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The detailed acoustic signature of a
micro-confined cavitation bubble

*3 Francesco Magaletti,® Yaroslava Izmaylov,” Mirko Gallo,”
b

Chiara Scognamiglio,
Carlo Massimo Casciola® and Xavier Noblin

Numerous scenarios exist for a cavitation bubble growing in a liquid. We focus here on cavitation
phenomena within water under static tension in a confined environment. Drawing inspiration from the
natural materials in plants, we design a novel experimental setup where a micrometric volume of water
is confined by a hydrogel-based material. We show that, submerging the sample in a hypertonic
solution, the water within the cavity is placed under tension and the acoustic emission produced by the
resulting bubble nucleation is precisely detected. This new experimental procedure is able to strongly
reduce the acoustic reflections occurring at the hydrogel/air interface with more classical techniques.
We also propose a mathematical model to characterise the pressure wave emitted in order to correctly
take into account the dissipation effect induced by the visco-elastic behaviour of the confining
hydrogel. Both bubble resonant frequency and damping are captured by the model and quantitatively
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1 Introduction

Water can exist in a liquid state under highly tensile stress
(negative pressure) and eventually relax its metastable state by
nucleation of vapour cavities, a process dubbed cavitation."?
Cavitation begun to be a hot topic in the field of hydraulic
and marine engineering since bubbles collapse was found to be
a serious cause of materials damage.’ Bubbles implosion
causes the release of a big amount of energy in small spatial
spots and in short time with high velocities, pressures, and
temperatures involved in the process.” Decades ago, other
important effects occurring along with bubbles collapse have
been studied, i.e. jet formation, shock waves and light emission
(sonoluminescence).® The rich dynamics of bubbles in a liquid
continued to be gradually revealed, shining light on fascinating
and unexpected features that have rendered cavitation a desir-
able phenomenon in several applications, i.e. drug delivery>’°
or sonochemical reactors.'™? In most of the cases, the fate
of a cavitation bubble is to collapse as the pressure of the
surrounding liquid comes back to positive values. When the
liquid is stretched quasi-statically, the size of the nucleated
vapour bubble depends on the initial tension and liquid
volume.” M. Berthelot was the first investigator of statically
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match the values found in the experiments.

stretched water. In 1850, he placed water in tension and
observed cavitation using capillary tubes where liquid was iso-
chorically cooled down.

It is well known that cavitation also takes place in natural
systems, ie. in ferns sporangia'®'® or in the xylem - the fluidic
network of ascending sap in a tree."”” When a tree undergoes a
prolonged drought, water pressure in the xylem becomes nega-
tive and cavitation may take place. Bubble appearance, growth
and conduit clogging, a process called embolism, eventually
lead to the tree death. As a central topic for botanists, tree
dehydration has been extensively studied through the acoustic
emissions generated by the bubbles in the xylem. A common
and non-invasive technique is recording the acoustic signals
through transducers in direct contact with the intact wood.'®"°
Such investigations revealed a strong correlation between acoustic
emission and xylem drying.”®>" However, waveforms were not
studied in detail®* and the bubbles which are the source of
acoustic energy were hardly identified.*

In fern sporangia, cavitation occurs within a beam-like
structure, the annulus, triggering a catapult which launches
the spores as fast projectiles at long distances.>** In 1990,
K. T. Ritman and J. A. Milburn acoustically detected cavitation
in the fern annulus. They quantified the number of acoustic
emissions during spores ejection and revealed their ultrasonic
nature. However, also in this case, acoustic signals could not be
characterised quantitatively in terms of, e.g., waveform, duration,
frequency.”®

An experimental set-up recently proposed offers the possibility
to investigate confined cavitation in bio-mimetic structures.>”"**
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As a crucial improvement over natural settings, the synthetic
configuration includes an optical access for cavitation bubble
visualisation. The device consists of micrometric cells filled
with water encapsulated in a synthetic rigid hydrogel. When the
micro device is placed in a sub-saturated vapour environment,
water evaporates from the external surface driven by the
chemical potential difference establishing a flow from the inner
cells toward the exterior. Therefore, liquid density and pressure
reduce within the cells until a stretch threshold is reached:
water finally breaks, a bubble appears and grows. With this
method, fast oscillations of bubble volume were optically observed
in spherical enclosures of water."® Interesting hydrodynamic
phenomena were identified by sampling at a frame rate of
0.2 MHz, described as formation, fragmentation and ripening of
a toroidal bubble. Acoustic emissions generated in hydrogel-
encapsulated wood were detected and their acoustic energy
quantified.”® still, the detailed acoustic emission of a bubble
has not been revealed, not even in synthetic devices. Indeed, only
the frequency and the acoustic energy were measured without
identifying the exact waveform or quantifying the characteristic
attenuation time of the acoustic emission.

