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Hypothesis: High-frequency interfacial rheology of complex interfaces remains challenging yet it is cen-
tral to the performance of multiphase soft matter products. We propose to use ultrasound-driven bubble
dynamics to probe the high-frequency rheology of a colloid monolayer used as model system with con-
trolled interactions and simultaneous monitoring of the microstructure. We hypothesize that by compar-
ing the response of colloid-coated bubbles with that of a bare bubble under identical experimental
conditions, it is possible to detect the non-linear response of the monolayer and use it to extract interfa-
cial rheological properties at 104s�1.
Experiments: Using high-speed video-microscopy, the dynamics of colloid-coated bubbles were probed to
study the micromechanical response of the monolayer to high-frequency deformation. Protocols analo-
gous to stress-sweep and frequency-sweep were developed to examine the stress–strain relationships.
A simple model, motivated by the observed non-linear responses, was developed to estimate the inter-
facial viscoelastic parameters.
Findings: The estimated elastic moduli of colloid monolayers at 104s�1 are about an order of magnitude
larger than those measured at 1 s�1. The monolayers exhibit non-linear viscoelasticity for strain ampli-
tudes as small as 1%, and strain-softening behaviour. These findings highlight the applicability of acoustic
bubbles as high-frequency interfacial probes.
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1. Introduction

The rheological properties of complex fluid interfaces strongly
affect the macroscopic behaviour of multiphase systems [1,2],
and are central in many industrial processes and products [3–6].
Two main approaches have been used to develop methods for
interfacial rheology: the first has been to adapt bulk rheological
techniques to interfaces [7], the second has been to extend meth-
ods of interface science to measure interfacial rheology [8,9]. A
limitation of the first approach is that the only mode of deforma-
tion that can be applied is shear, but interfaces are highly com-
pressible and therefore dilational rheology is central to their
behaviour [1]. The methods of interface science on the other hand
produce dilational deformation, but are limited in the deformation
rates for which the Young–Laplace equation, valid for static equi-
librium, can be used to analyze the data. Pendant drop elastometry
[10–12] and Langmuir trough methods [13,14] have typical defor-
mation rates of 10�2 � 1s�1 which have limited applicability in
dynamic settings, and cannot access the high strain rates of indus-
trial processing flows [15]. Moreover, the effect of the flow induced
in the adjacent liquid phases upon deformation of the interface
needs to be correctly accounted for [7], and artefacts in the mea-
surement can occur if the dilation is non-uniform and Marangoni
stresses arise due to concentration gradients at the interface.
Lastly, relating the mechanical response of a complex interface to
the microstructure has only been possible in relatively slow
dynamic settings [9,16,3,4], in order to accurately resolve the
microstructure in space and time. Yet, the deformation rate can
cause dramatic differences in the fate of interfacial layers [17]. A
few methods have been demonstrated for the characterisation of
interfaces at high frequency of deformation, for instance surface
wave propagation measured by light scattering [18], analysis of
droplet shape oscillations [19], or analysis of the oscillations of
photothermally activated plasmonic microbubbles [20].

Bubble dynamics in soft matter [21] are emerging as a platform
for high-frequency and high-strain rate rheology [22–25].
Ultrasound-driven microbubble dynamics have been used to mea-
sure the high-frequency viscoelastic properties of lipid monolayers
on the bubble interface for biomedical ultrasound applications
[26,20], but the potential for broader applicability in interfacial
rheology remains largely unexplored. An ultrasound-driven bubble
offers the advantages of applying isotropic area deformation at a
selected driving frequency in the range of kHz-MHz, which is inac-
cessible with most methods. Furthermore the kinematics of spher-
ical bubble deformation are such that bulk stresses are always
normal to the interface; and optical or confocal microscopy can
be used for monitoring the microstructure [24].

Here we apply ultrasound-driven bubble dynamics for high-
frequency interfacial rheology of colloid monolayers. Colloid-
coated bubbles have often been used as a model system to under-
stand the dynamics of complex interfaces [27–31], because the
interparticle interactions can be controlled and the microstructure
directly visualized. We propose and test two different protocols: an
acoustic pressure sweep, akin to a stress sweep; and a radius
sweep, which is equivalent to a frequency sweep. Using high-
speed video-microscopy, we record the time-dependent bubble
size and shape. The oscillatory dynamics of both coated and bare
bubbles are compared under identical conditions to decouple the
non-linear effects due to the interfacial layer. A simple constitutive
model is proposed which captures the observed non-linear
response of the monolayer. The model enables one to extract elas-
tic moduli at high frequency. The values are compared to low-
frequency measurements performed using drop-shape analysis.
The protocols developed here are generally applicable to study
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the response and test constitutive models for high-frequency
deformation with a range of surface-active agents including poly-
mers and proteins.

