measurements from a standard rotational rheometer operating
at a frequency of 10 Hz. We found that the material is stiffer for higher deformation frequency,
as expected for agarose gels. This finding also indicates that care must be taken when selecting
a linear constitutive model, which assumes constant viscoelastic parameters (i.e., independent of
frequency).

While the third mechanism, bubble dissolution or growth, does not probe high-frequency prop-
erties, it is also of interest as it probes the other extreme of the range, with timescales of the order of
10? s, as shown in Fig. 2. Experimental results from Ando and Shirota [34] are shown in Fig. 3(c),
demonstrating the effect of an elastic medium (gelatin) on delaying bubble growth by diffusion in
a supersaturated medium. Fitting the bubble growth dynamics to a model including a neo-Hookean
elastic surrounding medium [31] provides estimates of both the saturation coefficient ¢ and the
elastic modulus G.

The growing interest in measuring high-frequency or high-strain-rate properties of soft materials
is motivated by several applications in biomedical ultrasound [4,39], where deformations are driven
at the fast timescales of ultrasound itself; but fast flow conditions are also typical in processing flows
such as ink-jet printing [40]. From a more fundamental standpoint, high-frequency properties are
associated with the fast relaxation timescales of materials, which gives insights into the microstruc-
ture [18]. At the other extreme of the range, low frequencies and long timescales are relevant for
stability and shelf life of many consumer products based on complex fluids with dispersed bubbles.

III. NONLINEAR EFFECTS: YIELDING BY BUBBLE OSCILLATIONS?

Nonlinear effects in the complex fluid’s response to deformation complicate matters significantly.
An intriguing nonlinear effect is the change in material properties upon deformation known as
vield stress: the material behaves as a solid below a threshold in stress, and as a liquid above it.
Complex fluids that exhibit such property are typically systems in which drops, bubbles, or particles
are jammed together, and a certain stress is required to unjam the configuration; or systems with
attractive interactions, where stress is needed to break interparticle bonds [41].

Bubbles can be trapped if the stress due to buoyancy is below the yield stress 7y, as expressed
by the Bingham number Bn = ﬁ, where Ap is the density difference, g the acceleration due to
gravity, and Ry is the equilibrium bubble radius. A yield stress as small as 10 Pa is sufficient to trap
bubbles of 1 cm. If the bubble is sufficiently large and the buoyancy force applies a sufficient stress
to overcome the yield stress, a region of the fluid “switches” from solid to liquid and the bubble can
rise [42]. Trapping, motion, and growth of bubbles in yield-stress fluids [43—45] is relevant because
control of bubbles, which can be desirable or not, is key in many situations involving these complex
fluids, from formulated products, to construction materials, to gas transport in soil.

Our group set out to investigate whether bubble oscillations driven by ultrasound could help
release bubbles from yield-stress fluids, not by virtue of an increased buoyancy force, but by
using the oscillatory deformation of the medium to fluidize it locally [46,47]. We know that the
deformation is high frequency, but are the strain and the resulting stress sufficiently large? And can
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FIG. 4. Acoustic bubble dynamics in a yield-stress fluid. (a) Theoretical prediction from a model combin-
ing the Rayleigh-Plesset equation with a constitutive model for a visco-elasto-plastic medium. The oscillation
frequency of the radius of the yielded region, ry, is twice the oscillation frequency of the bubble radius R.
Reproduced from [46]. (b) Regime map for shape oscillations of bubbles in Carbopol as a function of the
applied acoustic pressure p/po and the initial radius of the bubbles, Ry/Ry,, for a fixed driving frequency
f =122.5 kHz. The colored areas are theoretical predictions for the occurrence of modes k = 3-9, based on
[51]. The symbols represent experimental results: white squares for stable spherical oscillations; gray, crossed
circles for mixed modes; filled symbols for clear shape oscillations of mode k (with same color coding for
k as the colored areas). The black solid line is the theoretical threshold for medium yielding. Reproduced
from [47].

the bubble rise in the yielded region? Seminal theoretical work by Karapetsas et al. suggests that
acoustic excitation can enhance the mobility of a gas bubble in a viscoplastic fluid [48], which was
described using the Bingham constitutive model.