In the context of cavitation - a rich phenomenology which
includes a large variety of aspects — the present paper analyses
in detail the acoustic emission emitted by a cavitation bubble
nucleated in a micro-confined liquid, adopting a combined
experimental and theoretical approach. To start with, cubic-shaped
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enclosures of water were realised in hydrogel inspired by the
structure of fern sporangia.>” The original idea was to detect the
bubble acoustic emissions after partial drying of the sample in
sub-saturated air, much like the set-up just described. However,
after a preliminary measurement campaign, it turned out
that the signal was unavoidably contaminated by reflections.
Reflections presumably occurred at the hydrogel/air interface
due to impedance mismatch between the two phases, with the
result of substantially biasing the signal and hampering the
subsequent acoustic analysis. In order to prevent the undesired
reflections, a new experimental procedure was devised to detect
the actual emission of the confined bubbles. The basic idea
consists in immerging the same hydrogel device in an environ-
ment at the same time capable of extracting water, thereby
inducing cavitation, and preventing/minimizing acoustic reflec-
tions. With this purpose, the samples, soaked with water, were
immersed in a salt solution to induce an osmotic outflow and
drive the hydrogel dehydration. The bubble acoustic signature
could then be acquired with no spurious reflections thanks to
the good match of the acoustic impedance between hydrogel
and solution. With this new approach, the acoustic parameters
were characterised for the first time as a function of the enclosure
volume. Experiments are complemented with a theoretical
approach along the lines described in the paper of Drysdale
et al.*® that predicts resonant frequency and damping rate of
an oscillating bubble in a liquid confined by an elastic solid.
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(A) Scheme of the hydrogel device (not to scale). It is made of cubic cavities, with size L., confined by hydrogel: the central one encloses a bubble,

just nucleated, with water at atmospheric pressure while the other two contain liquid still at negative pressure that pulls inward and bends the hydrogel
walls. (B) Experimental set-up scheme (traditional method). The device is in contact with air and water evaporates from the bottom while the top surface
is covered by an ophthalmic gel film to enhance the transmitted signal. A film of mylar is placed above the device in order to reflect the light coming from
halogen lamp and passing through the microscope objective placed below the device. The magnified image-forming light will be then directed to the
camera system by a splitter cube. (C) Experimental set-up scheme (hew method): a tank in polydimethylsiloxane (PDMS) is used to contain the calcium
chloride solution where the hydrogel sample is submerged. The optical set-up is still the one described in (B). (D) Profile of the osmotic pressure as a
function of the CaCl, solution obtained fitting the points presented in the book of J. Milourn®® for perfect osmotic membrane; the orange circle represents

the osmotic pressure IT associated with the molarity chosen (CCaC.2 =2.5).
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Here the model is extended to take into account the viscoelastic
behaviour of the enclosures, a crucial aspect in view of correctly
explaining the experimental results.

The proposed method paves the way for investigating other
artificial or biological systems where a porous media encloses a
liquid, e.g. to help explaining the mechanism of embolism and
dryness in trees."”'>***" It could also be exploited to under-
stand how cavitation bubbles trigger that wonderfully efficient
ultra-fast catapult in ferns sporangia.” Finally, it can inspire
low-cost and efficient biomimetic devices where osmosis is
used as the only driving-force.””*>3*

2 Experiments

An original experimental method was developed in order to
observe bubbles nucleation in hydrogel cavities and detect their
acoustic signature. Taking inspiration from the cells of the
sporangium annulus in ferns, we encapsulated water in a cubic
micrometric cavity of volume V. and side L., surrounded by
methacrylic acid (MAA) hydrogel, Fig. 1A. Contrarily to the
natural structure,> here cavities are purposely separated by a
large distance d. (d. > L.). In this way, bubbles interaction is
prevented and ultrasounds emitted by single independent
bubbles can be investigated.