2. Model for colloid-coated bubble dynamics in ultrasound

2.1. Background on bubble dynamics in ultrasound

Bubbles respond to the periodic changes in pressure caused by
an acoustic wave by undergoing periodic compression and expan-
sion. The time-dependent radius of the bubble, RðtÞ, is governed by
the Rayleigh-Plesset equation [32], modified here to account for
surface tension and compressibility effects:

q R€Rþ 3
2
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In Eq. (1), the dots denote derivatives with respect to time, q is the
density of the liquid, p0 is the ambient pressure, pacðtÞ ¼ Dp sinðxtÞ
is the acoustic pressure, with amplitude Dp and angular frequency
x ¼ 2pf ;r is the surface tension of the gas–liquid interface, R0

the equilibrium radius of the bubble, j the polytropic exponent,
and l the viscosity of the liquid. The terms on the left-hand side
account for the inertia of the liquid. The first term on the right-
hand side of Eq. (1) describes the compression of the gas inside
the bubble through a polytropic relationship [33] and the effect of
liquid compressibility when the ratio _R=c, with c the speed of sound
in the liquid, is not negligible. The fourth term on the right-hand
side accounts for the Laplace pressure and the last term for viscous
dissipation in the fluid.

For small forcing amplitude, Dp � p0, the bubble behaves as a
linear harmonic oscillator [32], with a natural frequency, x0, given
by:

x2
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The resonant behaviour of the bubble is described by its resonance
curve, that is, the amplitude of oscillations x0 as a function of fre-
quency x:

x0ðxÞ ¼ Dp

qR2
0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where b is the total damping coefficient including viscous, thermal,
and acoustic radiation effects [33].

2.2. Background on models for coated-bubble dynamics

Modifications of the Rayleigh-Plesset equation have been pro-
posed to account for the effect of a coating on bubble dynamics,
especially in the context of lipid-coated microbubbles for biomed-
ical ultrasound. Depending on the nature of the interfacial layer,
the coated interface may exhibit interfacial viscosity, interfacial
elasticity, or both. Early models were proposed for a continuous
viscoelastic solid of finite thickness [34]. A model accounting for
the elasticity and viscosity of a lipid monolayer, but also for the
characteristic non-linear response during compression, namely
monolayer buckling, was developed by Marmottant et al. [35]
and is often referred to as the ‘‘Marmottant model”. In this model,
the effective surface stress rðRÞ and the surface dilational viscosity
gd are incorporated into the modified Rayleigh-Plesset equation to
give [35]:



Fig. 1. Schematic of the proposed constitutive model for the surface elastic stress
for a colloid-coated bubble as a function of bubble radius, rðRÞ.
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In Eq. 4, rðRÞ is the constitutive equation for the dependence of the
surface elastic stress on the radius of the bubble, and interfacial vis-
cous effects are described by the dilational viscosity gd. For coated
bubbles, gd contributes to the total damping coefficient in Eq. (3)
[26]. To account for the observed non-linear behavior of phospho-
lipid monolayers, which buckle out of plane during compression
[36], the following piece-wise constitutive equation for the effective
surface elastic stress was proposed in [35]:

rðRÞ ¼
0 if R 6 Rbuckling;

rðR0Þ þ Ed
R2

R2buckling
� 1

� �
if Rbuckling < R < Rbreak;

rwater if R P Rbreak:

8>>><
>>>:

ð5Þ

Eq. (5) includes a linear regime of deformation with constant elastic
modulus Ed; outside of this linear regime, non-linear phenomena
are described phenomenologically by setting the surface stress to
approach the value of the bare gas–water interface, rwater, when
the monolayer breaks upon large expansion (for radii R P Rbreak),
and to approach zero when the interfacial layer buckles upon strong
compression (for radii R 6 Rbuckling). The surface elasticity, Ed, affects
the natural frequency, resulting in [26]:

x2
0 ¼ 1

qR2
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2 3j� 1ð ÞrðR0Þ

R0
þ 4Ed

R0

� �
: ð6Þ

The change in resonance frequency due to surface elasticity is mea-
surable when 2rðRÞ=R � 4Ed=R, which corresponds to Ed � 0:5N/m
for R0 � 100lm. This model, which effectively describes the lipid
monolayer as tensionless during compression, captures the
compression-only behaviour of lipid-coated bubbles observed in
experiments [37,38], where the extent of bubble compression is lar-
ger than its expansion.

