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A high-velocity fluid stream ejected from an orifice or nozzle is a common mechanism to produce liquid jets in
inkjet printers or to produce sprays among other applications. In the present research, we show the generation of
liquid jets of controllable direction produced within a sessile water droplet by thermocavitation. The jets are
driven by an acoustic shock wave emitted by the collapse of a hemispherical vapor bubble at the liquid-
solid/substrate interface. The generated shock wave is reflected at the liquid-air interface due to acoustic imped-
ance mismatch generating multiple reflections inside the droplet. During each reflection, a force is exerted on the
interface driving the jets. Depending on the position of the generation of the bubble within the droplet, the
mechanical energy of the shock wave is focused on different regions at the liquid-air interface, ejecting cylindrical
liquid jets at different angles. The ejected jet angle dependence is explained by a simple ray tracing model of the
propagation of the acoustic shock wave inside the droplet. © 2017 Optical Society of America

OCIS codes: (350.5340) Photothermal effects; (350.7420) Waves.

https://doi.org/10.1364/AO.56.007167

1. INTRODUCTION

The liquid jets and droplet production have become subject of
several studies due to their practical importance in several tech-
nical areas such as gasoline combustion [1], drug delivery [2,3],
coating [4], inkjet printing [5], water waveguide [6], microelec-
tronics cooling [7,8], and others. Commonly, the liquid jets
and their disintegration into droplets are obtained by various
types of nozzles, orifices, or apertures modified to control
the rate of flow, speed, mass, pressure, the shape of the stream
that passes through them, and the direction [9]. When the noz-
zle is circular, the ejected liquid flow forms a cylindrical column
[9], which eventually becomes unstable and breaks up into
droplets due to surface tension. This breaking is associated with
the Rayleigh–Plateau (R-P) instability, which dictates the maxi-
mal length L at which a liquid column of radius r will break up.
This relationship is known as the aspect ratio Λ � L∕2r. In
weightless conditions, when the liquid column’s length exceeds
its circumference (Λ > π), it breaks up into droplets.

In the last decade, several methods have been implemented
to generate liquid jets without the use of nozzles to achieve as-
pect ratios Λ > π [10–16]. For example, it was possible to form
a liquid column (1 to 2 cm in length, corresponding to Λ ∼ 5)
using surface acoustic waves (SAWs) that propagate along the

surface of a substrate until they refract from a hemispherical
liquid droplet (placed on the substrate’s surface) at an angle
known as the Rayleigh angle. This refraction causes a deforma-
tion of the droplet and consequently the formation of a liquid
jet [10]. SAWs are not the only way to produce liquid jets on a
hemispherical liquid droplet. High-speed jets (up to 200 m∕s)
can also be induced by focusing acoustic waves on the liquid-air
interface causing the formation of cavitation bubbles [17].
These acoustic waves are produced under very special condi-
tions, i.e., by using a light-to-sound converter, which consists
of a transparent concave lens coated with a composite of
carbon-nanotubes embedded in a polymer. In this work, two
types of liquid jets were reported, primary slow jets caused by
initial bubble and secondary fast jets produced by bubble
collapse. An excellent review about microfluidics driven via
acoustics and ultrasonic can be found in [18].

Other techniques involve the use of short laser pulses
[12–16,19–22] or a spark discharge [23] to create cavitation
bubbles within a liquid, droplets, or thin films to produce
liquid jets or spray. Among the techniques that use short laser
pulses we can mention the laser-induced forward transfer
(LIFT) technique [24–28]. In LIFT, a pulsed laser is focused
through a transparent (solid or liquid) substrate (donor) and
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absorbed in a metallic thin film. As a result of the strong
absorption, a high-pressure vapor bubble is created and expands
deforming the film and expelling the material. In the case of
liquid jets, they are formed by the symmetric flow of fluid
toward the pole of the liquid sheet created between the bubble
and the substrate, where they generate a pressure maximum
that forces the fluid toward those regions. A counter jet is
formed and directed toward the bubble, which eventually is
deformed taking a toroidal shape. These results were predicted
by numerical simulations [29]. The jets reported in [24] are
unidirectional; however, later experiments showed that by
introducing a second pulsed laser in the LIFT technique, a tilt-
ing on one of the jets can be induced in a controlled way [25].
The maximum tilt angle reported was approximately of 15°.