2.1 Sample preparation

To prepare the hydrogel samples, we first fabricated the micro-
metric pits using a photoresist SU8-2075 on a silicon wafer. The
elastomeric stamp is obtained by moulding the photoresist in
PDMS. We cured it for 2 hours at 95 °C to favour its reticulation.
The PDMS was then peeled off from the photoresist, ready to be
used as a stamp for the hydrogel. The hydrogel solution was
prepared following the formulation of Wheeler and Stroock:*®
16 vol% (hydroxyethyl)methacrylate (HEMA), 50 vol% methacrylic
acid (MAA), 6 vol% ethylene glycol dimethylacrylate (EGDMA)
and 28 vol% of deionized water. Then, 1 vol% of photoinitiator
was added (36.5 w% 2,2-dimethoxy-2-phenylacetophenone
(DMAP) with 63.5 w% vinyl-2-pyrrolidone (nvp)). We poured
the solution on the PDMS stamp and we partially reticulated it
under UV. After peeling off the patterned hydrogel layer from
the PDMS, we placed on the top of it a 200 um-thick hydrogel
layer in order to close the cubic cavities. A further exposure
under the UV lamp was performed to ensure a complete
reticulation and a solid bonding of the two hydrogel pieces.
The final dimensions of the device are about 1 cm x 2 cm x 400 pm
and the sample contains around 20 independent cavities,
Fig. 1A. At last, we immersed the sample into deionized water
at 80 °C for 48 hours to fill completely the hydrogel pores and
the cavities.

2.2 Optical and acoustic set-up

The method proposed by Wheeler and Stroock to study bubble
nucleation in such hydrogels devices consists in placing the
fully hydrated sample in dry air or in humidity controlled
environment to induce water evaporation.>® That approaches

This journal is © The Royal Society of Chemistry 2018
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was originally conceived for bubble dynamics optical investiga-
tion as used in ref. 13 and 36. Coupling it with acoustic analysis
entails complications, namely a good impedance adaptation
between the hydrogel and the hydrophone has to be ensured in
order to receive sufficiently intense and reflections-free signals.
At the same time, light reflected from the device and directed
towards the camera has to be intense enough to perform
imaging. To comply with these restrictions, we take two different
paths: (i) one, used traditionally since the work of T. Wheeler
and A. Stroock,” is based on the evaporation method, (ii) the
other relies on a brand new procedure.

In the first case, hydrogel tensile stress that leads to cavita-
tion is induced by water evaporation from the bottom surface of
the sample since an ophthalmic gel film is spread on the top
surface to increase the signal transmitted to the hydrophone
(the set-up is shown in Fig. 1B). Here, the drawback is that
acoustic reflections from the hydrogel-air interface at the bottom
of the device are significant due to the large impedance mismatch.
As a consequence, the original signal emitted by the bubble may
be strongly perturbed.

The alternative method we propose here employs a concen-
trated hypertonic solutions where the sample is submerged. In
this case hydrogel dehydration is driven by the salt concen-
tration difference with the advantage that the impedances of
soaked hydrogel and solution are nearly exactly matched thereby
minimising acoustic reflections. A scheme of the set-up is
represented in Fig. 1C. The device is placed in a cylindrical PDMS
tank filled with salt solution. The hydrophone (HNR-0500 Onda)
is vertically inserted in the tank with its tip 5 mm away from the
sample - optimal distance in order to receive high-intensity
signals and well delayed reflections between the acoustic source
(the bubble) and the receiver (the hydrophone tip). In this way,
also the acoustic reflections from the bottom surface of the
hydrogel are minimised.

We used a hypertonic solution of calcium chloride (CaCl,).
Although flow of salt ions in and out the device cannot be
excluded, their possible presence inside the cavities is found
not to alter the phenomena of our present interest. In fact,
under repeated use, the samples always reproduced the same
cavitation parameters, i.e. nucleation time and detected acoustic
signature.