We first combined the modified Rayleigh-Plesset equation (1) with a constitutive model for
the yield-stress fluid that takes into account both the elastic and viscoplastic deformations of the
material, the elasto-viscoplastic model of Saramito [49]. We solved the model for Carbopol, of
which we know the yield stress from shear rheological measurements. To determine if the fluid
at a certain location is yielded, the classical von Mises criterion can be used, consistent with
experimental measurements of the apparent elongational yield stress which were in agreement with
the von Mises plasticity criterion [50]. The resulting model [46] predicts the bubble radius and tracks
the evolution of the fluidized region around the bubble. Figure 4(a) shows the time evolution of the
normalized bubble radius, R/Ry, and of the radius of the yielded region, ry/Ry, as a function of
dimensionless time f7, where f is the oscillation frequency. The shaded area represents the region
with radial coordinates r < Ry, where ry is not defined. The qualitative dynamics of ry are periodic,
with twice the frequency of the bubble oscillations. That is, the yielded region reaches a maximum
both during the half period of bubble expansion and during the half period of bubble compression,
owing to the deformation of the fluid elements—uniaxial extension in the radial direction during
bubble compression, and biaxial extension in the azimuthal and polar directions during bubble
expansion [19]. The model also predicts the critical pressure for medium yielding, which can be
tested in experiments.

To test the theoretical prediction of medium yielding by bubble oscillations, in our experiments
we drove oscillations of a bubble in Carbopol, with the intention to indirectly detect medium
yielding by observing bubble rise and taking care to not apply any acoustic radiation forces which
would cause spurious bubble motion [47]. For acoustic pressures of sufficiently small amplitude to
keep the bubble oscillations spherical, we detected no bubble rise. For higher-pressure amplitudes,
shape instabilities occurred, accompanied by erratic motion of the bubbles, which does point
to medium yielding despite not being effective for bubble removal. Linear stability predictions
for shape oscillations of mode number k in Kelvin-Voigt soft solids [51] define regions in the
(R, p) plane [see Fig. 4(b)] in which bubble oscillations either remain spherical or exhibit a single
shape mode &, or mixed shape modes, for a fixed driving frequency f. In Fig. 4(b), the modes
observed in experiments as a function of Ry and p are shown for seven bubbles (labeled i—vii).
Multiple acquisitions have been conducted on each bubble while it slowly dissolved, to explore
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a range of values of Ry with the frequency f and the pressure p kept constant. The threshold
in pressure for shape oscillations reaches a single local minimum close to Ry = Ry,, where Ry,

1 3k po
2Ry p

is the resonant radius based on the Minnaert frequency, fy, = The shape number k

in our experiments increases with Ry, in qualitative agreement with the model predictions [51].
However, a more quantitative comparison with the model predictions is unsatisfactory. For instance,
several experiments show stable spherical oscillations where the model predicts shape oscillations.
A possible reason for the dynamic heterogeneity observed in the occurrence of shape instabilities
may be related to bubble injection. Injecting bubbles in Carbopol without causing memory effects
is notoriously difficult [52]. An additional limitation of the experimental approach is that multiple
experiments are performed on the same bubble as it slowly dissolves, which may also introduce
memory effects in the yield-stress material.

While the lack of bubble removal may be due to a combination of many factors (bubble size,
viscosity, and elasticity of the yielded region; incorrect assumption on the value of the yield-stress
under high-frequency elongational deformation), it is very difficult to interpret our observations
because it is simply not possible to detect if Carbopol is yielded. A yield-stress fluid in which the
microstructure can be visualized and characterized would greatly enhance our understanding of the
effect of bubble dynamics on the material. This is indeed the subject of the next section.

IV. BUBBLE OSCILLATIONS IN YIELD-STRESS FLUID: EVOLUTION
OF THE MICROSTRUCTURE

In an attempt to visualize and quantify the effect of bubble dynamics on a yield-stress fluid,
we selected a material for which the microstructure can be observed by optical microscopy: a
colloidal gel. The selected gel is made of colloidal particles of 400 nm in radius, with tuneable
attractive interactions (10-20 kgT') via a polymer depletant, and a volume fraction of particles
around 40%. This is a well-characterized model system that has been extensively used in studies
of colloidal gels under shear flow [53]. To perform confocal microscopy in order to reconstruct
the three-dimensional (3D) microstructure of the material, we adopted a Hele-Shaw geometry,
where the bubble was flattened into a pancake to accommodate the limited depth of focus of a
confocal microscope [54]. For such geometry of bubble confinement, the limited research available
shows that the typical secondary flow around oscillating bubbles in confinement, known as bubble
microstreaming [55-57], is also observed for bubbles flattened between two solid boundaries [58].

