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Colloidal gels possess a memory of previous shear events, both steady and oscillatory. This memory,
embedded in the microstructure, affects the mechanical response of the gel, and therefore enables
precise tuning of the material properties under careful preparation. Here we demonstrate how the
dynamics of a deformable inclusion, namely a bubble, can be used to locally tune the microstructure of
a colloidal gel. We examine two different phenomena of bubble dynamics that apply a local strain to the
surrounding material: dissolution due to gas diffusion, with a characteristic strain rate of ~107° s™%; and
volumetric oscillations driven by ultrasound, with a characteristic frequency of ~10% s71 We
characterise experimentally the microstructure of a model colloidal gel around bubbles in a Hele-Shaw
geometry using confocal microscopy and particle tracking. In bubble dissolution experiments, we
observe the formation of a pocket of solvent next to the bubble surface, but marginal changes to the
microstructure. In experiments with ultrasound-induced bubble oscillations, we observe a striking
rearrangement of the gel particles into a microstructure with increased local ordering. High-speed
bright-field microscopy reveals the occurrence of both high-frequency bubble oscillations and steady
microstreaming flow; both are expected to contribute to the emergence of the local order in the
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microstructure. These observations open the way to local tuning of colloidal gels based on deformable
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1 Introduction

Colloidal gels have been intensely studied in the last twenty
years owing to the richness of their phase transitions and
structure at equilibrium and out of equilibrium, because they
are easy to model in numerical simulations, and also because
particles are readily observed and their interactions are easily
tuned in experiments."” This rich, yet generic behaviour guides
our understanding of more complex formulations used in
industrial applications, such as carbon black gels,® fumed
silica,* natural rubber latex gels® and cementitious materials.®

Depending on the particle interaction strength compared to
the thermal energy kg7, gels of attractive colloidal particles may
phase separate,”® dynamically arrest,’ or follow more complex
pathways'® towards forming space-spanning networks. The
structure of such networks, which coarsens with time,"
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inclusions controlled by external pressure fields.

dictates whether and how the network may support shear
stresses in the linear regime®'* and governs their rheologi-
cal behaviour for larger deformation."*® Oscillatory shear
induces unique structures in complex fluids'® and in parti-
cular in colloidal gels,"””™° providing additional control over
their microstructure and rheological properties.'® For instance,
shear-induced crystallisation also imparts remarkable
acoustic®® or photonic properties for advanced material
applications.>*

Classical experimental devices impose oscillatory shear at a
relatively low frequency, both in the linear”? or in the non-linear
regimes."”"® Interestingly, more recent experiments have evidenced
that applying small oscillations at high frequency can have a strong
impact on the rheology of attractive colloidal gels** and shear-
thickening suspensions,® which can be obtained for instance by
propagation of ultrasound waves in the medium. Ultra-small angle
X-ray scattering measurements>* show direct evidence that fractal
aggregates forming the gels break following the application of high-
power ultrasound, leading to an increased fluidity. Materials posses-
sing a microstructure sensitive to the application of transverse
ultrasound oscillations are called rheoacoustic, and mainly encom-
pass fragile materials with a limited elastic plateau.

We propose to extend the applicability of ultrasound manip-
ulation of complex fluids by embedding deformable inclusions
that can be activated by ultrasound, namely gas bubbles.

This journal is © The Royal Society of Chemistry 2022


http://orcid.org/0000-0002-0362-3209
http://orcid.org/0000-0001-5418-697X
http://orcid.org/0000-0002-0887-500X
http://crossmark.crossref.org/dialog/?doi=10.1039/d1sm01771c&domain=pdf&date_stamp=2022-02-24
http://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sm01771c
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM018010

Open Access Article. Published on 09 February 2022. Downloaded on 1/20/2026 3:30:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Gas bubbles can undergo deformation by passive dissolution
due to gas diffusion, and can be actively driven into volumetric
oscillations under ultrasound excitation.*® These oscillations
have already been shown to drive dynamic self-assembly in
colloid monolayers on the surface of bubbles,?” and to destroy
such monolayers for large-amplitude forcing.?® The motion of
the spherical bubble surface also applies a local extensional
strain to the surrounding medium, which can dominate over
the effect of the incident ultrasound pulse, particularly in the
vicinity of the bubble surface, and for ultrasound frequencies
close to the resonance frequency of the bubble. Since the
resonance of the bubble is affected by the local mechanical
properties of the surrounding media, bubble dynamics are also
used to locally probe the rheology of soft materials.>*** The
strain applied by the bubbles may also exceed the local yield
strain and induce irreversible changes to their microstructure.
Since this strain quickly decays away from the bubble, this
mechanism could be very well-suited to locally tune and disrupt
the microstructure of soft materials.

In this paper we explore the evolution of the microstructure
of a depletion colloidal gel around a bubble under passive
dissolution and under ultrasound-driven bubble oscillations.
Using confocal microscopy, we show that bubble dissolution
usually leaves a large pocket of solvent free of particles at the
initial site of the bubble. In contrast, bubble oscillations induce
a local, preferential orientation of the bonds in the gel sur-
rounding the bubble, which we quantify by introducing a
suitable order parameter. High-speed, bright-field microscopy
data provide some further insights into the dynamics of defor-
mation of the gel during bubble oscillations, and point to a
possible mechanism at the origin of the observed local
ordering.