2.3. Constitutive model for colloid-coated interface

For colloid-coated bubbles, expansion-only behaviour has been
reported in experiments on microbubbles with liposomes attached
to their surface [39], and bubbles coated with micron-sized col-
loids [28]. Microscopic observations during quasi-static compres-
sion of a colloid-coated bubble revealed that the layer resists
compression by undergoing different buckling modes [29]. During
monolayer compression beyond full coverage, some particles are
pushed out of plane by a distance of the order of the particle radius
a, leading to a staggered pattern. This configuration is energetically
unfavorable, due to the large capillary energy (� 106kBT) that tends
to restore the equilibrium position of the particles at the interface
[40] resulting in high resistance to in-plane compressive stresses. A
particle monolayer is thus able to withstand collapse until a higher
critical pressure than is estimated using a continuum approach
[27,29]. This deformation regime may be referred to as local [29]
or particle-scale buckling (length scale � a). Upon further compres-
sion, the monolayer undergoes large-scale buckling that can be vis-
ible with the naked eye [41] or comparable to the bubble/droplet
size, with length scale � R0 [27,29,42] and analogous to the buck-
ling regime reported for lipid monolayers [36].

We propose to modify the constitutive model developed by
Marmottant et. al. [35] for the surface elastic stress, Eq. (5), to
account for the resistance of a colloid monolayer against compres-
sion. We propose a regime that describes the fact that when the
monolayer is compressed beyond full coverage (radii R < Rfull),
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the surface stress can be described in terms of an effective com-
pression modulus Kd based on the projected area of the monolayer.
The overall surface stress within the colloid monolayer can then be
expressed as:

rðRÞ ¼
rðRfullÞ þ Kd

R2

R2full
� 1

� �
; if R 6 Rfull

rðRfullÞ þ Ed
R2

R2full
� 1

� �
; if Rfull < R < Rbreak

rwater; if R P Rbreak;

8>>>>><
>>>>>:

ð7Þ

as schematically represented in Fig. 1. At full surface coverage, the
effective surface tension for a colloid monolayer rðRfullÞ is non-
zero [43,28]. For coated bubbles with high surface coverage, it is
reasonable to assume R0 � Rfull and the regimes are simplified as
in Eq. 7 (details in Supplementary Material). In the rest of the paper
we refer to this approach, Eq. 7, as the ‘‘extended Marmottant mod-
el”. In this model, for compression beyond full coverage, the surface
stress continues to decrease until it becomes negative, consistent
with the fact that internal stresses in the monolayer tend to expand
it to attain a more relaxed configuration [44,27,45]. This compres-
sion regime continues until the monolayer undergoes large-scale
buckling, for which colloid monolayers are usually reported to
undergo compression at constant surface pressure [41,42,46]. The
regime of large-scale buckling (see Eq. 5) is not included in the con-
stitutive model because it is outside of the range of our
experiments.

3. Materials and methods

3.1. Preparation of colloid-coated bubbles

Sulfate-functionalised, polystyrene latex microspheres with
nominal diameters 2a ¼ 2:4lm, 5lm and 10lm were obtained
from Molecular Probes (Invitrogen, Thermo Fisher Scientific). The
stock suspension was diluted with a 500 mM solution of NaCl
(VWR Chemicals) in ultrapure water (resistivity 18:2MX cm;
Merck Millipore-Milli-Q Integral 3 system), thereby screening the
electrostatic repulsion between the particles and promoting
adsorption to the water–gas interface. The particles form a cohe-
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sive monolayer at the gas liquid–gas interface, due to attractive
interparticle interactions, namely van der Waals interactions, and
capillary interactions due to nm-scale undulations of the contact
line, as described in previous work on the same system [31].
Dispersions with concentrations of 0.4 w/v% for the 2:4 and 5lm
particles and 0.8 w/v% for the 10lm particles were used to make
particle-stabilised bubbles by agitation using a vortex mixer
(PV-1, Grant) at 3000 rpm for 2 min. This protocol produces
polydisperse, particle-coated bubbles with full coverage of
particles at the interface, as previously reported for armoured
bubbles [27,29,45]. The particle-coated bubbles remained stable
for several weeks at room temperature, or months when
refrigerated at 2–8�C.

