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Locally (re)structuring colloidal gels — micron-sized particles forming a connected network with
arrested dynamics — enables precise tuning of the micromechanical and -rheological properties
of the system. A recent experimental study [B. Saint-Michel, G. Petekidis, and V. Garbin, Soft
Matter 18, 2092 (2022)] showed that rapid restructuring can occur by acoustically modulating
an embedded microbubble. Here, we perform Brownian dynamics simulations to understand the
mechanical effect of an oscillating microbubble on the structure of the embedding colloidal gel.
Our simulations reveal a hexagonal-close-packed restructuring in a range that is comparable to the
amplitude of the oscillations. However, we were unable to reproduce the unexpectedly long-ranged
modification of the gel structure — dozens of amplitudes — observed in experiment. This suggests
including long-ranged effects, such as fluid flow, should be considered in future work.

INTRODUCTION

A colloidal suspension can gel [1], when short-ranged
attractions — typically induced by the presence of poly-
mers [2] — are much larger than the thermal energy
kBT ; here, kB is the Boltzmann constant and T the tem-
perature. These attractions arrest the system’s natural
tendency to (spinodally) phase separate, leading to the
formation of an open, space-spanning network structure
that is intrinsically out of equilibrium [3, 4]. The net-
work structure can for a finite (often long) time support
the gel’s buoyant weight against gravity [5, 6]. Stabil-
ity at low volume fraction, has led to the widespread
use of particle gels in industrial, medical, and academic
settings, e.g., care products, printing inks, foodstuffs,
crop protection, and pharmaceutical suspension formula-
tions [7–10]. This has led to scientific interest in the prop-
erties of colloidal gels, and such systems have been stud-
ied using experimental [5, 6, 11–20], computational [21–
32], and theoretical [1, 6, 33–38] methods.

Gels coarsen over time, as the system relaxes to-
ward equilibrium, and their bulk properties can strongly
depend on the preparation history [39], including
oscillatory-shear [40, 41], and steady-shear protocols [42].
That is, the preparation can leave a clear signature in
the microstructure of the gel [40], which expresses itself
in the mechanical response of the material [43]. Mod-
ifying a gel’s properties via external means has mostly
focused on the bulk response. However, for many pro-
cesses, it can be favorable to apply these modifications
locally both for colloidal [44] and other types [45] of gel.

Recently, Saint-Michel et al. showed that the dynam-
ics of a deformable inclusion, taking the form of a (mi-
cro)bubble, can be used to locally tune a gel’s microstruc-
ture [46]. In these experiments, ultrasound is used to
cause the bubble to contract and expand, leading to an
extensional driving of the surrounding gel. The study
revealed a non-trivial rearrangement of the colloidal net-
work into a crystalline structure. The most interesting

feature being the long range — comparable to the bub-
ble radius — over which the rearrangements took place,
when only small oscillations (∼ 1% of the bubble diame-
ter) are employed. The exact physical mechanism behind
this long-range rearrangement remains unclear. Locally
perturbing the system using ultrasound and air inclu-
sions can also be useful to probe the rheological response
at the scale of the microstructure [47–49].

In this work, we use computer simulations to inves-
tigate bubble-oscillation based local reordering of col-
loidal gels. Our model is based on an effective, Asakura-
Oosawa-like description of depletion interactions between
the colloids, following an earlier analysis of gelation [31].
The microbubble is described using a bead-spring model
subjected to an external (radial) forcing that models
pressure changes, due to the ultrasound. We take into ac-
count only the mechanical interactions in our model, i.e.,
we ignore hydrodynamic interactions between the col-
loids and porous-medium flow.

For experimentally relevant colloid volume fractions,
we vary the colloid-bubble size ratio, the frequency, and
amplitude of the oscillations. This allowed us to con-
struct a state diagram that highlights the effect of the
oscillations. We find that crystalline reordering into a
hexagonal closed-packed state around the bubble is pos-
sible, whenever multiple layers of colloids are compressed
by the extensional driving of the bubble, and the fre-
quency of the oscillations is large enough to avoid ex-
traction of colloids from the gel network. Turning to the
range of the rearrangements, our analysis reveals that
this is roughly twice the amplitude of the oscillation.
This suggests that there is a missing ingredient to un-
derstanding the experiment. However, the present study
lays a solid foundation for future work in this direction.