2 Materials and methods
2.1 Fluorescent colloidal gel

The fluorescent colloidal gel consists of a colloid-polymer
mixture similar to that used by Moghimi et al.'® It consists of
PMMA particles of nominal radius 541 nm, doped with fluor-
escent dye (NBD), sterically stabilised by short grafted chains
(~10 nm) of poly-hydroxystearic acid chains. The particles are
suspended in squalene (optical index n = 1.494, density p; =
858 kg m >, surface tension y = 0.029 N m™ ', dynamic viscosity
n = 0.012 Pa s) to achieve refractive index matching. Linear
polybutadiene (molecular weight M,, = 1.243 x 10° g mol /,
concentration ¢ = 5.22 x 10> g L"), dispersed into the
squalene, induces depletion interactions between the
particles.®® The range of the attractive interaction is ¢ =
22.4 nm, equal to the gyration radius of the linear chains,
and its magnitude at contact, Ugep = —20kg7, is strong. The
volume fraction of the particles is ¢ = 44%. The rheological
properties of the gel are shown in ESIL{ Fig. S1: the amplitude
sweep conducted at 1 Hz shows that the gel is a weak solid of
modulus G’ ~ 10 Pa and exhibits two-step yielding.*’ The first
yield point, where particle rearranging starts, occurs at a yield
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Fig. 1 Schematic of the experimental setup (not to scale) shown (a) in side
view and (b) in bottom view. The fluorescent colloidal gel (pink) lies
between a glass slide and a glass coverslip in a cylindrical pit of height
h = 95 pm and diameter D = 9 mm. Bubbles are squeezed between the
two plates and driven into oscillations by the acoustic wave, p(t), generated
by a piezoelectric transducer (brown element). The gel is imaged in the
equatorial plane of the bubble using a confocal microscope.

strain around yy = 1.6% corresponding to a yield stress gy =~
0.2 Pa. The three-phase contact angle o between the gel, air and
glass [see Fig. 1(a)] has been measured independently and
ranges between 0° for pure squalene and 45° for the gel.

2.2 Sample preparation

The sample geometry is shown in Fig. 1. It consists of a large
microscope slide (76 x 52 mm?), onto which we stick a spacer
with a circular hole of diameter 9 mm. We then obtain a pit of
height 2 = 95 um and volume 6 pl. Samples are prepared by
placing a small gel drop in the pit using a pipette. The pipette is
then used to incorporate small bubbles into the gel. The sample
is closed using a large glass coverslip (24 x 50 mm?) and sealed
immediately using cyanoacrylate glue. We study bubbles of
initial diameter significantly larger than /4, which correspond
to flattened, ‘“pancake” shapes [see side view in Fig. 1(a)].
Microscopic observations begin as soon as the sample is sealed
and connected to the acoustic excitation setup described below.
We only consider bubbles that are sufficiently isolated, ie., at
least two diameters away from other bubbles and the
sample edge.

2.3 Ultrasound excitation

A piezoelectric transducer (P-141.10, Physik Instrumente) is
glued onto the other side of the glass slide to apply the
ultrasound excitation [see Fig. 4(a)]. We drive this transducer
using a waveform generator (33210A, Agilent) and a linear
power amplifier (AG 1021, T&C Power Conversion) allowing
us to choose the excitation amplitude through the applied
voltage V, its frequency 15 < f < 21 kHz and its duration,
given by the number of applied cycles N = 10>-10°. Due to the
very small size of the geometry, we cannot directly measure the
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pressure field applied to the bubble and the gel; from previous
experiments we expect the pressure to be in the range
1-10 kPa,”® well below the cavitation threshold. We have
checked in control experiments (shown in ESI, Fig. S2) that
the primary ultrasound field itself has no impact on the gel in
the absence of bubbles.

2.4 Real-time and high-speed brightfield imaging setups

We image the samples in real-time brightfield microscopy
using a Zeiss inverted microscope, working (unless otherwise
noted) with a 40x Fluar oil-immersion objective and a Axiocam
MRm camera (Carl Zeiss, 1388 x 1040 pixels). We use this
mode to focus on the equatorial plane of relatively large
bubbles assuming a flattened shape (see Fig. 1(a)), before
switching to confocal acquisitions (see below). The pixel resolu-
tion in brightfield mode is equal to 0.161 um, and images are
acquired at 4.5 frames per second, with the exposure time equal
to the time interval between pictures; this frame rate is natu-
rally too small to resolve the bubble oscillations.

We use a second brightfield setup for high-speed video
microscopy of bubble oscillation dynamics. It consists of an
inverted microscope (IX71, Olympus) coupled to a 40x objec-
tive and a high-speed camera (Fastcam SA5, Photron). The
resolution in this configuration is 0.5 um, insufficient to resolve
the individual gel particles. We acquire high-speed recordings
at a rate, e.g. 7000 frames per second for f = 20.7 kHz, that is
insufficient to resolve one bubble oscillation cycle, but work
with a very short exposure time of 1/150000 s to suppress
motion blur. We then obtain time-aliased acquisitions allowing
us to characterise both the oscillation and long-term dynamics
of the bubble and the surrounding gel provided that the
bubble oscillation amplitude does not vary with time (see ESL,
Section S7 for more details).

