Exp Fluids (2015) 56:140
DOI 10.1007/s00348-015-2007-6

@ CrossMark

RESEARCH ARTICLE

Laser-induced micro-jetting from armored droplets

J. O. Marston' - S. T. Thoroddsen?

Received: 15 April 2015 / Revised: 31 May 2015 / Accepted: 2 June 2015 / Published online: 23 June 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract We present findings from an experimental study
of laser-induced cavitation within a liquid drop coated with
a granular material, commonly referred to as “armored
droplets” or “liquid marbles.” The cavitation event fol-
lows the formation of plasma after a nanosecond laser
pulse. Using ultra-high-speed imaging up to 320,610 fps,
we investigate the extremely rapid dynamics following the
cavitation, which manifests itself in the form of a plethora
of micro-jets emanating simultaneously from the spaces
between particles on the surface of the drop. These fine jets
break up into droplets with a relatively narrow diameter
range, on the order of 10 pum.

1 Introduction

Laser-induced cavitation is a non-intrusive method that can
be exploited to produce bubbles inside a liquid or near a lig-
uid free surface following the formation of point plasma in
a repeatable manner and has been reported for a variety of
experimental investigations; Apitz and Vogel (2005) stud-
ied the ejection of material during the ablation of water and
other soft materials when a laser pulse was focused near
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the free surface. In confined geometries, Ando et al. (2012)
and Quinto-Su et al. (2009) have investigated the dynam-
ics of bubbles in micro-fluidic channels. One particular fea-
ture of cavitation bubbles of interest is the production of
jets during the collapse phase, which has been investigated
for bubbles induced by both sparks (e.g., Obreschkow et al.
2006; Karri et al. 2012) and laser pulses (Obreschkow et al.
2011).

The generation of high-speed jets and sprays from a lig-
uid free surface via laser-induced cavitation was reported
by Thoroddsen et al. (2009) and Heijnen et al. (2009) by
focusing a laser pulse into a sessile, hemispherical drop.
The initial ejecta sheet, resulting from the plasma near the
free surface, emanated at speeds up to 1.4 km/s, whilst
fine jets from micro-bubbles sitting under the surface were
observed to reach 500 m/s, highlighting the explosive
nature of the process. This phenomena was later repro-
duced in a different experimental setup, using small cap-
illary tubes by Tagawa et al. (2012), where they reported
slender jets with speeds up to 850 m/s. Other studies in this
area include the explosion of aerosol (free) water droplets
by focusing a laser pulse into the droplet (e.g., Kafalas and
Herrmann 1973; Armstrong 1984; Chitanvis 1986; Eick-
mans et al. 1987; Hsieh et al. 1987; Carls and Brock 1988);
however, the best representative images of this process are
those by Lindinger et al. (2004), where a femtosecond laser
pulse was focused into a freely falling water droplet. Some
of the first theoretical developments in the area of hydrody-
namics resulting from explosive fragmentation include the
works of Yarin et al. (Entov et al. 1985, 1986; Sultanov and
Yarin 1986, 1988, 1990).

By varying the laser intensity, a range of dynamics was
observed from small, single jets to complete atomization.
Further to the study by Thoroddsen et al. (2009), Chen
et al. (2013) also studied the jet formation resulting from
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a laser pulse focused beneath a flat free surface, showing
either slender, stable jets with crown-like formations or
rather diffuse, scattered jetting depending on the cavitation
bubble depth and maximum bubble radius. Zhiyuan et al.
(2014) attempted to characterize the spray following a laser
pulse focused into either water or glycerol targets by per-
forming analysis on the spray. In particular, by examining
the size of the resulting droplets, they concluded that laser
ablation of liquids is highly dependent on viscosity.