3.2. Geometry for bubble oscillation experiments

In experiments on bubble dynamics, the proximity of a liquid–
gas or liquid–solid boundary is difficult to avoid because the buoy-
ancy force causes bubbles to rise to the top of the sample. Bound-
aries made of soft hydrogels have been shown to cause minimal
influence on bubble dynamics [47,48] due to their very small
acoustic impedance mismatch with water. We therefore designed
a geometry [see Fig. 2(a)] in which the bubble rests against a
hydrogel-water boundary, and all rigid boundaries are sufficiently
far from the bubble (at least 20 bubble diameters away) so as to
not affect the dynamics. The hydrogel geometry was made using
2% w/v agarose (Sigma–Aldrich) and the cavity where the bubble
Fig. 2. Experimental setup and methods. (a) A schematic of the acousto-optical setup fo
of a bare bubble is shown along with the resulting radius-time curve following image an
colloid-coated bubbles at different magnifications to highlight the microstructure at the i
bare bubble radius-time curve obtained from an experiment. Only the driven part of t
leff ¼ 2:8mPa.s.

987
was placed was moulded as a spherical cap in order to align the
bubble in the centre of the geometry.

For each experiment, a single bubble was injected into the
geometry, filled with 500 mM NaCl (aq) solution, where it rested
against the concave ceiling. The geometry was then sealed using
a glass cover slip. Microscopy imaging confirmed that the bubble
was fully coated with particles, as shown in Fig. 2(b). To introduce
a bare bubble, a small air pocket was released into the liquid-filled
geometry using a syringe, and then sealed with the cover slip. To
control the bubble size, we took advantage of bubble dissolution
due to gas diffusion, and waited until the bubble had dissolved
to the desired radius R0.

3.3. Experimental setup

A schematic of the experimental setup is presented in Fig. 2(a).
A piezoelectric actuator (P141.10, Physik Instrumente Ltd.) glued
onto a glass plate was used to transmit ultrasound waves to the
sample. Polydimethylsiloxane (PDMS, 10:1 elastomer to curing
agent, Dowsil Sylgard 184, Univar Ltd.) spacers were used to sup-
port the glass plate, under which the hydrogel geometry was
mounted. The unit was mounted on an inverted microscope
(IX71, Olympus). An arbitrary waveform generator (33220A, Agi-
lent Technologies, Inc.), linked to a power amplifier (AG 1021 Lin-
ear Amplifier, T&C Power Conversion, Rochester, USA) and a
triggering unit (Sapphire 9214, Quantum composers, Inc.), was
programmed to send a 10-cycle sine-enveloped sine wave. The
r acoustic forcing and time-resolved imaging of bubbles. An example of a recording
alysis. The error bars on R are smaller than the symbols. (b) Optical micrographs of
nterface. Colloids are 5lm in diameter. (c) Fitting the Rayleigh-Plesset equation to a
he oscillations are fitted. The fitting parameters are Dp ¼ 1:24 kPa, jeff ¼ 1:3 and
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driving frequency for the signal was f ¼ 25kHz. The pulse-delay
generator triggered a high-speed camera (FASTCAM SA5, Photron,
Ltd.), recording at 262,500 frames per second, and the waveform
generator, with a 100ls delay between them, to allow the observa-
tion of the onset of transient bubble oscillations.

3.4. Image analysis

The bubble radius was tracked in each frame of the videos. An
optimal threshold for binarisation was determined for each frame
using the greythresh function in MATLAB (The MathWorks Inc.,
Natick, Massachusetts, United States). Particles around the bubble
were removed from the processed image using morphological
operations with the bwmorph function. For the case of bare bub-
bles, which have a central bright region, the imfill function was
used to fill this region in the binarised images. From the binarised
images, the 2D projected area of a bubble in the focal plane was
obtained by counting the number of pixels within the bubble. From
this projected area, an equivalent radius was calculated. With this
image analysis routine, the radius is tracked with sub-pixel resolu-
tion. Varying the threshold for binarisation by 5% around the opti-
mal value results in a variation in the determined radius of
typically �0:4lm. This is taken as the uncertainty on the measured
radius.

3.5. Measurement of acoustic pressure amplitude

Bare bubbles were used as probes to calibrate the acoustic pres-
sure amplitude at the location of the bubble in the liquid-filled cav-
ity, Dp, by fitting Eq. (1) to a time series of radial oscillations, RðtÞ,
as shown in Fig. 2(c). The pressure could not be measured directly
using a hydrophone due to the small size of the geometry. The
effect of the hydrogel surface in contact with the bubble is known
to be minimal [48]. Small elastic and viscous contributions from
the hydrogel boundary were effectively lumped in the fitting
parameters: the acoustic pressure amplitude Dp, the polytropic
exponent jeff , the viscosity leff , and the start-time ts, defined as
the time when the bubble starts oscillating. The Rayleigh-Plesset
equation was fitted to the experimental radius-time curves using
non-linear global optimisation routines in MATLAB. Only the dri-
ven part of the oscillations was considered for curve fitting. The
values of start time, ts, for bubbles of the same size were found
to be within 1% of each other thanks to the convex geometry
designed to position all bubbles at the same location. For each
new geometry, Dp was calibrated against the amplifier gain Að%Þ
by curve-fitting to at least 20 time series of bare bubble oscilla-
tions. Henceforth, all results are presented in terms of calibrated
pressure amplitude Dp. The calibration for the geometry used for
Figs. 3, 4, and Fig. 5 is Dp