2.5 Confocal imaging

Confocal images are taken with the real-time microscope
described in Section 2.4 coupled to a Zeiss LSM 710 confocal
unit. We choose a region of interest of 3072 x 3072 pixels with a
resolution of 0.1 um per pixel. This large region of interest,
amounting to ~300 x 300 um?, is needed to image the whole
bubble cross-section and its surroundings and resolve the
particles at the same time. The time for acquisition of a slice
is between 8 and 10 seconds, insufficient to resolve the bubble
oscillation dynamics during the application of ultrasound.
Acquiring z-resolved stacks of images to examine the three-
dimensional structure of the gel is also difficult due to bubble
dissolution (see Section 4.1). We then examine the microstruc-
ture of the gel in the equatorial plane of the bubble (the plane
of interest) either in a time-resolved manner for passive bubble
dissolution, or in a before/after fashion for ultrasound experi-
ments. The stacks are analysed using standard tracking
routines®* to detect particles and compute their centres.?
The algorithm correctly recovers almost all particles in the field
of view, as shown for a sample picture in ESI,{ Fig. S3.
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2.6 Kinematics of pancake bubbles and surrounding medium

Bubbles that are flattened like a pancake between the two glass
slides®® usually show a bright central region surrounded by a
dark annular region in brightfield microscopy [Fig. 6(c-¢e)] and
simply appear as a black circle in confocal microscopy
[Fig. 2(b)]. We define the projected radius R(¢) as the distance
between the bubble centre and the outer edge of the annular or
circular black region. During ultrasound excitation, the pro-
jected bubble radius evolves as R(f) = Ro[1 + x cos(2mnft)] with x
the non-dimensional amplitude of oscillations.

Pancake bubbles, like spherical bubbles, impose a velocity
field to their surroundings when their radius R(¢) changes. This
field is prescribed by the no-penetration condition at the
bubble surface and the incompressibility of the surrounding
medium, leading to v = (RR*/r*)e, for spherical bubbles. This
velocity field produces a purely extensional strain field decaying
like * away from the bubble.”® Bubbles then completely
prescribe how the constituents of the surrounding medium
are strained, as long as it behaves as a homogeneous medium.
Due to their geometry, pancake bubbles corresponds more
closely to the ideal case of cylindrical bubbles®® for which
v = (RR/r)e, and the strain field decays as r >. We expect this
relation to hold close to the bubble equator, where we perform
our acquisitions — unless explicitly stated otherwise.

3 Dimensional analysis of bubble and
gel dynamics

Bubbles in complex fluids generally assume complex shapes
due to the interplay between buoyancy, surface tension and
static (yield) or dynamic internal (visco-elastic) stresses in the
surrounding material even at low Reynolds numbers. This
interplay means that the gel structure may be disrupted due
to bubble dissolution or oscillations. In this section, we use
dimensional analysis to evaluate the physical processes govern-
ing the bubble shape and its dynamics, and those inducing
changes in the gel structure.

3.1 Dimensionless groups governing bubble shape,
dissolution and rise

The shape of the bubbles are unaffected by gravity, as can be
shown comparing the relative magnitude of surface tension
and gravity effects using the Bond-E6tvos number Bo:

Bo:%f’zzs x 1073, (1)
/

in which p, is the density of squalene, y is the surface tension
between squalene and air %z is the height of the sample
geometry and g is the acceleration of gravity. Flattened bubbles
possess two radii of curvature, in the horizontal (R) and the
vertical (R’ = h/2 cos ) directions. As gravity affects the bubble
shape in the vertical direction, we base the Bond-E6tvés num-
ber on R’, considering coso ~ 1.

Internal stresses in the colloidal gel might also lead to non-
spherical bubble shapes even at low Bond-E6tvos numbers.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Effect of bubble dissolution on the colloidal gel. (a) Schematic representation of the dissolution kinematics: the bubble shrinks increasingly fast,
straining the gel close to the bubble surface. (b—d) Horizontal confocal slices taken at the initial equatorial plane of the bubble at timest = 0, t = 600 s and
t = 1020 s. The bubble, visible in panels (b and c), has dissolved in panel (d), leaving a pocket of solvent and a shell of particles. The scale bar for the main
panels is 200 pm. Insets correspond to zoomed-in views of the gel microstructure close to the bubble (or the solvent pocket) edge. The scale bar for the

insets is 30 um. See ESI,} Video S1.

We then need to examine the elasto-capillary number El of the
bubbles in the gel, defined as the ratio between surface energy
and linear elastic energy of the gel. Knowing that the contact
angle o between glass and squalene is close to 0°, we assume
that the typical radius of curvature of the bubbles is close to //2
when they are squeezed between the two plates, i.e. when they
assume a pancake shape. In this case, we obtain:
El = Gh =0.02, 2)
2y

G being the elastic modulus of the gel, defined as the low
frequency plateau of G’. The small value of El confirms that
surface tension solely governs the bubble shape, which will
then assume either a symmetrical pancake shape or a spherical
cap shape when their radius R becomes small enough that they
are no longer in contact with both walls.

