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Controlled Multibubble Surface Cavitation
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Heterogeneous bubble nucleation at surfaces has been notorious because of its irreproducibility. Here
controlled multibubble surface cavitation is achieved by using a hydrophobic surface patterned with
microcavities. The expansion of the nuclei in the microcavities is triggered by a fast lowering of the liquid
pressure. The procedure allows us to control and fix the bubble distance within the bubble cluster. We
observe a perfect quantitative reproducibility of the cavitation events where the inner bubbles in the two-
dimensional cluster are shielded by the outer ones, reflected by their later expansion and their delayed
collapse. Apart from the final bubble collapse phase (when jetting flows directed towards the cluster’s
center develop), the bubble dynamics can be quantitatively described by an extended Rayleigh-Plesset
equation, taking pressure modification through the surrounding bubbles into account.
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Cavitation is difficult to control and to quantitatively
reproduce. This holds, in particular, for cavitation at sur-
faces (heterogeneous nucleation), as details such as the
wall roughness and its local hydrophobicity strongly mat-
ter. As water is normally contaminated with floating micro-
particles, heterogeneous nucleation is considered to be
more relevant than homogeneous cavitation.

For a single isolated bubble in the bulk the radial dy-
namics in an acoustic field is meanwhile well understood
[1-3], also thanks to the discovery and understanding of
single bubble sonoluminescence; see, e.g., [4]. This holds
much less for interacting bubbles. Though there had been
considerable progress on the numerical and theoretical side
[5-10], experiments have remained difficult, mainly be-
cause radial and translational dynamics of the bubbles are
coupled to each other [11-13].

In this Letter we combine surface cavitation and cloud
cavitation by heterogeneous nucleation of bubbles on a
patterned hydrophobic surface, in which the bubble nuclei
are predetermined by micrometer cavities. If the surface is
exposed to water, air is entrapped in these cavities, which
nucleate hemispherical surface bubbles on pressure reduc-
tion. Through the method of micropatterning of the surface
we have perfect control on the bubbles’ positions and
distances, decoupling them from their radial motion.
Therefore we can study the interaction of the bubbles in
a controlled way, and proceed in the understanding of
bubble clusters. The procedure is quantitatively reproduc-
ible to such a degree that high-speed movies of the cav-
itation process can be taken by simply gradually shifting
the moment when the picture is taken, relative to the mo-
ment of pressure reduction.

The heterogeneous bubble nucleation at a surface and
the subsequent cavitation studied here has applications in
medicine for breaking kidney stones (lithotripsy) or ultra-
sound cleaning devices [2], but also unwanted conse-
quences such as cavitation damage at ship propellers
[2,14]. The work is also relevant to better understand
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boiling, where the bubble nucleation at the surfaces is
achieved through heating. Finally, the method may help
to shed light on the paradox of surface nanobubbles
[15,16], which could be visualized by pressure reduction
and the resulting cavitation.

The experimental procedure is as follows: The substrates
are 3 mm by 5 mm plates diced from a silicon wafer.
Cylindrical cavities 15 um deep with a diameter D =
4 um are etched on the wafer using the deep reactive ion
etching technique (Fig. 1). The substrates are finally coated
with perfluorodecyltrichlorosilane (FDTS) through vapor
deposition leading to an advancing contact angle of water
equal to 106° = 1°. These hydrophobic cavities act as gas
traps and therefore promote the nucleation of bubbles once
the liquid pressure is lowered. The pressure pulse is gen-
erated with the help of a piezoelectric transducer (Piezoson
100, Richard Wolf GmbH) made of piezoceramic elements
arranged on a portion of a sphere [17].