Since the hydrogel pores are so small as to prevent ions
diffusion into hydrogel, the process of dehydration that drives
the pressure decrease and eventually leads to cavitation can be
understood by modelling the hydrogel layer that separates
the cavity from the solution as a semipermeable membrane.
Following classical notions of non-equilibrium thermo-
dynamics,?” the flux j of water out of the device is proportional
to salt mass fraction and pressure jump across the hydrogel,
J oc (0u/0Y)AY + (0u/Op)Ap, where Y is the salt mass fraction,
p the pressure, u(Y,p,T,) the chemical potential with T, the
temperature assumed constant and A denotes the jump
across the layer. In general, for real solutions in presence of
dissolved ions, the explicit expression for the chemical
potential is too cumbersome to be reported here. The crucial
aspect is that the chemical potential depends on pressure,

Soft Matter, 2018, 14, 7987-7995 | 7989
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1(Y,p, To) = (Y, po, To) + [> va(Y, p, To)dp, where vy, is the
molar volume of the liquid. By definition, in equilibrium condi-
tions the flux vanishes due to chemical potential equalisation,
w(Y,ps,To) = 1(0,p1,To). According to this equation a pressure
difference, the osmotic pressure II > 0, is build up between
external solution and water in the cavity such that p;=p, + I1, i.e.
the pressure p; in the cavity decreases with respect to the external
pressure pg of the solution. The higher the salt concentration
difference, the higher the osmotic pressure as shown in the
experimental curve of Fig. 1D for perfect osmotic membranes.
Considering salt solution at atmospheric pressure (ps = 0.1 MPa)
and stretched water (for instance p; < —1 MPa), one can
approximate the osmotic pressure to water tension: I ~ —pj.
A precise characterisation of the hydrogel behaviour in the
presence of a hypertonic solution goes beyond the purpose of the
present work and will be addressed in a future study. Here,
assuming a perfect osmotic membrane, we estimate cavitation
probability in hydrogel cavities as a function of the solution
molarity with the aim of identifying the salt concentration above
which cavitation (almost) certainly occurs. In the protocol used in
the actual experiments, the same sample was immersed in salt
solution at seven different molar concentrations. By means of a
camera, we recorded the dehydration process and counted cavita-
tion events occurred in the sample after the chemical potential
equilibrates. Between two realisations, the hydrogel was placed in
DI water for 24 hours at 80 °C to re-hydrate. The same procedure
was repeated for four samples having different cavity volume. The
resulting cavitation probability profile, defined as the ratio of
cavitated enclosures out of the total number of enclosures in the
device, is shown in Fig. 2 as a function of the CaCl, molarity. The
curve exhibits a transition for molar concentrations around 2 M
over a range of pressure, see the pressure scale reported on top
of the plot. The threshold pressure in the stretched liquid, p,
defined as the pressure corresponding to a cavitation probability
of 50%, depends on the confinement size. Averaging over the
confinement size results in the grey curve shown in Fig. 2, where
p1 can be estimated to be around —21 MPa (1.8 M) by using the
experimental curve given in ref. 35. In a previous study,?® where
hydrogel samples were equilibrated in subsaturated air following
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Fig. 2 Cavitation probability curves as a function of the salt molarity
(bottom x-axis) and liquid pressure p, (top x-axis) for four samples with
different cavity size. The averaged curve is represented in grey.
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the traditional approach, the cavitation threshold was —22 MPa
showing that the two methods substantially provide coherent
results. Interestingly such cavitation threshold, much smaller
than found for ultra-pure water inclusions in quartz,® is well
explained by a recent model which takes into account the
presence of dissolved gas in the liquid.>® The fact that the
threshold we observe with the present device substantially
matches that found by ref. 28 leads to the conclusion that salt
ions, if present within the sample, do not alter the cavitation
pressure p; within the experimental accuracy. Relying on the
curves reported in Fig. 2, we chose to soak the samples in a
2.5 M solution in order to have certain occurrence of cavitation.
It is worth noting that in these conditions the induced equili-
brium osmotic pressure is around 35 MPa, beyond the water
limit strength expected of hydrogel systems, hence the bubble
could appear before the chemical equilibrium between salt
solution and hydrogel water is reached (see Fig. 2).