Dimensionless groups based on the yield stress of the
colloidal gel, oy, provide information on whether the surround-
ing medium behaves predominantly as an elastic solid or a
viscous fluid. The plasto-capillary number Pl examines whether

This journal is © The Royal Society of Chemistry 2022

the yield stress is large enough to arrest bubble dissolution.>®

The value for our system is:

6yl’l
Pl = =
23y

2x 1074, 3)

hence we expect that the yield stress of the gel will not affect the
bubble dissolution dynamics at all. We also compute the
yielding number Y ' to examine whether the yield stress is
sufficient to prevent bubble rise:

y! 257 — 4,66, (4)

- 2v/3Bo _ pigh
B Pl - gy

where we have considered a cylindrical bubble of height 4.
The value of the yielding number is below the critical value
Y.”' = 5.1 at which bubbles spontaneously rise in the fluid
according to numerical simulations.?” Small, unconfined bub-
bles should therefore not rise in the gel.
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3.2 Dimensionless groups affecting colloidal gel structure

To examine the effect of bubble dissolution and oscillations on
the gel structure, we can compare the diffusivity of a single
particle in the pure solvent with its typical motion due to the
bubble oscillations, corresponding to the Péclet number of our
experiments. For a typical value for the relative bubble oscilla-
tion amplitude x = 0.01, we have:
2nfna’x

Pe®° = épaxtp = ———— = 1.3 X

13
kgT 0%

(5)
where 15 = na’y/ksT is the time over which a free particle
diffuses over its radius due to Brownian motion, &, is the
maximum strain rate applied onto the fluid close to the bubble,
n =0.012 Pa s is the solvent viscosity, a ~ 0.5 pm is the particle
radius, 15 kHz < f < 21 kHz is the ultrasound excitation
frequency, T = 293 K is the temperature, and kg is the Boltz-
mann constant. Free particles in the gel will then mostly
explore their environment through the strain field induced by
bubble oscillations rather than through Brownian motion.

We also compute the Péclet depletion number (also called
Mason number), which compares the viscous drag force of the
gel particles to the interparticle attractive force originating

from depletion interactions:**3%3°
2412 nfa> < kT
eqe = AT ppeo kT gy (g)
|Udep| |Udep| @

considering the particle interaction magnitude at contact Ugep =
—20kpT and a range of interaction ¢ = 22.4 nm. These values
indicate that the strain applied by bubble oscillations can alter
the microstructure of the gel, and in particular that bonds

c)
1.5
G} N
2 et
= &
0.5
0
d)
1.5
< 2
B RV A o
=9 (SN
0.5
¢ 2 4 6

re/a

View Article Online

Paper

between pairs of particles may be broken by the oscillatory
viscous stresses generated by the ultrasound excitation.

4 Results and discussion
4.1 Effect of bubble dissolution on gel structure

Bubbles dissolve in the gel samples (in the absence of any
acoustic excitation) over a time scale of 10-20 minutes, as
schematically shown in Fig. 2(a). Bubble dissolution is caused
by the excess capillary pressure across a curved interface even
in a gas-saturated medium.’® During the initial stages of
bubble dissolution, the colloidal particles remain very close
to the interface of the bubble as seen in the inset of Fig. 2(b). An
annular pocket of pure solvent progressively grows as the
bubble edge recedes [see Fig. 2(c) and inset], until the bubble
has completely dissolved and leaves behind only the solvent
pocket [Fig. 2(d)]. A layer of colloidal particles is sometimes
attached to the surface of the bubble [see insets of Fig. 2(b and c)J;
these particles eventually detach from both the bulk gel and the
bubble and show up as rafts within the solvent pocket after
complete bubble dissolution, as shown in Fig. 2(d). Video S1 (ESIf)
shows additional steps of the dissolution of this bubble.

Fig. 3 shows the evolution of several indicators of gel
microstructure during dissolution, defined in detail in Appen-
dix A. These quantities are either averaged over the full image,
or divided into annular sectors of width 0.3R starting from R to
2.5R, as indicated in Fig. 3(a and b). As these quantities are
computed on a single confocal slice near the bubble equator,
they are two-dimensional by nature and cannot capture three-
dimensional structuring effects. Fig. 3(c and d) shows the

10t

0.6

0.2

—9r/2 —-m/4 0
¢

/4 /2

Fig. 3 Evolution of the gel microstructure during bubble dissolution. Panels (a and b) correspond to panels (b and c) of Fig. 2 and overlays indicate
sectors in r over which structural quantities are averaged in other panels. The scale bar is 300 um. Panels (c and d) show the global particle pair correlation
function (thick, dark grey) while sector-averaged pair correlation functions are shown as thinner, coloured lines. The inter-particle distance r. is
normalised by a, half of the r. value where the first peak of g(r.) is observed (constant throughout this acquisition). Panels (e and f) correspond to the bond
orientations ¢”, using the same colour conventions as in panels (c and d). Panels (g and h) show the distribution of void sizes //a in the gel (see Fig. 7 for