In contrast to a laser pulse focused into a pure liquid
drop or at a flat free surface, a laser pulse focused into the
interior of a particle-laden interface exhibits a qualitatively
different result with a plethora of micro-jets produced
simultaneously very soon after the pulse. Figure 1 shows
an overview of this process for a water droplet coated with
hydrophobic glass beads (left panel) and a pure water drop-
let (right panel). Particle-laden droplets provide a model,
highly controllable shell with tunable elastic properties,
which stabilize the droplet from coalescence and evapora-
tion (e.g., Zeng et al. 2006; Aussillous and Quere 2006).
Irradiation of particle-laden interfaces using UV light is
a technique that can be used to trap particles at a surface
(e.g., Paunov 2003) for the purpose of determining contact
angles. However, irradiation of particle-laden interfaces
using intense visible light appears to produce a very dra-
matic effect. It is this phenomena which we explore herein.
Further motivation stems from the process of needle-free
injections, which are now evolving to use multiple simul-
taneous jets as a means of achieving better drug dispersion.

2 Experimental

The general experimental setup is shown schematically
in Fig. 2a, whilst the two different laser orientations are
shown in Fig. 2b, c. A Phantom V1610 (Vision Research)
high-speed video camera was used to capture the events,
which was triggered externally by the Q-switch output
from the laser. The laser (Big Sky Laser Ultra 50) has a
wavelength of 532 nm and a pulse duration of 7 ns. The ini-
tial beam diameter is 3 mm and is focused through a 10x
objective lens. The pulse energy, E), is controlled by manu-
ally setting the Q-switch delay which, at 143 s, renders a
maximum energy of 38 mJ per pulse, measured by an opti-
cal power meter (Melles Griot). Herein, we study a range
of output energies down to 1 mJ per pulse. In all cases, the
event was initiated manually using a remote interface to fire
a single pulse. Calibration images indicate that the focus
spot size is approximately 300 wm in diameter, yielding a
radiant exposure of 54 J/cm? at maximum power.

A Leica Z16 APO long-working-distance microscope
with variable magnification was fitted with a long-pass fil-
ter to block the laser light, whilst background illumination
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Fig.1 Image sequences from videos recorded at 101,449
fps for ablation of a liquid marble and 100,000 fps for abla-
tion of a pure water droplet, respectively. The frames shown
are taken at times a ¢=-5,5,10,35,50,75,150us and b
t = —10,90, 140, 240, 340,440, 640,940 s from the laser pulse.
The laser beam is focused into the marble/droplet (sitting on a glass
substrate) from below with an energy of 38 mJ and focal distance
8 = 11 mm. The pulse occurs between the first two images for each
sequence. See also the supplemental video 1

was achieved using a single metal halide light source
guided through a fiber optic bundle onto a diffuser screen
behind the marbles, thus rendering high-contrast silhouette
images.
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Fig. 2 a Schematic representation of the experimental setup. b Laser
pulse from below and c laser pulse from the side. In both (b) and (c),
4 is the distance from the objective lens to the centerline of the marble

Armored droplets (ak.a liquid marbles) were
prepared by allowing a liquid droplet (volume
of 10pl, radius of 1.3 mm) to impact on a small
bed of hydrophobic glass beads (mean diameter
de = 149 pm, dip = 125 um, dgg = 176 wm, mean circu-
larity 0.92) after which the drop was manually rolled along
the bed surface to ensure a complete encapsulation. The
marble was then gently deposited on the surface of a micro-
scope slide above a 10x objective lens, through which the
laser beam was focused. Figure 3a shows an image of the
surface of a liquid marble in contact with the glass micro-
scope slide. Image analysis of multiple such images indi-
cated that the surface packing fraction was approximately
79 % for our experiments. Furthermore, side-view images
of isolated particles residing at the interface, such as that
shown in Fig. 3b, indicate that the contact angle measured
by the protrusion length, [/ = r(1 —cos9), is 8 = 120°.
However, as highlighted by the arrows, there is an upward-
facing meniscus, which thus renders a concave interfacial
shape to the liquid between particles (discussed in more
detail later).