Whatever the technique used to induce cavitation, either
evaporation in air or osmotic pressure de-hydration in salt
solution, the sample is placed on an inverted microscope (Zeiss
Axiovert 200 M) and observed using a 2.5% objective. The light
from a halogen lamp passes through the objective, hits the
device and reflects back to the objective on a surface placed
above the hydrogel device acting as a mirror, sketches in
panels (B) and (C) of Fig. 1. The cavity image-forming light is
then directed to the high-speed camera (phantom v711) working
at 100 000 fps. In this way, the moment the bubble appears can
be identified with a temporal resolution of 10 ps. Since such
resolution is insufficient to reveal the fast dynamics of the
bubble during acoustic emission, the images are used to check
that the source of the acoustic signal is the appearance of a
bubble. The hydrophone, with tips centered in the camera,
detects the pressure waves emitted from the observed cavities.
The hydrophone is connected through a preamplifier and a
differential amplifier to the oscilloscope (picoscope 3000 Series)
that records data for 1 s with an acquisition rate of 62.5 MHz.
Once a bubble appears, a trigger from a manually operated
function generator is simultaneously sent to both camera and
hydrophone in order to download all the images and pressure
data recorded for one entire second before the trigger.

3 Mathematical modelling

The oscillation of a vapor bubble in a confined space can be
mathematically described following the work of Drysdale et al.*°
The authors studied the problem under the approximation of
spherical symmetry, considering an oscillating vapor bubble
immersed in a viscous liquid inside a cavity. In the original work,
material surrounding the cavity is assumed to be an elastic solid.
As it will be shown later, this assumption needs to be relaxed
to reproduce the present experimental results with sufficient
accuracy. The response of the compressible liquid can be
described by the linearized Navier-Stokes equation

1
ﬂo% =-Vp+nViv+ (C + gn) V(V ), 1)

This journal is © The Royal Society of Chemistry 2018
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%erov-v:o, (2)
where the pressure p is as a function of the density fluctuation
p, p = *p, with ¢ the speed of sound, p, the liquid density at rest
and 7, { the dynamic and bulk viscosities, respectively. Since a
spherically symmetric velocity field v(r) can be expressed as the
gradient of a scalar potential v = V¢, the Navier-Stokes equations
for an oscillatory field with harmonic time dependence can be
recast as the Helmholtz equation

do
r2d1 < 2d ) K = ()
with k given by
w iw 4\1"?
k=—|1-—— = . 4
o1l 2
The general solution is
B i
¢ = Ze i(kr—ot) + e (k/fr/)t)’ (5)

with the constants A and B determined by the boundary
conditions.

A purely elastic material cannot reproduce the high damping
observed in our experiments with hydrogel. Hence a visco-elastic
description based on a generalized Kelvin-Voigt model is
proposed to incorporate both Hookean elasticity and Newtonian
viscosity.*® The stress in the one-dimensional model

dery
Z = Eeyi + ]73877 (6)
11 !
with E the Young modulus and s the solid viscosity is
generalized to the multidimensional case where the stress
tensor X is a function of strain e = 1/2(Vu, + Vul) and strain
rate é = 1/2(Vu, + Va?) = 1/2(Vvs + Vvy)

) . . 2 .
Z = 2ue + ATr(e)] + 2nsé + (gs - gns)Tr(e)I, (7)

where A and p are the Lamé coefficients of the hydrogel,
v = 0uy/0¢ is the solid velocity and (; is the equivalent of a bulk
viscosity in the hydrogel. Momentum conservation then yields

dug 1
P 8[2 = uViug + (2 + p)VV - ug + 3, Vv, + (gs 3nb>VV Vs,
(8)

with pg the solid density.