The rest of this paper is organized as follows. We first
introduce our numerical method. Next, we cover how we
analyse our results, before we show the phase diagram.
This is followed by a discussion of the relevant time scales
and an outlook on follow-up studies.
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NUMERICAL METHOD

We want to study the influence of an oscillating mi-
crobubble on the microstructure of a colloidal gel. We do
so by performing Brownian dynamics simulations. These
take into account the friction between colloids and sol-
vent at a one-body level, i.e., the Stokes drag, ignoring
any two- or many-body interactions. We also ignore any
flows in the gel network that might be caused by motion
of the gas-liquid interface.

The overdamped equations of motion for a single col-
loid in our system can be written as:

γ
∂ri
∂t

= F pi +
√

2kBTγξi, (1)

with ri the ith colloid’s position. The prefactor γ = 3πησ
specifies the fluid friction experienced by a single colloid,
assuming here the Stokes form for a sphere with η the vis-
cosity. The forces acting on the ith colloid, which derive
from pair interactions with neighboring colloids via the
potentials specified below, are given by F pi . The term ξi
accounts for thermal fluctuations, which are independent
and have a white-noise spectrum. That is, we ensure a
zero mean 〈ξi(t)〉 = 0 — the angled brackets indicate
a time average — and 〈ξi(t) ⊗ ξj(t′)〉 = δijδ(t − t′)I3.
Here, ⊗ indicates the tensor product, δij represents the
Kronecker delta, δ(t − t′) the Dirac delta, and I3 is the
three-dimensional identity matrix.

We model the microbubble as a collection of points
that define a geodesic polyhedron. The facets spanned
by the vertices represent the bubble surface. We emu-
late the internal pressure by adding a constant outward-
pointing force acting on each vertex. Surface tension
is modelled by connecting neighboring vertices via har-
monic springs. The spring constant and equilibrium pres-
sure are tuned in such a way that the bubble has a mean
radius of 〈R〉 at rest. The energy scale associated with
the spring constant ks = 107kBTσ

−2, where σ is the
colloid diameter, and we used an equilibrium pressure
p0 = Ωks/4π〈R〉, with Ω ∈ [0.22, 3.14]10−3 a dimen-
sionfree coefficient given by the bubble tessellation. Our
choices ensured that when the bubble oscillates, it forces
the gel out of the way sufficiently vigorously not to cause
distortions in its (nearly) spherical shape, in line with the
experimental observations. The resulting model bubble
is represented in Fig. 1.

We had to account for topological constraints imposed
by working with a spherical surface, namely that it can-
not be tessellated with hexagonal tiles only, 12 pentago-
nal defects must be present [50]. These defects introduce
distortions away from perfectly spherical in our bubble
surface, as can be appreciated from the coloring in Fig. 1.
Red denotes a depression in the bubble surface with re-
spect to its mean radius, whilst blue indicates an increase
of the radius. The effect is exaggerated in our represen-
tation, as the deviations are typically less than 1%. In

FIG. 1. Model for the oscillating microbubble. (a) Two-
dimensional sketch of the bead-spring model. Radially out-
ward ‘pressure’ forces (gray) counterbalance inward contrac-
tion from tangential springs (blue) representing ‘surface ten-
sion’. (b) Snapshot of one of our geodesic spheres at rest. The
small non-uniformity of the radius induced by point defects,
expressed as δR, is highlighted using the colors in the legend.
Blue areas (centered around the 12 pentagonal defects) have
a slightly larger radius than the mean value 〈R〉, while red
areas have a smaller radius.

constructing our geodesic sphere, we have ensured that
the defects are located on the vertices of an icosahedron.
This localization is convenient, as it allows us to take
slices between the defects, where the change in curvature
is minimal. In total there are six such slices possible,
which proved sufficient to perform a quantitative analy-
sis of the gel, which we will return to shortly.