The moment the laser pulse hits the marble can be iden-
tified from the video due to the extremely bright emission
of light caused by the generation of plasma (Thoroddsen
et al. 2009), as shown in Fig. 4. This moment is taken as
the reference time, t = 0.

Following the interesting results of Thoroddsen et al.
(2009) and Tagawa et al. (2012) for the jet-speed depend-
ence on the location of the focal spot of the laser relative
to the free surface, we performed a subset of experiments,
whereby the distance from the objective lens to the cen-
terline of the marble was varied. We use this measure of

Fig.3 Top microscope image of the surface of a liquid marble
formed from a water droplet coated with hydrophobic glass beads
with mean size d; = 149 um. Bottom image of an isolated particle on
the drop surface for measuring protrusion and contact angle; the red
arrows highlight the upward-facing meniscus

distance, as shown in Fig. 2b, c, since we cannot accurately
determine the laser focal spot location in this experimental
configuration.

3 Qualitative observations

3.1 Laser pulse from below

To highlight the dramatic influence of the particle shell,
Fig. 1b shows the ablation of a pure water droplet without a
shell of particles. In this instance, the droplet volume, laser

energy and focal distance are the same as in Fig. 1a for the
armored droplet.
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Fig. 4 Example image sequence showing an internally illuminated marble, indicating that the laser pulse (E, = 38mJ, § = 11 mm, from below)

hits within this video frame. The time between frames is 9.85 s

(a)

(b)

Fig. 5 a Image sequence from a video recorded at 320,610 fps. The
time between frames 1 and 2 is 6.2 and 3.1 us thereafter. The jets
emerge at speeds up to 50 m/s. b Final image from the sequence

We note the distinct lack of high-speed jets during the
first 100 ps, seen for the armored droplets, but the ejec-
tion of several jets after the collapse of the cavitation
bubble shown at r =210us. This phenomena was also
reported by Thoroddsen et al. (2009), where the collapse
of the cavitation bubble also occurred around 200 us after
the laser pulse. These jets emerge at speeds ranging from
25 to 62 m/s. Thus, even though the speeds are compara-
ble to those observed for the armored droplets, the quali-
tative differences lie in the timescales and the fact that
there are only several such high-speed jets, whereas for the
armored droplets, the high-speed jetting is uniform across
the entire surface. This is further illustrated in Fig. 5 which
shows images from an ultra-high-speed video recorded at
320 kfps for the early evolution of the jets from armored
droplets. The jets shown are largely still intact for the dura-
tion of this sequence but show signs of becoming unstable
toward the end of the sequence, approximately 30 us after
the laser pulse as highlighted by the red arrows in Fig. 5b.

Following the breakup of the jets, a plethora of micro-
scopic satellite droplets are observed, which travel away
from the droplet. These satellite droplets have a fairly nar-
row size range, typically with radii between 7 and 50 pm,

@ Springer

shown in (a), with arrows indicating the formation of satellite drops
as the jet breaks up. £, =38mJ, § = 11 mm

with most between 5 and 20 um, as shown in Fig. 6. This
size range is larger than those seen in the spray emitted by
pure droplet ablation (typical sizes 2.5-4.5 um) due to the
fact that droplets herein emanate from the discrete jets, rather
than the cylindrical ejecta sheet in the case of the ablation of
pure droplets (e.g., Thoroddsen et al. 2009). The speeds of
these droplets are measured by particle tracking techniques
in Sect. 4.

Once into the regime of micro-jetting, i.e., E, > E7 and
8 < 8* (discussed in Sect. 3.3), where the x indicates the
threshold above/below which micro-jetting is observed,
we also observed a high-speed spray emerging from the
base of the marble, which travels along the surface of the
microscope slide at speeds up to 100 m/s over the first few
frames, as shown in Fig. 7. The origins of this spray are
clarified by experiments, wherein the laser pulse strikes
from the side, as per Sect. 3.2.