Exploiting again the spherical symmetry, the solid velocity is
us = V¢, and the momentum equation for an oscillatory time
dependence reduces to the Helmholtz equation

v2¢s + k52¢s =0, (9)

—1/2
kszg(l ! la)(Cs_ﬂ 5)) )
CS i ps

with ¢, = /(414 2u)/ps the speed of the pressure waves in the
solid. Hereafter, because of the purely radial structure of the

where

(10)
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model, we will refer to the single effective viscosity coefficient
ﬁs = Cs - 4/3775-

Since no incoming wave is present, the relevant solution of
eqn (9) reads
i(ksr—ot)

¢s:£e

r

(1)

The boundary conditions correspond to the zero normal stress
on the bubble surface r = R, and the continuity of velocity and
normal stress at the liquid-solid interface r = R.:

o =0, atr=Ry, (12)
v=v, atr=R, (13)
= er; atr = Rcr (14)

where the surface tension contribution has been neglected
since the bubble is assumed much larger then the critical
one. The detailed calculations closely follows those in Drysdale
et al.*® The implicit form of the dispersion relation, where the
complex frequency w = w, + 11/t, with w, is the circular
frequency and 7 the attenuation time (the damping being its
reciprocal), is contained in the definitions of k and &, eqn (4)

and (10), respectively, is
Ry
R

4
+%y@+ﬁm&ﬁh%ﬂf%£af%&ﬂ
sts
R 2
+@(ksRc)2(l — iksRc) {] +2i£b2(1 +R_b2>
. C

— 4572 (1 + KRy R.)

Ry [ Ry 0
Rc) (Rc 2i&; ) cot(kR, ka)]

{1 — kR.cot(kR. — kRy) [1 +2i&? (1

(15)

+ 2ikR.E? (1

=0.

The parameters entering the above equation are: &, = /Ry,
Ec=0/R¢, 0 = \/211/(pow). The viscous dissipation of the hydro-
gel which accounts for most of the bubble oscillations attenua-
tion is included in the expression for k. The nonlinear eqn (15)
is numerically solved by iteration. The model formulated above
considers a single bubble in the liquid. It should be stressed
that in the actual experiment the vapour phase may consist of a
cloud of daughter bubbles formed out of the fragmentation of a
parent one.*® A simple back of the envelope calculation shows
that the relevant free energy is dominated by the compressi-
bility of the system (e.g. liquid and hydrogel), the contribution
arising from the bubble surface tension being orders of mag-
nitude smaller. For a given vapour volume, the surface tension
free energy scales with the cubic root of the number of daughter
bubbles in the cloud and becomes comparable with the com-
pressibility only if the number of bubbles is incredibly large
(order of 10"). Such a large number is unphysical, since the
corresponding volume would be much smaller that the critical
bubble. In these conditions, we expect that a model using a

Soft Matter, 2018, 14, 7987-7995 | 7991
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single bubble is able to capture the acoustic properties of the
actual system.

4 Results

4.1 Comparison of the two methods

Cavitation bubbles were observed with the camera and their
location was found to be at the hydrogel wall, most often at the
corners, suggesting their nucleation follows a heterogeneous
process, as expected from nucleation theory. For each cavita-
tion event, the hydrophone detected a pressure wave. Examples
of acoustic emissions for both methods discussed in Section 2
are shown in Fig. 3 and 4.

When using the traditional method relying on water evapora-
tion, the signals received by the hydrophone clearly presents
reflections, Fig. 3. On the contrary, the acoustic trace acquired
with the new set-up based on the use of hypertonic solutions is
much cleaner, Fig. 4.

Apparently, acoustic reflections, though hindering the
evaluation of the damping coefficient 1/t, do not affect the
resonance frequency w,. In fact, the development of the new
method was fostered by the need of matching the impedance
at the hydrogel-external environment interface in order to
prevent/reduce reflections and precisely estimate the pressure
wave attenuation. We thus assume that the signal received by
the hydrophone in the new conditions, Fig. 4, is the actual
signature of the bubble. Consistently, the reflection-affected signal
can be reconstructed by artificially superimposing a reflected
wave to the putatively reflection-free signal captured from new
set-up. Due to the large density and sound speed difference

S o :
2] S 0 A
1} ek '

= AAO A 5 10

20 VWY Time (us)

Sl |

> :