details) using the same colour conventions as panels (c—f).
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classical pair correlation function g(r./a). We observe a clear
peak around r. = 2a, that we use to define the experimental size
of the particles a = 0.66 um. The pair correlation function also
shows secondary peaks, but no long-range order is observed
beyond r. > 6a. Comparison of Fig. 3(c and d) shows that
g(rc/a) is unaffected by bubble dissolution, except very close to
the bubble at the later stages, where the buildup of the solvent
pocket leads to a locally lower particle density. Fig. 3(e and f)
shows the distribution of the bond orientations ¢, as defined
in Fig. 7(b). Both panels show that the bonds do not assume a
preferred orientation relative to the surface of the bubble at any
stage of bubble dissolution, despite the relatively large exten-
sional strain locally applied onto the gel during this process.
Fig. 3(g and h) shows the distribution of the void sizes / in the
gel defined in Fig. 7(c). The presence of the solvent pocket,
visible in Fig. 3(b), leads to a very wide distribution of //a close
to the bubble, while the voids are the smallest in the sector
adjacent to that corresponding to the solvent pocket. The local
particle fraction during dissolution is shown in ESI,f Fig. S4:
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the data captures the growth of the solvent pocket with time,
appearing here as a local dip in volume fraction; it also shows a
slight, local increase of the particle volume fraction right out-
side the solvent pocket at later times.

Bubble dissolution can in principle be arrested by the bulk
yield stress of the surrounding material,”®*" by the interfacial
yield stress of particles adsorbed on the bubble surface,** or
both.”? In our system, the yield stress of the colloidal gel is too
low to arrest bubble dissolution, as predicted in Section 3.1,
and the interfacial particle layer cannot prevent dissolution
either, similarly to what has been reported in Newtonian
solvents under-saturated with gas.***

4.2 Effect of ultrasound-driven bubble oscillations on the gel
structure

Fig. 4(a) recalls the oscillatory and local nature of the strain
field following the application of ultrasound, as described in
Section 2. We show in Fig. 4(b) a confocal image in the
equatorial plane of the bubble, just before the application of

AP

Fig. 4 Acoustic excitation of a bubble. Panel (a): Schematic representation of the fast oscillations into which the bubble is driven following the
application of an ultrasound excitation. The number of oscillations is in the range 10> < N < 10°. The surrounding gel is periodically strained by the
bubble oscillations. Panels (b—d): Confocal acquisitions performed just before [panel (b)], just after a single round [panel (c)] and just after multiple rounds
[panel (d)] of ultrasound excitation. The scale bar for the main panels is 200 um. Insets correspond to zoomed-in views of the gel microstructure close to
the bubble edge. The scale bar for the insets is 30 um.
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Fig. 5 Microstructural investigation of the gel around the bubble before and after an acoustic excitation. Panels (a—c) correspond to panels (b—d) of
Fig. 4 and overlays indicate sectors in r over which structural quantities are averaged in other panels. The black scale bar is 300 um. Panels (d—f) show the
global particle pair correlation function (thick, dark grey) and sector-averaged pair correlation functions (thinner, coloured lines). The inter-particle
distance r¢ is normalised by a, half of the r. value where the first peak of g(r.) is observed before ultrasound is applied. Panels (g—i) correspond to the bond
orientations ¢” (see Fig. 7 for more details), using the same colour conventions as in panels (d—f). Panels (j—l) show the distribution of void sizes //a in the
gel (see Fig. 7 for details) using the same colour conventions as panels (d—i).

ultrasound. Fig. 4(c) shows the same bubble just after the
application of a strong acoustic pulse (V = 180 V peak-to-peak,
N =500). A markedly different microstructure is visible around
the bubble. Upon closer inspection (see insets of Fig. 4), we
observe that the structure of the gel close to the bubble edge
has become ordered, with well-aligned particles along two
preferred directions, an effect that is not observed during
bubble dissolution (see Fig. 2). A confocal z-stack, shown in
Appendix A [Fig. 8], indicates that the ordering appears max-
imal in the horizontal planes close to the bubble equator.
Applying two additional pulses (again with V = 180 Vg,
N = 500), seems to further increase particle ordering [see
Fig. 4(d) and inset], as will be confirmed by the microstructural
analysis that follows. It should be noted that the slight dis-
placement of the centre of the bubble seen in Fig. 4(c) and (d),
which is due to acoustic radiation forces, does not have a
measurable effect on the rearrangement of the microstructure.

We point to the fact that the local particle ordering has no
consequences on the local particle fraction around the bubble,
at least within the accuracy of our confocal microscopy method
(around 2%), as shown in ESL{ Fig. S4(b). The observed
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ordering upon ultrasound-driven bubble dynamics is further
quantified in Fig. 5, which presents the evolution of the same
structural indicators previously calculated for bubble dissolu-
tion. Panels (a—c) of Fig. 5 correspond to panels (b-d) of Fig. 4.
Comparing Fig. 5(d-f), we do not notice any clear changes in
g(r./a) upon application of ultrasound.