We modeled the gel according to the methods de-
tailed in Ref. [31]. In brief, we simulate only the colloids
and account for the presence of the polymers that cause
depletion attraction via a generalized “high-exponent”
Lennard-Jones potential

V he
LJ = ε

[(σ
r

)96
− 2

(σ
r

)48]
, (2)

where r the center-to-center distance, and ε the inter-
action strength is set to 20kBT . This is a smooth ap-
proximation of the well-known Asakura-Oosawa interac-
tion [51] in combination with steric repulsion. The beads
comprising the interface (i.e., of our bead-spring bub-
ble) can interact with the colloids forming the gel via the
same potential V he

LJ with one modification. The interac-
tion strength of the bead-colloid potential is appropri-
ately rescaled to reproduce the effective depletion inter-
action between a colloid and the bubble surface (roughly
twice that present between the colloids themselves; using
a flat-wall approximation).

Our simulations were performed in periodic, cubic
boxes with an edge length L ∈ [50σ, 120σ]. In each sim-
ulation, we used a volume fraction φ = 0.44. This is
a rather high value for colloidal gelation, but was cho-
sen to closely approximate that of the experiment [46].
The bubble radius at rest was chosen to be R0 ≡ 〈R〉 ∈
[10σ, 40σ]. This choice departs from the value of the ex-
periment — the ratio of colloid-to-bubble radius therein
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is ≈ 102 — but proved necessary to achieve a desired
computational efficiency. In experiment [46], the curva-
ture of the bubble is therefore lower than in our simu-
lations, and the colloids near the interface therefore in-
teract with an almost flat surface. We will return to the
consequences of this choice in our discussion.

The gel was prepared via an instantaneous deep quench
from a purely repulsive potential to one with the afore-
mentioned 20kBT attraction strength. We allowed the
gel to form for 50τB, where τB = σ2/(4D) is the Brown-
ian time of the colloids with single-particle translational
diffusion coefficient D. During this time, the bubble was
left unperturbed, in order to allow the system form the
gel network and relax internal stresses. Figure 2a shows a
representative snapshot of the initial configuration. After
preparation of the bubble-gel system, the bubbles, were
made to oscillate for 50 cycles, with different values of the
frequency ω ∈ [2π/τB, 1052π/τB] and the oscillation am-
plitude ∆R ∈ [σ, 5σ]. The oscillations were induced ap-
plying a sinusoidal perturbation on top of the equilibrium
bubble pressure p(t) = p0(1 + δ sinωt). All simulations
were performed using HOOMD-blue, a GPU-compatible
Python package developed in the Glotzer Lab [52].

CHARACTERIZATION

We observed that our model bubble’s motion modified
the structure of the surrounding gel as follows. Figure 2
shows a representative snapshot of the initial and steady-
state configurations that we obtained for small and large
angular (oscillation) frequencies ω compared to the in-
verse Brownian time; oscillation amplitude ∆R = 4σ.
In both cases, a void was formed between the gel and
the bubble (at rest), which in experiment would be filled
with fluid. Further out from the bubble, the colloid den-
sity visibly increased. At the largest distances the gel
network appeared unperturbed. For ω ∼ τ−1B the denser
region appears disordered (Fig. 2b), while for ω � τ−1B

(Fig. 2c) the dense is clearly ordered.
For the lowest applied frequencies, we even observed

rupture of the gel network, as evidenced by a layer of
colloids that had become attached to the bubble surface
due to the depletion interaction. Also note that some of
the colloids have become detached from the gel and are
freely floating in the ‘fluid-filled’ void between the bub-
ble surface and the gel in Fig. 2b. The results presented
in Fig. 2 suggest a connection between frequency of os-
cillation and reordering in the colloidal gel. We quanti-
fied this using averaged local bond-order parameters [53]
(BOP). These are non-dimensional parameters that can
be used to distinguish ordered structures from disordered
ones. In particular, we choose q6 as indicator of reorder-
ing in the system, as it is the most significantly affected
by the bubble oscillations.