21
0 2 4

Time (us)

bubble emission + reflection

Fig. 3 Top: Signal detected in hydrogel samples dehydrated in air (grey dots).
The solid bordeaux line is the curve resulting from the linear superposition of
a reflection-free acoustic emission — detected using the osmotic solution
method — and its reflection. The solid orange line is the reflection-free
acoustic emission. The inset shows the signal on an extended time-range.
Addition reflections are apparent. Bottom: Scheme of the pressure wave
emitted by the bubble (in orange), its reflection at the bottom hydrogel/air
interface (in faded orange) and their superposition (in bordeaux).
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between the two media which produces the high impedance
mismatch, the incident wave reflects at the boundary with a
(negative) unitary reflection coefficient R = A (w)/A(w) = —1,
Af{w)exp[io(t — Xindc)] + A{w)exp[iom(t + xind/c)] = 0, where x;, is
the location of the interface and 4,,; are the Fourier components
of reflected and incident signal, respectively. Hence, the signal
detected at the hydrophone in presence of reflections will have
the form ppn = Poubbie(t) — Poubble(t + Tdelay) Where ppupbie(t) is the
actual bubble signature. In this conceptual model the free
parameter is the time delay tgcay, related to the distance
travelled by the reflected pressure wave. Using the reflection-
free signal measured from the new set-up as ppubple(?), a best fit
to the data of Fig. 3 provides tqey = 190 ns. The fit (red solid
line) reasonably matches the experimental data (grey symbols)
in Fig. 3. Consistently, the estimated time delay is found to
correspond to the distance the wave is expected to travel at the
hydrogel sound speed (chyar = 2248 m s~ ') from source to inter-
face and back (see the scheme in Fig. 3), which is twice the
hydrogel wall thickness (2 ~ 200 pm).

4.2 The resonant frequency and the attenuation time

In the following, we shall focus on the hydrogel-salt solution
set-up. The three acoustic signals of Fig. 4, both in time- (left
part) and frequency-domain (right part), are captured from
bubbles nucleating in cavities with different size L. ~ 100, 50,
30 pm, respectively. They exhibit high amplitude oscillations
with frequency in the range of MHz that are rapidly-damped
within few cycles (see for comparison the data shown in ref. 36
concerning the bubble volume oscillations). During damping,
the pressure may be described by

pbubble(t) =Py COS((,OOt + ¢)exp(ft/r), (16)

where P, is the pressure amplitude, ¢ and 7 the phase and the
attenuation time. The amplitude of the response in frequency
domain - actually the square absolute value of the Fourier
transform of eqn (16) - is a Lorentzian function:

A

F o OHON = oo

(17)
with A = (Py/2)%.

The fit of each data set using eqn (17) (see right part of
Fig. 4) yields the estimate for the attenuation time t and the
resonant frequency f, = w¢/(2m). The values found are then
substituted in eqn (16) and the resulting curves are compared
with the experimental time signals in Fig. 4. The same analysis
is carried out for all the signals received by the hydrophone,
leading to the characterisation of the resonant frequency and
attenuation time as a function of the cavity volume V. (see
Fig. 5). In Fig. 5, the blue symbols denote the frequency f,
plotted versus the cavity effective radius Rer = +/3V./(4n), the
latter being measured by visualisation of the cavity just before
bubble nucleation. As expected, the frequency increases with
confinement. Indeed, a smaller cavity enhances the overall system
rigidity, causing an increase in frequency. In the same figure the
attenuation constant 7 is plotted with red symbols. The bigger
the liquid volume, the smaller the damping. The blue and

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 In blue: pressure wave frequency fo emitted by the bubble as a
function of the hydrogel cavity effective radius Reg. The blue squares
indicate the experimental measurements while the blue lines represent the
solution obtained through egn (15): the solid curve with 75 = 93 Pa s and
E.qj, the dashed line with s = 108 Pa s and Epeas. IN red: attenuation time ¢
as a function of the effective radius Resr. The symbols represent experi-
mental points and the two curves, indistinguishable on the scale of the
plot, are obtained by solving egn (15). The frequency obtained with the
original model proposed by Drysdale et al. is plotted in dotted black line.

red lines correspond to the theoretical curves for f, and t,
respectively, that follow from the model described in Section 3.
They are obtained by solving eqn (15) for the complex pulsation
W = wy + 11/t1. We adopt the following values for the relevant
parameters in the model: p, = 994 kg m >, ¢ = 1484 m s},
ps=1274 kg m 3 ¢, =2248 m s~ ..