The pressure pulse device is connected to a rectangular
tank containing 1 1 of Milli-Q water saturated with gas at
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FIG. 1. (a) Electron microscopy image of an individual hydro-
phobic microcavity (diameter 4 um) etched on a silicon plate
acting as gas trap. (b) Sketch of the spatial distribution of the
artificial nuclei set on a hexagonal lattice with a pitch d =
200 wm. The nuclei fall into six different classes denoted by
the numbers 1 to 6. The distance of the nuclei of class i to the
center nucleus “1” is denoted as ry;.
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room temperature (~20 °C). It is driven by a high voltage
discharge and generates an acoustic wave whose features
evolve as it propagates inside the tank. The pressure signal
p;, characterized with the help of a fibre optic probe
hydrophone (FOPH 500, RP.Acoustics) [18] and reported
in Fig. 2, exhibits a high pressure front followed by a
negative pressure pulse lasting about 4 us and going
down to around —1.4 MPa and then oscillating around
zero. The silicon plates are fixed on a thin rod which is
coupled to a three axis translation stage (Linos Photonics,
x.act LT100 ST). Between two runs the nuclei are “acti-
vated” (i.e., filled with air). The substrate is first pulled off
the water tank, dried by blowing the surface with nitrogen
and then immersed in water. If this were not done, the
cavitation events of the nuclei would be limited to a few
(size-dependent) acoustic cycles [19]. The cavitation
events are recorded with a charged coupled device camera
(FlowMaster, LaVision) through a long working distance
microscope (Model K2, Infinity) lit up with a flash lamp in
reflection mode. Only one frame is taken during the overall
process and the complete history of the bubble life is
scanned by tuning the time interval between the lithotripter
and the couple flash camera (Fig. 3). Motion blurring is
minimized by a short illumination time of 0.2 us. We
stress here that each data point reported in this Letter
corresponds to an individual experiment. The smoothness
of the curves in Fig. 4 very convincingly demonstrates the
perfect quantitative reproducibility of the cavitation
events, i.e., we have achieved controlled surface cavitation.

We have investigated the interaction of bubbles set on a
hexagonal lattice with a pitch d equal to 200 um as
depicted in Fig. 1. Because of the geometry, the pattern
presents only 6 different classes of cavities. They are
numbered by increasing distance from the center and the
corresponding number of bubbles in the respective classes
lto6is 1,6, 6,6, 12, and 6. A sequence of snapshots
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FIG. 2. Pressure generated by the piezoelectric transducer and
recorded with a fibre optic probe hydrophone [18]; the dark
curve represents the low pass filtered signal. The pressure pulse
is used for triggering the expansion of gas pockets trapped on the
patterned substrate.

describing the life of the controlled bubble cluster is shown
in Fig. 3. The origin of time is chosen to be the time when
the bubble at the center starts to grow, corresponding to the
arrival of the low pressure part of the wave. The bubbles
expand and reach a maximal size after around 10 ws then
the bubbles located at the periphery start to collapse trig-
gering the collapse of the inner bubbles. The present
symmetry induces an axial focusing flow. Because of the
asymmetry introduced by the neighboring bubbles, they
form a jet directed towards the center when collapsing
[12,20-22]. These jets are particularly visible in the last
frame of Fig. 3. Note that the jets are parallel to the wall
(due to the interaction with the neighboring bubbles), and
not towards the wall as common for the cavitation of
bubbles close to a solid boundary [23].

The radius R of the bubbles is deduced from the pro-
jected area A measured every 1 us, ie., R = (A/m)"/2.
The time evolution of the radius averaged over all individ-
ual bubbles within a class (cf. Figure 1) is plotted in Fig. 4.
The bubbles in classes 1 and 2 follow a similar trajectory
exhibiting a fast expansion phase followed by a plateau and
a sudden collapse. This trend is also followed by the
bubbles in classes 3 and 4 but with a slightly higher value
of the plateau and an earlier collapse of 3 us. These inner
bubbles are shielded by the outer ring formed by bubbles in
classes 5 and 6 which grow larger and collapse consider-
ably earlier, as they are more exposed to the surrounding
hydrostatic pressure.

Because of the high velocity of the bubble wall during
the expansion phase, a few tens of meters per second, the
contact line is pinned close to the hydrophobic cavity [24].
A thin liquid film develops below the bubble [25] where the
viscous effect are confined. Indeed, the vorticity generated
from the wall diffuses on a layer of thickness & growing
with time like (v7)!/2, where v is the kinematic viscosity of
the water and equal to 107% m?/s. The overall cavitation
event lasts around 40 us and thus the viscous effects are
confined in a layer close to the wall around 6 pm which is
small compared to the bubble size for almost all its life-
time. The liquid is therefore assumed inviscid.