Given the symmetry of the system, we made use of a

FIG. 2. The effect of bubble oscillations on the surround-
ing colloidal gel. The bubble radius at rest R0 ≈ 30σ and
the oscillation amplitude ∆R ≈ 4σ. Each panel shows a rep-
resentative snapshot of the system. The main element is a
vertical slice through the system that avoids the defects in
the geodesic sphere (red circle) and has a width of 2σ. This
is complemented by a zoom-in (dashed square) on the region
where the colloidal gel (blue) is most strongly distorted. Panel
(a) shows the starting configuration, while (b) and (c) show
a steady-state configurations (after 50τB) for values of fre-
quency ω = 2π/P with periods P = 10−1τB and P = 10−5τB
expressed in the Brownian time τB, respectively.

radial average 〈q6〉r, i.e., we measured the quantity shell
by shell. The effect was pronounced around those layers
that are (in temporary) contact with the bubble, and we
therefore focused on the first few intact particle shells,
as measured from the center. Two representative results
are shown in Fig. 3. We compared the values before
and after the oscillations, and choose to represent each
configuration with a single 〈q6〉 value taken at distance
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FIG. 3. Quantization of the ordering effect of the bubble os-
cillations on the surrounding gel. The radial density function
n(r) (yellow) and the radially averaged q6 bond-order param-
eter 〈q6〉r (blue). The symbols provide our data points and
the error bars indicate the standard error of the mean. The
blue and red fitted curves are used in our analysis procedure
and described in the main text. Through the fit procedure,
we locate the position of the first peak in n(r), as indicated
using the vertical gray dashed line. The second set of insets
shows a wedge from a snapshot taken at steady state. Green
particles remained part of the gel network, while red parti-
cles were either in a gas phase or has become attached to the
bubble surface (represented here by the red arc). Detached
particles are not considered in our analysis, as they do not
contribute to the gel microstructure. Panels (a) and (b) show
the steady-state profiles for a bubble-oscillation angular fre-
quency of ω = 20π/τb and ω = 1052π/τb, respectively. For
both (a) and (b) the bubble radius at rest is R0 ≈ 30σ and
the oscillation amplitude is ∆R ≈ 4σ.

r∗ and denoted henceforth by 〈q6〉r∗ . Here, r∗ is the
value, at which the radial density function n(r) has its
first peak and the radially averaged coordination number
〈z〉r∗ ≥ 6. The introduction of 〈q6〉r∗ will prove useful in
constructing our state diagrams.

The appendix provides the details of our procedure to
arrive at 〈q6〉r∗ . In brief, we fitted each peak to n(r)
using a Gaussian function to determine r∗. For 〈q6〉r,
we instead used a decaying exponential for disordered
configurations (e.g., Fig. 2b), and a Gaussian function for
ordered ones (e.g., Fig. 2c). We computed the standard
error of the mean by summing uncertainties in the data
and variances from the fitted functions, with the former
being typically negligible compared to the latter.

Lastly, we quantified the length scale associated with
the reordering in the system by fitting the peaks in 〈q6〉r
(when present) together with the values in the bulk. We
found that the extent of the restructuring is roughly dou-
ble the amplitude of oscillations, i.e., 2∆R. The deriva-
tion of this typical length and the detail of the fits are
provided in the appendix.

STATE DIAGRAM

FIG. 4. Charting the effect of bubble radius R0 and oscillation
amplitude ∆R on the restructuring of the gel. The panels
come in pairs (a) and (b), etc., and respectively show (left)
the value of 6-fold, bond-order parameter in the first shell
〈q6〉r∗ and (right) the absolute error therein. From top to
bottom the angular frequencies of the bubble oscillations are
ω = 2π/10−1τB, ω = 2π/10−3τB, and ω = 2π/10−5τB. The
points where we obtained our data, are indicated using (black)
dots. A smooth interpolation was created using a bicubic
scheme (color map), for which the thin white curves provide
iso-value contours. Data points marked with a red cross are
excluded from our analysis because they belong to regions
that are biased by the bubble tessellation, as explained in
the main text. The data points highlighted in cyan represent
configurations also analysed in Fig 5.