In recent years, capillary tubes have been used to generate
microjets with velocities of up to 850 m∕s [30]. In this case, a
nanosecond pulsed laser is focused inside the liquid-filled capil-
lary to create a vapor bubble near the lower wall of the capillary.
The hypothesis about the jet formation is based on the collision
of the shockwave caused by the nearly instantaneous vaporiza-
tion upon the free surface of the liquid [30]. More recently, a
microfluidic device was designed and built for the generation of
liquid jets produced by thermocavitation [31]. This device con-
sists in a microchamber where cavitation is created connected
to a microchannel for jet generation. The microchamber is
filled with a highly absorbent solution to the operation wave-
length to create a vapor bubble, which rapidly expands displac-
ing the liquid outside the device through the channel [31].
In both cases (capillary and microchamber), the liquid jets
are unidirectional.

The use of a continuous wave (CW) laser focused into a
hemispherical droplet of highly absorbing liquid has proven
to be an alternative technique to produce liquid jets, eliminat-
ing the use of nozzles, capillaries, or microcavities. The liquid
jets produced by this method are driven by an acoustic shock
wave (ASW) emitted at the collapse of a vapor bubble within
the droplet contrary to short-pulsed laser-induced cavitation
whose dynamic is determined by the bubble [32]. It was shown
that the bubble produced by CW lasers is always in contact
with the substrate (glass) due to the large optical absorption
of the overlaying droplet. The propagation of the ASW was
simulated using a ray tracing model as point source originated
at the substrate [32]. The simulation shows that the ASW is
reflected by the droplet’s surface due to an acoustic impedance
mismatch (R � 99.99) between the solution and air; i.e., the
interface acts as a perfect mirror, reflecting the ASW toward the
point where it was emitted. However, for the second reflection
(glass-liquid interface) only 40% of the ASW is focused at the
liquid-air interface; nevertheless, its amplitude is still large
enough to drive the dynamic of the liquid columns. A study
on the aspect ratio (Λ � L∕2r) was performed in these liquid
jets (unidirectional) as a function of the laser power, beam focus
position, and droplet’s volume [32]; however, no liquid jets of
controllable direction were reported.

In the present study, vapor bubbles generated by thermoca-
vitation [32–35] were formed over the substrate-liquid inter-
face, and the resulting reflected ASW was focused at
different regions on the upper part of the droplet, ejecting

quasi-cylindrical liquid columns at different angles. The control
over the liquid column’s length and consequently its aspect ratio
Λ was controlled by adjusting the vapor bubble’s size, which
depends on the laser intensity, the beam focus position, and
the droplet’s volume [32]. Our experimental results about
the ejection angle are explained by a simple ray tracing optic
model of the propagation of the ASW inside the droplet.
Therefore, thermocavitation induced in absorbing droplets
could lead to an alternative jet and droplet generator, where
the column’s length and ejection angle can be readily con-
trolled, opening the possibility for new practical applications.

2. EXPERIMENTAL DESCRIPTION

A saturated solution of copper nitrate (CuNO4) dissolved in
water was used as a medium where thermocavitation was in-
duced. Its physical properties are as follows: a high absorption
coefficient (α � 189 cm−1 and penetration length ∼53 μm)
exists at the operating wavelength (λ � 810 nm) [36]; the den-
sity and viscosity of the solution is approximately twice and
fivefold of water (ρsol ≈ 2ρwat and μsol ∼ 5μwater), respectively
[32]; and the surface tension was measured as σ ∼ 0.088 N∕m,
which is close to the water-alone surface tension (σwater ∼
0.072 N∕m) [32].

A 5 μL CuNO4 droplet was gently deposited on a clean,
untreated glass microscope slide (1 mm thickness) and confined
by a thin ring-shaped plastic sticker with an inner diameter of
5 mm and ∼100 μm in thickness, as shown in Fig. 1(a). The
laser beam was collimated and focused with a microscope
objective (f � 8 mm), sitting under the microscope slide. The
beam waist at the focus is w0 ∼ 10 μm, and the Rayleigh dis-
tance is zo ∼ 387 μm. The microscope slide is placed on a 3D
translation stage to displace it transversally �x; y� to focus in
different positions of the droplet or along the propagation dis-
tance z to change the heated volume. The coordinate (0, 0, 0)
corresponds to the beam focus placed at the glass-solution
interface and centered in the droplet, as shown in Fig. 1(a).