A ¼ ð15:6� 2:2Þ Pa
%
. The calibration for the

geometry used in Fig. 6 is Dp
A ¼ ð9:4� 0:8Þ Pa

%
. The estimated jeff

and leff are found to be dependent on R0, but independent of Dp.
These parameter estimates are then used for the coated bubbles
when comparing with the models.

3.6. Radius-sweep protocol

To obtain an experimental resonance curve, a frequency sweep is
typically performed [26,22] in which the maximum excursion, x0,
is measured as a function of frequency, x, to obtain x0ðxÞ. The
maximum excursion is defined as

x0 ¼ Rmax � Rmin

2R0
; ð8Þ

with Rmax and Rmin the maximum and minimum bubble radii
attained during the oscillations, respectively. Because varying the
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frequency would modify the pressure field in the geometry, we per-
formed experiments at a fixed driving frequency. In this case a res-
onance curve can be obtained by performing a radius sweep, that is,
by varying the bubble radius R0 and measuring the maximum
excursion from each oscillation run to generate a resonance curve
x0ðR0Þ [49,48,23]. Typically, a bare bubble with initial equilibrium
radius R0 � 250lm was introduced into the enclosure and allowed
to dissolve. The bubble was driven into oscillations with the 10-
cycle pulse, then allowed to dissolve for 1 min, then driven again.
The duration of the 10-cycle pulse, 0.4 ms, is much shorter than
the timescale over which the radius changes due to dissolution. This
way, as R0 decreased from 250lm to 50lm, the oscillations were
recorded for n � 40 values of the equilibrium radius R0. For
colloid-coated bubbles, which were too stable to dissolve, the radius
was varied by introducing in the geometry a different bubble with
different equilibrium radius R0 each time. Each bubble was sub-
jected to three 10-cycle pulses, with an interval of 1 min in
between, to measure the average and standard deviation in the
excursion amplitudes.

3.7. Pressure-sweep protocol

We also performed pressure sweep experiments, in which the
acoustic pressure amplitude Dp was varied for a constant bubble
size R0 at constant frequency. In the linear regime [33], which for
bare bubbles is for Dp � p0, the excursion amplitude is propor-
tional to the forcing amplitude. This protocol can therefore be used
to evidence non-linear phenomena due to the interfacial mono-
layer. The same bubble was forced with the 10-cycle pulse for a
set of different pressure amplitudes Dp. The number of runs was
selected so that, over the course of all the runs, the equilibrium
radius remained constant to within � 1� 2%. Hence for smaller
bubbles, which dissolve faster, fewer runs were performed. The
acoustic amplitudes used were always sufficiently small to prevent
particle expulsion from the monolayer, which is observed for large-
amplitude oscillations [28]. Finally, using a small number of acous-
tic cycles ensures that hydrodynamic interactions between the
particles [31] are negligible.
4. Experimental results and discussion

4.1. Calibration experiments with bare bubbles

Fig. 3 presents the results of calibration experiments on bare
bubbles for both protocols introduced in Section 3. Fig. 3(a) shows
the results of a radius sweep of 9 different bare bubbles, each dri-
ven with a different acoustic pressure amplitude, in the range
Dp ¼ 0:16� 1:41 kPa. Fig. 3(b) shows the result of a pressure
sweep for a bare bubble. Within the range of pressures used, the
excursion amplitude increases linearly with pressure, a signature
of linear behaviour. The data points nearly overlap for both sweeps
with increasing (open symbols) and decreasing (solid symbols)
pressure.

Furthermore, taking a vertical line in the resonance map of
Fig. 3(a) for a given R0, provides the excursion amplitudes as a
function of pressure for that bubble size. Overlaying these data
points for R0 ¼ 133:8lm onto the pressure sweep of Fig. 3(b), con-
firms that radius sweep and pressure sweep give consistent results.
Additional datasets showing repeatability of these results are pro-
vided in the Supplementary Material (Figures S1–S3).