The above quantitative analysis allowed us to map the
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explored configurations onto a state diagram. Figure 4
shows three such mappings, providing the enhancement
in local order using the steady-state 〈q6〉r∗ as a func-
tion of the bubble radius R0 and oscillation amplitude
∆R (both normalized by the colloid diameter σ). We
show the result for a low, an intermediate, and a large ω
compared to τ−1B . We confirm the absence of construc-
tive (increasing q6) restructuring for the low-frequency
configurations ω = 2π/10−1τB. For intermediate values
of frequency ω = 2π/10−3τB, we see the emergence of
a wide region in the phase diagram where 〈q6〉r∗ reaches
values that are slightly over twice (≈ 0.5) those of the ini-
tial configurations (≈ 0.2). The highest frequency regime
shows the same features, but with an even wider zone of
restructuring in the state diagram. This further supports
the idea that local crystallization of the gel is strongly
controlled by the frequency of oscillation.

The data in Fig. 4 allows us to conclude that re-
structuring is triggered only for sufficiently large bub-
bles (R0 & 20σ). Additionally, restructuring in the gel
is only possible, when the bubble can sufficiently expand
and contract the surrounding gel. As there are no pre-
scribed long-ranged interactions in our simulations (no
hydrodynamic flows), compression in the gel is entirely
dictated by the oscillation amplitude. We find that or-
dered structures can only emerge for ∆R & 3σ.

Here, we should note that there are small areas in Fig. 4
corresponding to small R0/σ, yet large ∆R/σ, that ap-
pear not to be affected by the bubble motion. This is
an artifact of our bubble model: the surface discretiza-
tion becomes comparable to the colloid-colloid separa-
tion. This gives rise to an effective egg-carton-like po-
tential (for large values of ∆R/R0) that induces pref-
erential colloid positions at the interface, which would
not be present for a molecular interface. This effective
bubble-colloid interaction interferes with structuring.

Avoiding these artifacts, we realize that R0/σ ratio
determines the geometry of the collision between the gel
network and the expanding bubble. For R0 � σ, the
network experiences an interaction with an almost flat
surface. This favours the alignment of the colloids in the
gel, promoting the formation of ordered structures.

OSCILLATION FREQUENCY

We will focus on the large R, high ω situation next,
as it more closely aligns with the experimental setup of
Ref. [46]. By fixing R0 = 30σ and ∆R = 4σ, we can
isolate the effect of the angular frequency ω, see Fig. 5.
We observe two trends separated by a relatively sharp
transition in the value of 〈q6〉r∗ as a function of ω. For
small values of ω there was no restructuring, while for
sufficiently large ω the value of 〈q6〉r∗ saturated to its
crystalline result. This aligns with our analysis in Fig. 4.
The figure suggests that reordering in the gel is possible

only if the time scale associated with bubble motion is
negligible compared to thermal diffusion of the colloids.

FIG. 5. The effect of angular frequency ω on the restructur-
ing of the gel around an oscillating bubble. Here, we choose
R0 = 30σ and set the oscillation amplitude at ∆R = 4σ. The
peak value of the bond-order parameter 〈q6〉r∗ is given as a
function of ω normalized by the Brownian time τB. The blue
circles show the data points and the error bar provides the
standard error of the mean. The horizontal dotted line indi-
cates the 〈q6〉r∗ value of the initial configuration (before the
bubble oscillations) and the two solid gray lines indicated the
associated error. The dashed vertical line represents the fre-
quency for which we localize a crossover between two regimes;
α = 0.15, see main text.

To understand the role of ω, we make an analogy to
the frequency response of a colloidal gel under oscillatory
shear [54]. Using a Kramer’s argument, the authors of
Ref. [54] estimated the effect of shear on the probabil-
ity for a particle to escape from the attractive potential
of its neighbor. Considering the typical escape time as
a function of the shear frequency, they concluded that
there is a critical threshold, below which the particles
can rearrange (to form crystalline structures).