Fig. 1. (a) Experimental setup for the analysis of liquid jets pro-
duced by thermocavitation within a droplet of CuNO4 solution.
(1) Microscope slide, (2) ring-shaped plastic sticker, (3) droplet,
and (4) vapor bubble. (b) Liquid column.
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Owing to the radial symmetry of the droplet, we fixed y � 0,
and only the positions x and z were adjusted. In this work, two
sets of experiments were performed: (i) the laser focus placed at
�0; 0; z�, where z was varied from −200 to 500 μm, and (ii) the
laser focus placed at (x, 0, 200 μm), where x was varied from
−900 to 0 μm.

For these experiments, the laser power was fixed at 580 mW,
and the bubble radius was controlled by displacing the beam
focus in the z direction [35]. The beam waist at any other dis-
tance can be calculated by using the expression w�z� �
w0�1� �z∕zo�2�1∕2. To obtain a single cavitation event, the ex-
position time was set to ∼40 ms. To record the evolution of the
vapor bubble inside the droplet and the liquid jet formed after
the bubble collapse, a high-speed video camera (Phantom V7.1)
was used. The system was illuminated with a white light source
almost perpendicular to the laser beam direction. Figure 1(b)
shows an example of a liquid jet emerging from the droplet.
Its length L and its diameter 2r are measured before it breaks
up into droplets, determining in this way its aspect ratio Λ.

3. EXPERIMENTAL RESULTS

A. Vapor Bubble Formation and Liquid Jet Evolution
Figure 2 shows the evolution of the vapor bubble created
within the droplet during laser exposure starting with the

5 μL sessile droplet deposited on the ring-shaped plastic con-
tainer [Fig. 2(a)]. The laser focus was placed on the glass-liquid
interface at (0, 0, 0). The laser beam is strongly absorbed by the
solution near the interface glass-liquid producing a superheated
region [Figs. 2(a) and 2(b)] that undergoes an explosive phase
transition [37–40] and, consequently, the formation of a
fast-expanding vapor bubble [Fig. 2(c)]. The vapor bubbles
produced by this method are commonly termed as thermoca-
vitation bubbles. Further details concerning thermocavitation
and its dynamics can be found in [32,34,35,41–44]. The
laser-induced bubble is always in contact with the substrate tak-
ing a hemispherical shape. The bubble reaches its maximum
radius (rmax ∼ 1.8 mm) in approximately 200 μs [Fig. 2(g)]
and then collapses in 200 μs [Fig. 2(k)].

At the bubble collapse, a strong ASW is emitted, which
propagates within the droplet at a speed of ∼1800 m∕s reach-
ing the water-air interface in only ∼0.5 μs [32]. Owing to the
acoustic impedance mismatch between the water and air, the
fraction of the incident wave that is reflected is R ∼ 99.9% gen-
erating multiple reflections inside the droplet. In each reflection
part of the energy of the ASW is lost and eventually it dies off.
Because of the droplet curvature, the reflected wavefront is
curved, and after the second reflection at the glass-water inter-
face, the ASW is focused around the center of the droplet
(liquid-air interface) deforming its surface. If its amplitude is
strong enough, a liquid jet may be formed driven by momen-
tum transfer whose speed and length depends on the amplitude
of the ASW (Fig. 3).

Figure 3 shows the temporal evolution of a liquid jet gen-
erated under the same parameters and conditions of the experi-
ment described in Fig. 2 but recording it over a much longer
time scale. The first image in Fig. 3 (time � 0) corresponds to
the vapor bubble’s collapse [Fig. 2(k)]. Tens of microseconds
after the collapse, a cylindrical liquid column is ejected from
the upper part of the droplet. The speed of the head of the
column at the beginning of its formation is ∼1.27 m∕s, and
after ∼11.5 ms the liquid column detaches from the droplet
forming a liquid column with two droplets at the front end.
The liquid column continues moving upward due to its inertia.
Eventually, surface tension causes separation of the column and
the formation of a droplet on the lower part of the column.
This detached column undergoes oscillations and coalesces into
a single droplet. The direction of the jet coincides with the laser
beam propagation direction; i.e., it is perpendicular to the

Fig. 2. (See Visualization 1) Formation and evolution of a vapor
bubble created inside a droplet (5 μL volume) using a CW laser.
The laser focus was placed at the position (0, 0, 0).

Fig. 3. (See Visualization 2) Formation and evolution of a liquid column formed by thermocavitation. The time interval between two images is
690 μs.
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microscope slide’s surface. Contrary to the liquid columns
produced by LIFT, its dynamic is driven by the shock wave
produced by the collapse of the bubble and not by the bubble
itself as shown in Fig. 2.