4.2. Expansion-only behaviour of colloid-coated bubbles

Fig. 4(a) shows that colloid-coated bubbles buckle during
compression. As seen in Fig. 4(b,c), colloid-coated bubbles exhibit



Fig. 3. Radius sweep and pressure sweep for bare bubbles. (a) Radius-sweep for bare bubbles at different pressures, resulting in a map of excursions x0 for different radii R0

at different Dp. (b) Pressure-sweep on a bare bubble of radius R0 ¼ 133:8lm for pressure going up (open circles); pressure going down (filled circles) with the linear fit to the
data (blue dashed line). The x0 � Dp data for the same bubble radius (open squares), obtained from linear interpolation of the data in the resonance map [see vertical green-
dashed line in (a)] is also shown. The error bars on x0 are smaller than the symbols.

Fig. 4. Coated bubble oscillations. (a) Image sequence of oscillations for a colloid-coated bubble of radius R0 ¼ 132lm, coated by 2a ¼ 5lm colloids. Radius-time curves (red
solid line) of the same bubble for (b) Dp ¼ 0:62� 0:09 kPa, resulting in xe=xc ¼ 1:28; (c) Dp ¼ 1:56� 0:22 kPa, leading to xe=xc ¼ 1:85. The radial dynamics for bare bubbles
(blue dotted-dashed curve) of the same size are also shown. The Marmottant (green dashed curve) and the extended Marmottant model (black curve) models are compared to
the coated bubble oscillations for the two pressures in (b,c) in (d,e) respectively. The values of the fitted parameters are provided in Section (4.2). The error bars on R=R0 are
smaller than the symbols.
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non-linear behaviour for the small pressure amplitudes,
Dp ¼ 0:62;1:56 kPa, at which bare bubbles show linear behaviour.
Specifically, while bare bubbles exhibit symmetric oscillations
around R0 [Figure S2(c)], colloid-coated bubbles show expansion-
989
only behaviour, where the extent of expansion is greater than the
extent of compression. The term expansion-only (although there
is also compression) is used in keeping with the literature on
lipid-coated bubbles, where the term compression-only was coined



Fig. 5. Pressure sweep on colloid-coated bubbles. A coated bubble, with
R0 ¼ 134:7lm and coated by 2a ¼ 5lm colloids, is subjected to increasing acoustic
pressures (open red triangles) and then to decreasing pressures (filled red
triangles). For comparison, experimental results for a bare bubble of the same
radius (open blue circles) is shown for each case, with the linear fit to the data (blue
dashed line). The error bars on x0 are smaller than the symbols. Model predictions
are shown for high estimate of Ed ¼ 7N/m (black dotted-dashed line) and lower
estimate of Ed ¼ 1N/m (orange dotted line). In both cases Kd ¼ 6N/m. The coated
bubble data lie between these two theoretical bounds, as shown by the shaded
region.

Fig. 6. Radius sweep. (a-b) Experimental resonance curves for coated bubbles (red
Dp ¼ 0:38� 0:03 kPa and (b) Dp ¼ 0:56� 0:05 kPa. The error bars on x0 for the bare bub
different bubble and is the average of 3 repeats, with the error bars showing the standar
radius-sweep results for bare (blue line), and incorporating the interfacial stresses using t
for Dp ¼ 0:56 kPa. Both models are able to explain the increase in resonance radius due to
resonance curve with increasing pressure.
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to refer to the opposite behaviour, when the extent of compression
is larger than the extent of expansion [35] (although there is also
expansion). This non-linear effect can be quantified as the ratio
of the extent of expansion, xe ¼ ðRmax � R0Þ=R0, to the extent of
compression xc ¼ ðR0 � RminÞ=R0. For the colloid-coated bubbles,
xe=xc > 1 for all particle sizes considered (see Supplementary
Material, Figures S4 and S5). In addition to expansion-only beha-
viour, another non-linear behaviour is observed in Fig. 4(b): for
Dp ¼ 0:62 kPa, the expansion amplitude is significantly reduced
in comparison with the bare bubble. For the same bubble, this
effect diminishes at Dp ¼ 1:56 kPa, which indicates that the mono-
layer stiffness can decrease with increasing stress, compatible with
strain-softening behaviour [50].

The constitutive models described in Section (2) are compared
with the experimental coated bubble response in Figs. 4(d,e).
Micrographs of the coated bubble interface (Supplementary Mate-
rial, Figure S6) confirm that Rfull � R0, and therefore the equilib-
rium surface stress is taken to be rðR0Þ ¼ rðRfullÞ ¼ 10mN/m, as
measured from pendant drop experiments (described in Supple-
mentary Material). The micrographs in Figure S6 also show small
out-of-focus areas of the monolayer, where the particles are dis-
placed out of the plane of the interface, indicating that the mono-
layer compression is slightly beyond full coverage. From the
images it is clear that the particles are out of plane by less than a
particle radius a, but the effect is difficult to quantify more pre-
cisely and the resulting pre-stress is not included in the model.