3.2 Laser pulse from the side
Figure 8 shows a typical sequence from a high-speed video

recorded at 100,000 fps where the laser pulse is focused into
the marble from the side, as per the schematic in Fig. 2c.
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Fig. 6 a Image taken at + = 88 |us showing a range of drop sizes produced after the breakup of the micro-jets. The scale bar is 500 wm. Drop

radii are between 7 and 50 pm. E;, =38 mJ, § = 11 mm
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Fig. 7 Frames showing the high-speed spray emerging along the surface of the microscope slide following a laser pulse from below. The scale

baris 1 mm.t = 0,10,20and 30 us. E, = 38mJ, § = 11 mm

Interestingly, in this realization, we observe that only the
right-hand side of the marble surface is compromised, i.e.,
no micro-jetting is seen, whilst the remainder of the marble
is left in tact for duration of this sequence (50 ps). Clearly,
we still observe the rapid ejection of some small satellite
droplets, e.g., in frames 4 and 5 in the right column; how-
ever, the spray is directed toward the laser. This explains
the origins of the high-speed spray seen in Fig. 7, which
emerges horizontally for a laser pulse from below—the
spray directed toward the laser pulse is forced to move hori-
zontally along the microscope slide. From the sequence in
Fig. 8, we estimate that the spray emerges at speeds over
300 m/s. The absence of the micro-jetting from the left-hand
side of the marble (i.e., opposite to where the laser pulse
strikes) indicates that the plasma spot and subsequent cavi-
tation are localized to the right-hand side in this case with
8 = 16 mm. Note also that particles are also ejected from
the surface along with liquid jets and droplets for this con-
figuration (also seen in Fig. 10b).

3.3 Ciritical energy and focal distance

Given the lack of micro-jetting observed from the opposite
side of the armored droplet in Fig. 8, we performed a series

of experiments for both configurations (laser from below
and from the side) to investigate the critical conditions for
micro-jetting. Figure 9a shows images taken 50 s after the
laser pulse for a range of values of §, the distance between
the objective lens and the marble equator as per Fig. 2b, for
laser pulses from below. Noting that the working distance
of this focusing lens is 16 mm, § = 16 mm means that the
focal spot should be precisely in the center of the mar-
ble. However, we observe that this does not result in the
explosive jet formation as for smaller values of 4. In fact,
there appears to be a transition around § &~ 13 mm, where
we observe some droplet ejection but no fast jets; then, for
8 < 11 mm, we observe the rapid micro-jetting phenomena
as in Figs. 1,4 and 5.

This critical value of § is confirmed by a similar variation
in § for by changing the laser orientation to the side, shown in
Fig. 9b. Again, we observe no jetting for § > 16 mm, but the
ejection of some small droplets for 6 = 13 mm. However, the
high-speed micro-jetting only occurs once § < 11.5 mm. This
is consistent with the observations shown in Fig. 9a for various
values of 8. The physical basis for this critical focal distance
is presumed to be due to a confluence of the focal point of the
laser beam within the marble being closer the surface near-
est to the marble and the blocking of a significant portion of
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Fig. 8 Image sequence showing the result of a laser pulse focused green arrow in the first image. The marble is 3 mm in diameter, and

into a marble from the side with § = WD = 16 mm. The pulse comes all images are 10 s apart. The bright white area in frames 2—6 is an

from the right and is focused at the spot indicated by the end of the artifact of the imaging due to the intense emission from the plasma
@ 35=16 0=13 o0=11 6=9 0=5