The bond orientation parameter ¢’ shows a more dramatic
change before and after the application of ultrasound: while the
initial distribution is relatively flat and shows very little structuring,
two clear peaks emerge at —n/4 and +n/4 after applying ultrasound.
The peak locations seem to be preserved after the application of a
second acoustic excitation and the peak amplitude increases slightly
[Fig. 5(i)]. Structuring is more pronounced for particles close to the
bubble (purple lines) than for particles initially far from the bubble
(pink-orange lines) [Fig. 5(h and i)] while the orientation effect is
limited to a region R < r < 2R. In contrast with the clear effect seen
on the bond orientations, the void size distribution #(¢/a) is not
significantly altered before and after the application of the acoustic
pulses [Fig. 5(-1)]. The main effect of ultrasound-driven bubble
dynamics is therefore to reorient particles relative to the surface of
the bubble.

This journal is © The Royal Society of Chemistry 2022
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1.0 x 10° cycles

Fig. 6 Microstreaming around an ultrasound-driven pancake bubble, see ESI,i Video S2. (a) Schematic representation of the bubble time series. (b) A
bubble and its surroundings at rest, imaged using the real-time brightfield setup and averaged over N = 4.8 x 10* cycles. The bubble is located at the
bottom of the picture. (c—e) Instantaneous pictures of bubble oscillations acquired with the high-speed brightfield imaging setup, close to its radius at
rest [panel (c)], at its maximal radius [panel (d)] and at its minimum radius [panel (d)] for a bubble oscillation amplitude x = 0.03. (f) Microstreaming
observed when averaging brightfield images over N = 1.0 x 10° cycles using the real-time setup.

4.3 Microstreaming flow during ultrasound-driven bubble
oscillations

Brightfield imaging reveals a mechanism that is not visible in
the low-frame-rate acquisitions with the confocal microscope
and that can contribute to reorganise the gel particles during
bubble oscillations: microstreaming, a secondary flow occur-
ring on a much longer timescale than the period of bubble
oscillations. Microstreaming around oscillating pancake bub-
bles confined between two planar walls has been reported®® but
has not yet been fully characterised or examined theoretically
even in simple fluids. As shown in Fig. 6, applying a continuous
ultrasound excitation for around one minute (N ~ 10° cycles)
produces a microstreaming flow around the bubble. This is
evidenced by the contrast between Fig. 6(b) in which some
particles of the gel may be resolved, whereas Fig. 6(f) shows
streak lines of aligned particles close to the bubble. Video S2
(ESIt) highlights that microstreaming draws in randomly
oriented clusters of particles above or below the equatorial
plane of the bubble, which appear blurry as they are out of
focus, and ejects the strings of well-aligned particles in focus, in
agreement with the ordering noticed in the distribution of ¢7 in
Fig. 5(g-i) and the three-dimensional observations of Fig. 8.
Close to the bubble, we measure a typical particle velocity under
microstreaming v, = 5 um s, yet this value is a lower limit
since we cannot measure the z (vertical) component of the
velocity, which is expected to be large in close proximity to the
bubble.*® This velocity quickly decays one to two radii away
from the bubble surface.

The high-speed time-aliased imaging (Section 2) of ESLf
Video S4 suggests that microstreaming is already active after
0.03 s (N ~ 600). We indeed expect a steady flow to develop over
a distance % in N = fr = fi®p/ny ~ 5 oscillation cycles from
momentum diffusion, which is below the time resolution of
ESI,T Video S4 - one frame every 200 cycles.

This journal is © The Royal Society of Chemistry 2022

4.4 Mechanisms governing gel restructuring

During dissolution, bubbles apply to their surroundings a
strain exceeding yy, which is necessary to locally break bonds
in the gel, as seen from the particle rafts observed within the
solvent pocket. Yet, dissolving bubbles apply this strain at a rate
that is extremely slow (of the order of 2.5 x 10~* s™"), implying
very small Péclet numbers: Pe?™ « 1 and Pejss « 1. In this
case, the solvent may start flowing through the gel particle
matrix,”” breaking down the assumption of a homogeneous
medium. We analyse this phenomenon in more detail in
Appendix B and we find that solvent flow through the particle
matrix, while limited, can contribute to the solvent pocket
formation. The slight increase in volume fraction seen at the
solvent pocket edge [Fig. 2 and ESI,} Fig. S4(a)] is also compa-
tible with the scenario of gel cluster densification and void size
increase also reported in bulk oscillatory shear experiments'®
for low values of both Pe and Pegcp.

During bubble oscillations, gel particles may rearrange both
due to the primary fast oscillatory flow and the secondary,
slower microstreaming flow. While both Pe® and Peg;, are
high, the maximum strain applied by the primary flow is given
by the oscillation amplitude x, and no significant rearrange-
ments are expected if x remains below the yield strain.'® The
Péclet depletion number based on the particle velocity under
microstreaming Pefe, = v,/(2nRfx)Pege, = 0.3 indicates that
microstreaming close to the bubble surface is also a potential
candidate to induce local gel ordering, in particular if v, is
underestimated.