For Dp ¼ 0:62 kPa with xe=xc ¼ 1:28 in the experiment, the Mar-
mottant model [Eq. (5)] shows good fit for Ed � 15N/m and
triangles) with particle size 2a ¼ 2:4lm, and bare bubbles (blue circles) for (a)
bles are smaller than the symbols. For coated bubbles, each data point represents a
d deviation. (c) Numerical solution of the Rayleigh-Plesset equation to generate the
he Marmottant (green dashed line) and extended (black dotted-dashed line) models,
interfacial viscoelasticity. (d) The extended model also explains the skewness of the
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gd � 10�8kg/s, yet predicts compression-only behaviour with
xe=xc � 0:9. Our extended Marmottant model, Eq. (7), predicts
xe=xc � 1:1 for Ed � 2N/m, Kd � 6N/m and the same gd. Thus, the
extended model better accounts for the expansion-only behaviour.
The initial stiffness (Ed) to expansion changes with increasing
amplitude of the subsequent acoustic cycles, which is not
accounted for by either of the models that assume constant mod-
uli. At Dp ¼ 1:56 kPa, when the dilational stiffness seems to disap-
pear with increased expansion-only behaviour observed,
xe=xc ¼ 1:85, the extended model is better able to explain the
experimental trends with Ed � 0:01N/m and Kd � 4N/m, leading
to xe=xc � 1:2. Whereas, the Marmottant model still predicts sym-
metric behaviour with xe=xc � 1 for Ed � 2N/m.

4.3. Pressure-sweep with colloid-coated bubbles

Fig. 5 shows the pressure-sweep protocol applied to a bubble
with R0 ¼ 134:7lm, coated by 2a ¼ 5lm colloids. The bubble exhi-
bits reduced amplitude of oscillations with respect to its bare bub-
ble counterpart (see also Supplementary Material, Figures S8 and
S9). This is true for all three particle sizes considered (Supplemen-
tary Material, Figure S10). The increase in excursion amplitude is
non-linear with pressure and is in agreement with the decrease
in dilational modulus as noted in Section (4.2). As Dp increases,
the bubble exhibits slight compression-only behaviour
(xe=xc ¼ 0:98 at Dp ¼ 0:47� 0:07 kPa), then symmetric and finally
expansion-only behaviour (xe=xc ¼ 1:44 at Dp ¼ 1:56� 0:22 kPa).
This is captured by taking a high Ed ¼ 7N/m and then later a lower
Ed ¼ 1N/m, with constant Kd ¼ 6N/m. The data is seen to fall
between these two regimes (shaded region). This more clearly
illustrates the strain-softening behaviour of the colloid monolayer
[50,51]. It is noted that the extended Marmottant model predicts
compression-only, symmetric and expansion-only behaviours
when the ratio Ed=Kd is less than, equal to or greater than unity,
respectively. While the Marmottant model can predict
compression-only when Ed > 0, it overestimates the compression.
In the extended Marmottant model, the compression is bound to
a lower limit by the presence of Kd.

4.4. Radius-sweep with colloid-coated bubbles

Fig. 6(a) shows the radius-sweep protocol for bubbles coated by
2a ¼ 2:4lm colloids, contrasted with bare bubbles, for
Dp ¼ 0:38� 0:03 kPa. For coated bubbles, each data point corre-
sponds to an individual bubble. The resonance radius, Rres

0 , is
� 8% higher than that for bare bubbles, with the overall response
being reduced for R0 < Rres

0 . The resonance curve becomes more
skewed at higher pressure as seen in Fig. 6(b) for
Dp ¼ 0:56� 0:05 kPa. These observations can be ascribed to the
viscoelastic effects since both the Marmottant and the extended
models are able to explain the increase in the resonance radius
as seen in Fig. 6(c).

The skewness with increasing pressure also is captured with the
extended model, in Fig. 6(d), and demonstrates that for colloid-
coated bubbles, non-linear response can be expected even for
strain amplitudes of 1–2%.