(b) §=215 §=16

Fig. 9 Images taken 50 s after the laser pulse (E, = 38 mJ) for a range of distances, §, indicated in mm above each image. In (a) the laser pulse
is directed from below, whilst in (b) it is from the side
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Fig. 10 Forward displacement of marble edge after laser pulse from
the side. Various values of § are shown, all for the maximum laser
energy, E, = 38 mJ. The dotted lines are to guide the eye only

the focused laser beam by the particles residing at the surface.
This reasoning holds for both experimental configurations
since the laser beam must always pass through a layer of glass
beads regardless of orientation. This conjecture is also sup-
ported by examining the post-jetting motion of the droplet as a
whole; here, we tracked the opposite edge of the marble (rela-
tive to the entrance of the laser pulse). The results, as shown
in Fig. 10, indicate a significantly greater velocity, &~ 2.8 m/s
, for trials with § < §* compared to &~ 0.75 m/s for trials with
8 > §% indicating a higher rate of energy conversion from the
laser pulse to kinetic energy, i.e., Ep — KE.

The micro-jetting is also suppressed by decreasing the
laser pulse energy, as shown in Fig. 11 for E, =20mJ.
This sequence demonstrates the absence of the high-speed
micro-jets, despite the ultimate ablation of the droplet as a
whole. We do observe some droplets ejected from the top
of the armored droplet, shown by the zoomed inset image
in frame 3 of this sequence, but these typically emerge
with low speed. Thus, it is clear that the fast micro-jet-
ting phenomenon is dependent on both focal distance of
the spot and laser pulse energy. For these experiments,
we thus determine the thresholds to be E; ~ 20.4 mJ and
8* ~ 11 mm.

4 Jet and satellite drop speeds

Across the entire parameter space studied, we find that
the initial spray, which occurs within the first 50 s from
the laser pulse, is ejected at speeds from 50 to ~ 300 m/s.
The micro-jets typically break up at ¢t &~ 50-100 ps into a

Fig. 11 Select frames from a high-speed video sequence follow-
ing a laser pulse from below with E, =20.4mJ and § = 11 mm.
t = =20, 20,40, 120, 160, 280, 480 and 980 s

plethora of satellite droplets, as seen in Figs. 1 and 6, after
which we can measure their speed using velocimetry tech-
niques. An example of this type of analysis is presented
in Fig. 12, showing both raw images and derived velocity
fields with speeds up to 36.4 m/s at t = 70 ps, where the
speeds are first measurable. By compiling data for multiple
trials and laser pulse energies, we can plot both the mean
satellite drop speeds and range, as shown in Fig. 13. Here,
we find a rapid deceleration from Vg =~ 30 — 10 m/s as
t = 100 — 400 us. We note that for satellite drops with
diameters dsa ~ 10 wm traveling at Vgy =~ 30 m/s, follow-
ing Marston et al. (2012), we can estimate the deceleration
due to air drag as

2
drae ~ 3pair Vit
e Adsa psat '

indicating that the satellites should decelerate rapidly, with
effective decelerations on the order of 1000 g, in accord-
ance with our experimental observations. Using the smallest
measured satellite drop diameter of 7 wm, an initial veloc-
ity of 30 m/s at t = 100 ws and the above estimate of the
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Fig. 12 Raw images and derived velocity fields of satellite droplets
ejected after the laser pulse. Taken at times # = 70, 100 and 140 ps
after the laser pulse hits the marble. The origin (x,z) = (0,0) corre-

air drag, a velocity of 13.5 m/s at r = 400 s is predicted,
which is close to the measured velocity Vg =~ 10 m/s in
Fig. 13.

As with our observations in Fig. 9, once into the regime
of micro-jetting, further increasing the laser pulse energy
or decreasing the focal distance did not result in any sig-
nificant variation in satellite drop speed, falling within the
ranges shown by the error bars in Fig. 13.

5 Discussion and concluding remarks

We have conducted an experimental study of the cavitation-
induced jetting phenomenon when a laser pulse strikes a
liquid marble. By varying the pulse energy and distance
from the objective lens to the marble, we deduce that the
fast micro-jetting described herein occurs for E, > 20.4 mJ
and § < 11 mm. In contrast, once these thresholds are
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sponds to the approximate location of the laser focal spot based on
visual inspection of the raw video. The scale bar is 2 mm long

reached, further increasing the pulse energy did not result
in any quantifiable effect on jet or drop speeds.