Except during the collapse phase, the contour of the
bubbles is circular (Fig. 3). Visualization from the side of
an isolated cavity reveals an hemispherical shape [25].
Using the mirror image from the hydrophobic wall we
can make an analogy to a two-dimensional cluster evolving
in an unbounded domain. The dynamics of the bubbles is
thus described by a potential theory giving rise to the well
known Rayleigh-Plesset equation for an isolated bubble
[1]. Once many nuclei are set close to each other, one has to
take into account the interaction between the bubbles
through the modification of the pressure field induced by
each individual bubble [6]. The advantage of our setup is
that the distances r;; between the bubble centers is constant
in time and given by the patterning of the substrate (Fig. 1).
The radial dynamics R;(#) of each bubble i is then given by
a Rayleigh-Plesset type equation,
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FIG. 3. Time sequence showing the expansion and collapse of a hexagonal cluster of bubbles emerging from a patterned solid surface
underwater and triggered by a negative pressure pulse as shown in Fig. 2. The lattice step d is 200 wm. The origin of time is set when
the bubble at the center starts to grow. Each snapshot corresponds to an experiment run, the phenomenon being lit by a flash lamp for
limiting blurring motion. The slight asymmetry of the bubbles size along the vertical axis in the first picture is due to a nonuniform
nucleation time. Indeed, the time needed for the pressure wave traveling from bottom to top (about 1 mm) at the speed of sound (about
1500 m/s) is about 0.7 us. The initial wall velocity of the bubbles being a few meters per seconds, this delay is enough for inducing

this small but visible effect.

RiRi + éR,z = p(Ri) _ pl(t) - ZRiRj i 2RjR§, (D)
2 p = Tij
where p,(¢) is the forcing pressure generated by the piezo-
electric transducer device (see Fig. 2; in our calculations
below we employ the drawn spline fit to the low-path-
filtered data). Compressibility effect are not taken into ac-
count here as the sound velocity is assumed to be much
larger than R;. The coupling between the bubbles corre-
sponds to the last term in Eq. (1) and can be seen as the

pressure generated by the surrounding bubbles at a distance
r;;- The pressure at the bubble wall p(R;) is related to the
inner pressure p;, and the normal constraint induced by the

surface tension o and viscosity 7, i.e., p(R;) = p, — % —

‘;—’_’R,-. The gas inside the bubble is assumed to follow an

isothermal compression linking p,, to the initial bubble size
R, via a perfect gas law, p, = p, + po(Ry/R)?, where p,
is the atmospheric pressure and p,, the vapor pressure. The
real radius of curvature of the interface stretched on the
cavity is much larger than the cavity diameter and therefore
Pp = P, T po att = 0[26]. The assumption of isothermal
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FIG. 4. Time evolutions of the bubble radius for the six spatial
locations pointed out in Fig. 1. The size is averaged over all
bubbles in the corresponding class. Each data point on one curve
has been measured for one experiment, the substrate being
removed from the water and dried between successive runs.
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FIG. 5. Bubbles dynamics predicted by a Rayleigh-Plesset
approach accounting for bubble-bubble interaction [Eq. (1)]
and corresponding to the same conditions as in Fig. 4.
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FIG. 6. Comparison between experimental and theoretical evo-
lution of the radius of the bubble at the center @ (class 1) and the
most far away A (class 6).

behavior holds due to the small Peclet number RR/k < 1,
apart from at the collapse when the spherical-bubble ap-
proximation breaks down anyhow.

The set of six coupled ordinary differential equations (1)
is numerically solved. For R, we take the radius of a
hemisphere having the same volume of the cylindrical
cavity etched in the substrate with a diameter D and a
depth H, i.e., Ry = (3HD?/8)'/3. The resulting curves of
the radius versus time are plotted in Fig. 5. The maximum
size, the lifetime as well as the chronological collapses of
the bubbles, seems to be well captured by the model. To
further compare with the experiments, the numerical solu-
tions and the measurements of the extreme bubbles, i.e.,
the number 1 at the center and the number 6 at the edge, are
reported together in Fig. 6. An excellent agreement is
found except during the collapse phase where the assump-
tion of sphericity is not valid anymore.

In summary, we have introduced a way to control the
nucleation of bubbles on a micropatterned solid surface
and used it for the study of bubble-bubble interaction in a
two-dimensional bubble cluster. The regime of weak inter-
action, when the bubbles are still hemispherically, can be
described by an extended Rayleigh-Plesset type approach,
taking the pressure modification through the surrounding
bubbles into consideration. It is found that during the
cluster collapse the individual bubbles collapse aspheri-
cally and they develop a jetting flow directed toward the
cluster’s center. The natural next step is to study the strong
coupling regime, where the bubbles are deformed when
getting close to each other and may coalesce. Results on
that regime will be reported elsewhere [26].
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