Motivated by this, we contrast the period of oscillation
with two times scales in our system: the thermal diffusion
time and a network-extraction time, respectively. The
former is τB ≥ 2πω−1 in all our simulations (τBω � 1
in Fig. 5) and we therefore deem it irrelevant. For the
latter, we obtain the dimensionfree combination

α =
2πω−1

tesc
=

4πε

γσω
, (3)

where we estimated the escape time tesc = γσ/(2ε). This
follows from introducing reduced variables (r → σr̃,
V he
LJ → εṼ he

LJ ) in the equation of motion for a single colloid
interacting with the bubble, see Eq. (1). Grouping the
terms then gives rise to a natural time scale associated
with the interaction potential

We first turn to the regime, in which there is no con-
structive reordering (α ≥ 1). Here, the bubble shrinks
slowly enough to allow the extraction of colloids at each
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cycle of the oscillation: clusters in the gel phase are con-
tinuously ripped apart and reformed and crystalline lay-
ers therefore cannot readily form. For the lowest fre-
quencies applied in our simulations, we even observed
the formation of a monolayer of colloids attached to the
bubble surface (here through depletion).

For moderate and high frequencies (α ∈ [10−4, 10−1]),
the bubble moved too fast to extract particles from the
surrounding gel. As a result, the colloids experience only
a radially outward compression force, which slowly ex-
pands the surrounding gel medium. This allows for the
reordering of the gel into a (locally) crystalline structure.
We conclude that α is a meaningful parameter and that
structuring is predominantly controlled by the bubble’s
inability to extract colloids from the network.

DISCUSSION

Our simulation results suggest that local tuning of the
microstructure can be triggered by oscillations of de-
formable inclusions. However, there is a qualitative mis-
match between our results and the ones obtained in the
experiments of Ref. [46]. In the experiment, even small
oscillation amplitudes are sufficient to rearrange many
layers of colloids — reordering was observed to cover an
area approximately one bubble radius outward from the
edge of the bubble.

It is possible that the missing ingredient in our simu-
lations is long-ranged hydrodynamic interactions. The
porous-medium flow produced by the oscillating bub-
ble, has the potential to influence particles that are far
away from the surface, provided a sufficiently large shear-
Péclet number can be achieved [54]. This would allow
crystal structures to emerge at distances greater than we
predict here. However, only accurate hydrodynamic sim-
ulation can elucidate to what extent local vibrations can
induce this level of rearrangement.

The main difficulty in performing such simulations
is the presence of a (moving) gas-liquid interface. Ac-
counting for complex interfaces with large differences in
viscosity is a challenge in computational fluid dynam-
ics [55]. An approximate method to account for the in-
terface would be to ignore the density and viscosity dif-
ferences and use the presence of the tesselation points on
the bubble surface to induce flows. This can, for instance,
be done in the Rotne-Prager-Yamakawa (RPY) formal-
ism via the HOOMD-blue plugin developed by Fiore et
al. [56]. Such an approximation relies on the idea that
the flows internal to the gel, rather than the presence of a
gas-liquid interface control the physics of the rearrange-
ment. The downside of this route is, however, that this is
an uncontrolled approximation to the full hydrodynamic
problem. That is, there is no means by which to readily
refine it through the addition of higher-order terms.

CONCLUSIONS AND OUTLOOK

Summarizing, using Brownian Dynamics simulations
and a minimal model based on depletion interactions,
we have quantified how an oscillating microbubble em-
bedded in an attractive colloidal gel locally modifies the
structure of the gel around its surface. The effect of the
bubble dynamics can be constructive — meaning that
the gel locally crystallizes — if the oscillation amplitude
and the colloid-bubble size ratio are sufficiently large.
The former controls the amount of compression exerted
on the gel, and the latter determines the geometry of
colloid-bubble collisions. Reordering is observed only in
configurations where multiple layers of colloids are com-
pressed, and where the colloids in the gel interact with
an almost flat bubble surface.