Eqn (15) is first solved using the Young modulus experi-
mentally measured by performing tests on hydrogel samples with
different geometries (Emeas = 1.4 GPa). The Lamé coefficients of

This journal is © The Royal Society of Chemistry 2018

the hydrogel are evaluated as 1 = py,> — 2u with the shear
modulus p obtained by solving the relation Eu/(9u — 3E) =
psCs> — 4u/3. The hydrogel effective viscosity T, is treated as a
free parameter to tune the theoretical model with the experi-
mental results. By the least mean squares method, minimizing
the error on the attenuation time, we found 1 = 108 Pa s.
Notwithstanding the strong assumption of spherical confine-
ment, the theoretical curves of frequency and attenuation time
obtained by such procedure can be made to accurately agree
with the experimental results (dashed blue and red lines in the
figure, with the red one perfectly superimposed to the corres-
ponding red solid line, to be discussed below). Clearly the
accuracy increases by increasing the flexibility of the model,
i.e. leaving the hydrogel Young modulus as an additional free
parameter. Assuming vanishing hydrogel viscosity, s = 0, a
least mean square fit of the frequency leads to E,q; = 1.61 GPa,
within 10% of the measured value. If, on the other hand, the
hydrogel viscosity is determined by also fitting the attenuation
time, the optimal result is found to be 13 = 93 Pa s. The new
curves, plotted in Fig. 5 with solid lines, exhibit indeed a better
match with the experimental results. In particular the frequency
overlaps the experimental data while the mismatch on the
attenuation, significant for the smaller cavities, Regr ~ 18 um,
still persists. Noteworthy, the improvement over the original
model of Drysdale et al. due to the inclusion of the hydrogel
viscous response is substantial.

5 Conclusions

In the context of a bubble appearing in a confined environ-
ment, we experimentally studied the emitted acoustic signal

Soft Matter, 2018, 14, 7987-7995 | 7993
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arising from its dynamics. The method proposed, based on the
osmotic process, has several advantages. It allowed to dehydrate
the hydrogel placing water within the cavity under tension. The
negative pressure reached by water in the cavity can be easily set
by tuning the solution molarity. We showed that for a 2.5 M
calcium chloride solution, the liquid pressure p; is around
—35 MPa and bubbles certainly appear. Moreover the cavitation
threshold estimated is consistent with the one measured in a
previous study®® for samples in contact with subsaturated air
(p1 = —22 MPa). Samples were employed several times, resisting
cycles of dehydration in salt solution and hydration in water and
yielding reproducible results. Once cavitation occurred in a
hydrogel cavity, the detailed acoustic signature of a confined
bubble was detected with high accuracy. Indeed, the impedance-
mismatched boundaries (hydrogel/air), possible sources of
acoustic perturbations, were replaced with well-matched inter-
faces (hydrogel/solution) resulting in an effective minimisation
of acoustic reflections. The bubble resonant frequency is found
to be of the order of MHz, in agreement with the volume
oscillations frequency optically detected by O. Vincent et al.
in ref. 36. The attenuation time, previously unavailable, was
quantified, being of the order of a microsecond. Both acoustic
parameters of the bubble acoustic emission were characterised
as a function of the confinement volume. The proposed theo-
retical model quantitatively captures the experimental data. In
particular, the embedding of visco-elastic effects in the descrip-
tion of the hydrogel motion was crucial to obtain the correct
attenuation time of the acoustic emission thereby confirming
the overall validity of the model. Submerging a tree xylem slice
or a hydrogel bioinspired replica in a hypertonic solution, the
phenomenon of embolism in trees could be followed detecting
the true signal emitted by the bubble throughout all the steps of
nucleation and possibly capturing other dynamic events opti-
cally observed with poor time and space resolution, i.e. bubble
break-up, coalescence or penetration through pit membranes
between adjacent vessels. Finally, the unprecedented time-
resolved acoustic emissions we have characterised represent a
fundamental preliminary study to understand the complex
acoustic phenomena resulting from the interaction of bubbles
placed in periodic poroelastic structures like fern sporangia. In
principle, the device here conceived could also be used for the
investigation of the physical properties of water under tension.
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