A striking change in the microstructure can be observed after applying 500-1000 cycles of
ultrasound-driven bubble oscillations at 15 kHz, whereby the microstructure of the colloidal gel
becomes locally ordered. This effect can be quantified by calculating the distribution of bond
orientations, P(¢/), where the bond orientation ¢/ between reference particle i and a neighboring
particle j is defined with respect to the line of centers between the bubble and the reference particle.
P(¢') is computed for each of the color-coded annular sectors shown in Figs. 5(a) and 5(b), of width
0.3Ry starting from Ry to 2.5Ry, with R, the equilibrium bubble radius. Before ultrasound-driven
bubble oscillations, P(¢") is almost flat, indicating no order [Fig. 5(c)]. After oscillations, two
clear peaks emerge, at ¢/ = 7 as shown in Figs. 5(d) and 5(g). The magnitude of the peaks
decreases with distance from the bubble. The change in orientational order is also visible with the
naked eye by comparing the micrographs in Fig. 5(e) before and Fig. 5(f) after bubble dynamics.
In the region up to one bubble radius away from the bubble interface, the particles can be seen
to exhibit orientational order along two principal directions, ¢/ = +7, as shown schematically in
Fig. 5(g). A microstructure with such peculiar orientational order has no counterpart in simple shear
or oscillatory shear.

Several mechanisms simultaneously present in this system can be responsible for this rearrange-
ment. The oscillatory flow at the frequency of ultrasound is sufficiently strong to break the interpar-
ticle bonds; this competition can be approximately captured by the Péclet number comparing the
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before and (b),(d),(f),(g) after ultrasound-driven bubble dynamics. (a),(b) The domain around the bubble is
segmented into bins to calculate the orientational order parameter P(¢™/) as a function of distance from the
bubble. (c),(d) The microstructure is characterized by an order parameter P (¢%) that measures orientational
order with the respect to the line of centers between the bubble and a reference particle. No orientational order is
visible in (c) before bubble dynamics, while two clear peaks emerge in (d) after bubble dynamics. Micrographs
in (e) before and (f) after bubble dynamics with visible change in orientational order. The schematic in (g)
shows the definitions of the directions ¢/ = £Z. Adapted from [54].
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with w the angular frequency of oscillations, AR the amplitude of oscillations, 7 the shear viscosity,
and kg7 the thermal energy. The microstreaming flow around pancake bubbles [58] is weak and
short ranged. In our experiments, its velocity is estimated at 1 um s~'; with such small velocity, the
microstreaming flow cannot break interparticle bonds but could affect the microstructure. Finally,
geometric frustration of a close-packed arrangement of spheres due to the circular domain can be
ruled out since particle-based simulations without hydrodynamic effects show accumulation of
particles near the bubble but do not show the characteristic ¢/ = :I:% order [59]. Further work is
needed to fully elucidate the mechanism.

Even with an—as yet—incomplete understanding of the mechanism, it can already be exploited
in applications. There is a lot of interest in structuring colloidal gels for applications in manufactur-
ing of materials based on colloidal gels: from inks to consumer products to cement. Indeed, different
stimuli are already used to tune colloidal gels, from shear flow [53] to magnetic field, if the particles
are magnetic. Ultrasound alone is able to tune the properties of certain gels, known as “rheo-acoustic
gels” [60], and we have introduced ultrasound-driven bubbles as a new handle. This still leaves us
with the unanswered question of how to detect and visualize yielding, which is discussed in the next
section.

010502-9



VALERIA GARBIN

V. OUTLOOK

This article describes how probing high-frequency rheology with bubble dynamics (Sec. II)
bridges a gap in frequency that is important for biomedical applications and industrial processing
flows. This is currently an active field with a growing research community. Ongoing developments
include design of experiments for optimized bubble-dynamics-based rheometry [61]. Future re-
search should also address the validation of the high-frequency or high-strain-rate measurements
with other methods, which is challenging precisely because the bubble-dynamics-based methods
fill a gap in frequency that is typically not accessible with other methods.

The article also describes our initial, unsuccessful attempts at removing trapped bubbles from
a yield-stress fluid using ultrasound-driven bubble oscillations, which have opened up a different
research direction (Sec. III). Indeed, there is currently an active interest both in the bubble dynamics
community and in the rheology community to better understand the effect of injection artifacts [52]
and the conditions in which bubbles can be removed from yield-stress fluids using external stimuli.
Furthermore, advancements in measurement methods may enable the visualization of yielding
and the dynamic evolution of the yield surface around bubbles, such as direct mapping of the
deformation field [62] or photoelastic imaging [63,64]. Another interesting direction is related to
bubble dynamics in complex fluids with other nonlinear behaviors, for instance, shear-thickening
fluids which become solid under stress [65].

Finally, the article describes our observation of a flow-induced mechanism triggered by
ultrasound-driven bubble dynamics in confinement for locally tuning the microstructure of colloidal
gels (Sec. IV). While in this example the global microstructure remains largely homogeneous, this
is not always the case for flow-induced microstructures. Future research should probe the limit of
a continuum approximation in describing the behavior of complex fluids under the rather extreme
deformation conditions of bubble dynamics and cavitation: high frequency and high strain rate.

These future developments will be facilitated by the growing synergy between the communities
of bubble dynamics and cavitation, and rheology and soft matter physics, as well as solid mechanics.
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