We found the frequency of oscillation to be a control
parameter in the restructuring. The bubble dynamics
compete with both thermal and potential energies in the
system. The main factor determining the formation of
crystalline layers is the competition between time scales
associated with the breaking of clusters of colloids and
period of oscillation. Larger frequencies prevent the ex-
traction of colloids from the gel network (a destructive
effect of bubble oscillations) and allow the formation of
ordered structures via slow compression of the surround-
ing gel. This reordering typically extended into the bulk
of the gel for a range equal to the oscillation amplitude.

The present work lays a solid foundation for under-
standing the impact of bubble oscillations on gel mi-
crostructure. This includes follow-up studies aimed at
explaining recent experimental work in this direction.
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APPENDIX

In this appendix, we provide the details for various fit-
ting procedures that we employed. We start by describ-
ing the procedure used to fit the radial density function
n(r), see Fig. 3. For each configuration studied, we use
a Gaussian function to fit the data points in the vicinity
of the first peak and estimate the peak position r∗:

n(r) = ae−(r−r
∗)2/2b2 + n0, (4)

with a, b, and n0 fitting parameters that are not rele-
vant to the analysis. If the first peak corresponds to a
radial shell with an average coordination number smaller
than 6, the peak is ignored, as it corresponds to either
colloids attached to the bubble or in the gas phase (col-
loids floating in the ‘fluid-filled’ void between the bubble
surface and the gel). In those cases, the second peak is
considered; the analysis is otherwise unaffected.

Turning to the peak value of the 6-fold bond-order pa-
rameter, 〈q6〉r∗ , we include only data points in the vicin-
ity of r∗ in our fit of 〈q6〉r. We use either an exponential
function, if the configuration considered does not show
reordering (see Fig. 3a), or again a Gaussian function,
in the case that crystalline structures are present in the
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FIG. 6. Characteristic length λ over which the bubble oscil-
lations reorder the surrounding gel. The original data set for
〈q6〉r (blue circles); R0 = 30σ, ∆R = 4σ, and ω = 1052π/τb.
The fitted function (orange curve) is computed using selected
data from the original data set (highlighted in dark blue): the
first ∆R peaks, obtained using Gaussian fits, as well as the
bulk value of 〈q6〉r. The vertical dashed line indicates the
position of the minimum of the fit, at which we place λ. The
inset shows the linear trend — the central value in blue, stan-
dard error of the mean delimited by the red lines — obtained
by all the computed values of λ (9 in total).

system (see Fig. 3b):

〈q6〉r =

{
a1e
−(r−c1)2/2b21 + d ordered state

a2e
−b2r + c2 disordered state

, (5)

where the constants ai, bi, ci, and d are fitting parame-
ters. Subsequently, we evaluate 〈q6〉r for r = r∗, thereby
obtaining a value that we deem representative of the
amount of restructuring present in the dense layer.

We obtained an estimate of the length scale over which
the bubble oscillations modify the gel structure, by fitting
〈q6〉r for each ordered configuration (R0 ≥ 20σ, ∆R ≥
3σ), combining linear and exponential functions:

〈q6〉r = a(r − κ)e−ξr + d. (6)

From the fit parameters, we can extract a characteristic
length λ = 1/ξ + κ corresponding to the distance where
〈q6〉r has its minimum, see Fig. 6. In this figure, we focus
on configurations with the highest value of the frequency
of oscillation (ω = 2π105/τb), as these show the strongest
crystallization effects.

The inset shows the dependency of λ on ∆R. A lin-
ear fit of the obtained values provides us with λ(∆R) =
β∆R + ν, where ν = 1.2 ± 0.3 and β = 2.07 ± 0.07.
Here, β indicates that when ∆R layers of colloids are
crystallized, the next ∆R layers in the gel have reduced
ordering, before saturating to the bulk structure. The
value of ν indicates that reordering of a single radius of
colloids is to be expected, even without oscillations.
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