The initial pressure pulse induced by the rapid cavitation
event expels high-speed jets from between particles located
at the drop surface, whilst at later times, the entire free sur-
face undergoes expansion due to the growth of the bubble
inside. Through inspection of the packing structure of the
particles at the surface of the drop, we postulate that the
jet dynamics is affected by the geometrical packing of the
grains, which may influence breakup.

Given that the micro-jets emanating from the armored
droplets break up after approximately 30 s, we can con-
clude that their rapid emergence aids stability since the
capillary breakup timescale, T ~ 2.911/pR3 /o, where R is
the jet radius which is approximately 3 ps for jets with the
observed diameters. This is supported by noting that the jet
Weber number, giving the ratio of inertia to surface tension,
is of O(100). The Reynolds number of the jets observed
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Fig. 13 Mean satellite drop speeds versus time from pulse. The data
points correspond to the mean, whilst the error bars encompass the
full range observed over multiple trials and laser pulse energies.
The dashed red line indicates the best fit power law with an index of
—0.86

herein is also of O(100), further highlighting the inertial
dominance during the early stages of the jetting [see also
the smooth micro-jets in Thoroddsen et al. (2009)].

Preliminary tests with powders with smaller mean sizes
d, ~ 30 pm indicate that the jetting phenomena reported
herein is limited to interfaces with a monolayer of grains at
the surface. For powder with grain sizes finer than approxi-
mately 100 wm, the cohesive properties make it difficult
to produce liquid marbles with just a monolayer. Previous
studies (Aussillous and Quere 2006; Gao and McCarthy
2007; Bormashenko et al. 2009; Arbatan and Shen 2011)
have shown that water droplets coated with fine silica
grains yield approximately the same surface tension as pure
water (o &~ 72 mN/m).

We note that the Laplace pressure inside the drop is
given by P = Pym + %‘(’), so that rupturing the interface
of the marble requires an overpressure of AP = 20 /Ry.
Based simply on bubble sizes induced by the laser pulse in
pure liquid drops, we estimate that the overpressure inside
the drop exceeds 1/3 atmospheric pressure, which is eas-
ily enough to overcome the confining pressure of 2o /Ry.
This is likely to be a vast underestimate of the true over-
pressure caused by vapor bubbles (Allen et al. 1985; Deng
et al. 2003). The fact that this overpressure occurs so rap-
idly [typical timescale is O(10)] ws) explains the explosive
nature of these experiments.

The difference between droplets coated with particles
and those without is quite dramatic, whereby the particle-
coated droplets exhibit a much more uniform plethora of
micro-jets, which is absent in the case of pure droplets,
during the initial expansion of the plasma-driven bubble.

Jets emerging

«— between particles

\ Initial concave

interface

Fig. 14 Schematic of micro-jet formation for armored droplets due
to locally concave interfaces between particles

The principle reason for this is due to the local structure
of the interface between particles, as shown in Fig. 14.
The concave nature of the interfaces between the particles,
similar to the internal vapor bubbles in Thoroddsen et al.
(2009) and the experiments in capillary tubes by Tagawa
et al. (2012), is responsible for the focusing of energy into
liquid jets [see also Antkowiak et al. 2007].

Due to particles residing at the interface, we could not
directly observe the interior dynamics immediately follow-
ing the laser pulse; however, given that the jets emerge so
rapidly (within 10 ws) and before the bulk of the marble
begins to move, it seems reasonable that the micro-jets are
a product of the shock wave interaction with the concave
interfaces located between the particles on the surface, as
shown in Fig. 14, as proposed by both Thoroddsen et al.
(2009) and Tagawa et al. (2012).

Further experiments in more well-defined geometries
and planar particle-laden interfaces for the purpose of aero-
sol formation are the subject of continuing work.
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