The radius-time curves for the 2:4lm colloid-coated bubbles
were compared with the extended Marmottant model to get esti-
mates for the viscoelastic parameters as Ed � 5N/m, Kd � 4N/m
and gd � 10�8kg/s. The numerically generated curves were pro-
duced using a theoretical estimate for the polytropic exponent
[49] while the viscosity was set to that of water. Thus, the theoret-
ical curves do not capture the damping effects in the experiments,
for both bare and coated bubbles. However, there is agreement
with the trends in terms of increase in resonance radius when
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comparing the bare and coated cases. Since the current model does
not incorporate strain-dependent viscoelastic parameters, the the-
oretical resonance curves were generated by fixing to the afore-
mentioned values over all acoustic pressures. This is qualitatively
able to capture the skewness of the curves.
4.5. Comparison with existing techniques

We now compare the high-frequency measurements by bubble
dynamics with low-frequency measurements with existing tech-
niques. For direct, quantitative comparison, we performed quasi-
static measurements of the same colloidal system using drop-
shape analysis. Because attractive interparticle interactions are
dominant, and therefore the monolayer is elastic, we used the
drop-shape fitting elastometry approach (DSFE) [10–12]. The
details of these measurements are described in the Supplementary
Material. In the literature, oscillatory interfacial rheological mea-
surements on a water–air interface in a Langmuir trough are avail-
able for a similar system [41]. Before comparing numerical values
of the interfacial elastic moduli, we need to establish if these
experiments measure Ed or Kd.

In surface pressure-area isotherms of particle monolayers
[41,42,46], three regimes are typically identified: first, a slow
increase in slope as particles interact through long-range interac-
tions (Regime I); next, as the particles are sufficiently close to
experience strong repulsive interactions, the slope increases
rapidly (Regime II); and finally, the slope abruptly decreases when
the monolayer undergoes large-scale buckling (Regime III). The
regime of particle-scale buckling would then lie between Regime
II and Regime III but is not clearly identifiable in surface
pressure-area isotherms, possibly because it occurs for a very small
range of areas. On the other hand, for quasi-static compression of
armoured drops and bubbles [27,29], the regime of particle-scale
buckling can be observed, because of the controlled application
of strains comparable to the particles sizes. Therefore, we expect
that the interfacial dilatational elasticity that is measured with
Langmuir trough and pendant drop methods is typically Ed.

Our measurements with DSFE on pendant drops give Ed � 100
mN/m (see Figure S7 in Supplementary Materials) for the same
particle size (2a ¼ 5 lm) and electrolite concentration (500 mM
NaCl) as in our bubble-dynamics experiments. The Langmuir
trough measurements of Ref. [41] are for 1 lm polystyrene parti-
cles with sulfate groups, and electrolyte concentration of 1 M NaCl.
The elastic modulus in this experiment is Ed � 350mN/m, if we
assume that the value of the real part of the complex modulus
approaches the zero-frequency value at 0.1 Hz. Both these low-
frequency values are smaller than the value of Ed � 1� 7 N/m
measured in the bubble-dynamics experiments. This suggests that
the elasticity of the system considered here increases with increas-
ing frequency.
5. Conclusions

We used an ultrasound-driven microbubble as an interfacial
rheological probe to access non-linear phenomena of colloid
monolayers at high frequency. This method is able to detect the
change in rheological properties at high frequency of the colloid
monolayer.

From the temporal evolution of the bubble radius it is clear that
colloid-coated bubbles exhibit expansion-only behaviour, in con-
trast to the known compression-only behaviour observed for
lipid-coated bubbles [37,35]. Compression of the colloid mono-
layer beyond maximum coverage causes buckling [44,27,29]. In a
stress-sweep protocol, the expansion-only behaviour is seen to
be most prominent at the upper end of the pressure interval, with
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a non-linear increase in the excursion, consistent with strain-
softening behaviour [50]. In a radius-sweep protocol, the reso-
nance curve becomes more skewed with increasing pressure. Both
protocols detect the non-linear response of the monolayer, which
we described by a simple 1D model for the interfacial stress, incor-
porated into the Rayleigh-Plesset equation to describe the coated
bubble dynamics.

The estimated value of the interfacial elasitc modulus at ultra-
sonic frequency (f ¼ 25kHz) was found to be an order of magni-
tude larger than the value measured under quasi-static
compression. While an increase in elastic moduli of soft matter
systems at high-frequency has been previously reported for the
bulk shear moduli of hydrogels [22,25] the micromechanical origin
of this non-linear behaviour remains to be established for the
colloid-monolayer system.

Future work should test the applicability of this method to sol-
uble and insoluble monolayers of other surface active species. The
portfolio of protocols illustrated here provides a means for interro-
gating the complex micromechanical behaviour of structured
interfaces under highly unsteady conditions and complements
other high-frequency dilational interfacial rheological techniques.
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