We hypothesise that microstreaming helps bringing particle
aggregates close to the bubble surface to be internally restruc-
tured by the bubble oscillations, provided that their amplitude
is comparable to or exceeds yy. Close to the bubble, the
oscillations break down and reset the gel microstructure, as
seen at high Péclet depletion numbers in bulk steady'* and

Soft Matter, 2022, 18, 2092-2103 | 2099


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sm01771c

Open Access Article. Published on 09 February 2022. Downloaded on 1/20/2026 3:30:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

oscillatory shear flow in colloidal gels.'® For our range of Pegy,
the absence of change in average void sizes (or volumes)
[Fig. 5(j-1)], i.e. the lack of increased gel structure heterogeneity
is also compatible with results obtained in bulk, simple
shear.'® The microstreaming flow controls the extent of the
rearranged region, around one bubble radius away from its
surface. The gel structural properties are then modified and
tuned at the local scale, near the bubble periphery. This
scenario is however challenging to confirm, as we cannot
measure the gel microstructure and the bubble oscillation
amplitude simultaneously.

The particle alignment produced after gel rearranging ulti-
mately remains puzzling, in particular the observed preferential
orientation of the particles bonds ¢7 = +m/4. This align-
ment is reminiscent of observations in a similar gel'” under
simple, oscillatory shear, where particles are found to align
perpendicular to the flow, in the shear gradient direction.
These directions are not so well-defined in extension, prevent-
ing us from drawing a more quantitative comparison with
ref. 17.

5 Conclusions

We have explored the potential for tuning the microstructure of
a colloidal gel by exploiting different phenomena of bubble
dynamics. By using a Hele-Shaw geometry, where the bubbles
are confined into a ‘“pancake” shape, we performed simulta-
neous observations of bubble dynamics, and confocal micro-
scopy of the microstructure of the surrounding gel. Bubble
dissolution in such two-dimensional confinement applies pre-
dominantly a planar elongational deformation. We found that
the rate of deformation during bubble dissolution is suffi-
ciently slow that the solvent can partially flow through the
soft-porous matrix of colloidal particles. This scenario leads to
the formation of a solvent pocket around the dissolving bubble,
which remains after complete bubble dissolution. The gel
microstructure outside of the solvent pocket is, however, mostly
unaffected by bubble dissolution.

In contrast, high-frequency bubble oscillations driven by
ultrasound at 15-21 kHz result in a local rearrangement of the
microstructure with short-range order. This effect is visible
after a few hundreds of cycles of ultrasound excitation, which
corresponds to less than 0.1 s. We characterised the final
microstructure by introducing an orientational order para-
meter that quantifies ordering around a circular domain. The
average volume fraction of particles appears to remain
unchanged. Using brightfield high-speed imaging we quanti-
fied the typical amplitude of ultrasound-driven bubble oscilla-
tions, and obtained direct observations of the dynamical
phenomena in the surrounding gel. These observations reveal
that multiple concurrent effects are at play during high-
frequency bubble oscillations: in addition to the volumetric
oscillations of the bubble, which apply an oscillatory planar
elongation, a secondary flow, known as microstreaming flow
and typical of bubble oscillations in confinement, was also
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observed. The resulting complex flow has components of both
shear and elongation. The Péclet number is high for the
oscillatory flow, which can then break particle clusters, and
low for the microstreaming flow, which appears to only cause
transport of clusters to the vicinity of the bubble. Neither flow
has characteristics that directly explain the observed short-
range order. Particle-based simulations should help to dissect
the roles of these different contributions and ultimately achieve
control over the resulting microstructure. Future experiments
should also address the evolution of the microstructure around
unconfined bubbles. The results presented here pave the way to
using ultrasound-driven bubble dynamics to tune the mechan-
ical properties of colloidal gels at the local scale. Three-
dimensional printing of deformable inclusions in colloidal gels
could then be an promising route towards a locally program-
mable colloidal microstructure.
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Appendix
A Structural quantities

Fig. 7 shows the different structural quantities used throughout
this article. Fig. 7(a) shows how we compute our pair correla-
tion function, which is classically based on the distance r. from
the centre of a given particle to all of its neighbours.

The bubble is a reference in the experimental setup from
which several other structural parameters may be defined. We
can draw the segment between the midpoint of neighbouring
particles i and j and the centre of the bubble and define its
length ¥ and orientation 07, as seen in Fig. 7(b). Two particles
are assumed to be neighbours when the inter-particle distance
is below 1.08a, which then only includes close neighbours.
We define the absolute orientation of a particle bond through
the angle 7. The difference between the absolute particle bond
orientation 7 and 07 defines the relative bond orientation ¢,
simply referred to as the bond orientation in the main text, also
shown in Fig. 7(b). In a purely radial particle arrangement
around the centre of the bubble, we expect neither ¥ nor 6 to
present any structure, but we do expect ¢7 to show a strong
maximum around zero. To avoid unnecessary duplicates in our
definition of ¢ (since  is a neighbour of j and conversely), we
choose to constrain ¢ between —n/2 and +m/2.

In Fig. 7(c) we recall the definition of the void sizes ¢ in our
confocal pictures, which matches that used in previous
articles."*'® For each pixel of the acquired images, we compute
its distance to the nearest particle. We then subtract a from this

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Structural quantities related to data processing. (a) Definition of the particle—particle distances r. used to defined the classical pair correlation
function g(r.). (b) Definition of bubble-related quantities: distance r/ between a particle pair and the centre of the bubble, and angle 67 between the centre
of the bubble and that of the particle pair, absolute bond orientation g’ and bond orientation ¢”. (c) Definition of the void sizes / based on the estimated

particle radius a obtained computing g(r.).

distance and we name the result /. We ignore all pixels for
which / < 0, which is equivalent to ignoring all pixels inside
detected particles. We see in Fig. 7(c) that the distribution of /
is very efficient at highlighting larger holes (regions devoid of
particles) as they induce a significant broadening of this
distribution.

Fig. 8 shows confocal images of the gel surrounding the
bubble at different depths z in the sample after ultrasound
excitation. The normalised bond orientation distribution
2($¥)/ is plotted for each image in the z-stack. The order in
the microstructure appears maximal at the bubble equator and
minimal close to the (bottom) contact with the glass coverslip.
This apparent decrease can originate from a true decrease in
particle ordering. The microstreaming flow being weaker close
to the walls, it could fail to rearrange the gel particles there.
This decrease could also be purely apparent, for instance if the

principal directions of particle ordering fall out of the horizon-
tal plane. For a microstructure that wraps around the bubble
surface, order would appear minimal close to the sample walls
and maximal at the equator. The limited vertical resolution in
the confocal acquisition does not allow to conclude on
this issue.

B Colloidal gel dynamics during bubble dissolution

For the very small strain rates considered during bubble dis-
solution, the depletion Péclet Pefss ~ 10" is exceedingly
small, and viscous friction between solvent and gel cannot even
bend the bonds between gel particles. Instead, the solvent may
start flowing through the pores formed by the gel particle
matrix, as observed in sparse fibrous networks.*”*® A more
precise dimensionless number & examines this phenomenon

by comparing the linear elastic stress applied onto the material

1.5

0.5
1:5

0.5
5
2]
0.5
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A= 1
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| 1

0.5
/2

—m/2 0
¢

Fig. 8 z-Stack slices of the confocal gel particle after the application of repeated ultrasound excitation. The position of the slices on the left schematic
accurately represent the depth at which they have been acquired in the sample, with all Az being identical and equal to 14.2 um. The corresponding bond
orientation distributions 2(¢%)/n are shown on the right. The scale bar is 100 pm.

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Bubble dissolution dynamics in the colloidal gel. (a) Normalised bubble size 2R/h as a function of the experimental dissolution time t — tqss Of @
single bubble. (b) Bubble area loss A (normalised by A) as a function of t — tyis. (c and d) Distribution of bubble velocity around the bubble for the frame
pair marked by a diamond (c) and a triangle (d) of panels (a) and (b). Experimental data in the light red region correspond to the solvent pocket devoid of
particles and are ignored. The rest of the data points are fitted using a power law (solid black line, see Appendix text).

to the (Darcy) viscous drag applied by the solvent flowing
through the matrix during bubble dissolution:

_ E _ Ga?
Ap  nRR

Z /(o) )
with G = 10 Pa the linear elastic modulus of the gel, # = 0.012 Pa s
the solvent viscosity, a = 0.66 pm the particle radius, ¢ = 44% the
particle volume fraction and f(p) = 2(1 — ¢)*/75¢> = 0.024
the dimensionless permeability of the gel. We assume here that
the gel particles have a random, liquid-like arrangement® and
ignore the -modest- corrections associated with a fractal gel
structure for ¢ = 44%.° Relative motion between the solvent
and the particles becomes dominant when & falls below 1, or
alternatively when A = |RR|, the absolute rate of change of bubble
area, falls below Ac = Ga’f(9) =9 x 107 m> s %

Fig. 9(b) shows A/A; for the bubble dissolution data of
Fig. 9(a). A/Ai; first decreases from around 8 to reach a local
minimum of 4 around ¢ — tgiss ~ 400 s and R ~ h/2 before
increasing again close to complete dissolution. Relative motion
can be present, but will be small in our experiments: we expect
it to be small close to the local minimum of A [triangle symbol
in Fig. 9(a, b and d)], and even smaller at the beginning of our
experiment [diamond symbol in Fig. 9(a—c)].

Fig. 9(c and d) quantifies differential motion between the gel
particles and solvent by computing the local particle velocity
v(r) using Particle Image Velocimetry routines.>’ We fit this
field using a power law v,(r) = —v,(r/R)". Differential motion
between particles and solvent is quantified by vo/R, which is
equal to 1 when particles and solvent move together, and less
than 1 (in our case) otherwise. The fit quality is good and the
velocity distribution is axisymmetric, as seen by the absence of
dependence of v, with 0 [coded with colours in Fig. 9(c and d)].
Fig. 9(c) shows a low, yet noticeable amount of differential

2102 | Soft Matter, 2022, 18, 2092-2103

motion (v, ~ 0.85R) early during bubble dissolution and for
larger A, while Fig. 9(d) shows higher differential motion
(vo = 0.60R) later on and for smaller A. This small differential
motion is compatible with the solvent pocket formation and
the slight particle compaction at edge of the solvent pocket
during bubble dissolution, and more generally could also play a
role in the cluster compaction and void size growth observed at
low Péclet numbers in bulk shear.'*'®
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