B. Aspect Ratio Λ
Our purpose is to show how thermocavitation produced within
a droplet can be employed for the formation of liquid jets of
controllable direction and with high aspect ratio that would be
unstable otherwise. On the other hand, the length of the liquid
column depends not only on the droplet’s volume [32] but also
on the ASW amplitude. However, the ASW is strongly related
to the bubble’s size, which can be controlled by adjusting the
laser power or the distance between the beam focus point and
the glass-liquid interface (variations in z). As the objective can
be displaced vertically, the beam is focused at different positions
from the interface (glass-liquid) and, thus, it changes the beam
intensity at the interface. This controls the volume of super-
heated liquid available for evaporation and, thus, the amplitude
of the ASW [41,42].

Figure 4 shows the temporal evolution of a liquid column
length ejected from a 5 μL volume droplet at different z values.
It is possible to observe that the column length and speed (see
caption) become larger as the distance between the beam focus
point and the interface (glass-liquid) increases. This occurs be-
cause the rate of energy deposition is smaller for lower light
intensity; thus, the heat diffusion allows a larger superheated
volume and, therefore, larger ASW [34,41,42]. This implies
that a larger force is exerted on the liquid-air interface and
therefore higher jet velocities result. In Fig. 5 we present eight
liquid columns at the same time after the bubble collapse but at
different z values (positive and negative). It is seen that the
liquid column’s length is almost symmetric around z � 0, be-
cause the intensity at the interface (glass-liquid) is symmetric
too (see inset image in Fig. 5). Therefore, to obtain larger liquid
columns it is necessary to increase or decrease the distance z. In
each case, the length L and the diameter 2r of the column were

measured just before breaking up into droplets. The aspect
ratio Λ values obtained for the columns from z � 0 to
500 μm in 100 μm intervals are 12.7, 13.5, 14.3, 14.7,
15.08, and 16, respectively. These values seem modest com-
pared to those produced using the LIFT technique [27,28]
(>100) but were produced with a novel mechanism of cavita-
tion that employs CW lasers.

C. Ejection Angle of the Liquid Jet
Figure 6 shows the temporal evolution of a vapor bubble
formed within a droplet when the laser focus position was
placed to the left (x � −400 μm) of the droplet’s symmetry
center when the laser focus is at z � 0. The bubble grows
and reaches its maximum radius deforming the left side of
the droplet’s surface [Fig. 6(f )]. From this point, the bubble
begins to shrink. The asymmetry induced in the bubble causes
a collapse to the right of the droplet’s center [Fig. 6(j)]. It is
possible to observe that the implosion point is almost symmet-
ric with the formation point of the bubble, i.e., that the ASW is
emitted at a distance of x � �400 μm from the center of the
droplet.

Figure 7 shows a vapor bubble formed inside a 5 μL volume
droplet. The beam focus was placed above the interface glass
water (z � 200 μm) at different x values (0, −300, −600,

Fig. 4. Liquid column length as a function of time at different beam
focus positions (z values). The inset shows a zoom to the initial part of
the column’s evolution. Solid lines indicate the initial velocity of the
columns. The velocities obtained are 1.27, 1.44, 1.55, 1.7, 1.75,
1.96 m∕s from z � 0 to 500 μm at 100 μm intervals, respectively.

Fig. 5. Length of the liquid column at the same time (6.116 ms
after the bubble collapse) but at different z values, for a droplet of
5 μL.

Fig. 6. (See Visualization 3) Vapor bubble formed within a droplet
of 5 μL of volume. The laser focus position was placed at z � 0 and
x � −400 μm.
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and −900 μm). Since the bubble is generated at different posi-
tions inside the droplet, the ASW is also emitted at different
positions on the glass-liquid interface. The ASW travels from
its origin toward the water/air interface, reflecting and exerting
a force on the surface. After this reflection, the ASW is reflected
again on the substrate’s surface and travels back to the water/air
interface where it is focused. The force exerted by the ASW
focused on the surface drives the formation of the liquid col-
umns whose emitted angle ϕ changes with beam focus position.

Figure 8 shows the temporal evolution of the liquid jets gen-
erated under the same conditions as shown in Fig. 7 but with a
wider field of view. As can be seen, the liquid column deviates
from the vertical as the magnitude of x increases, but since the
column is in contact with the droplet, the surface tension causes
the ejection angle to change with time. Eventually, the column

detaches from the droplet, and the angle at the moment of
detachment remains constant. However, its value is almost 4
times smaller than its initial value, reducing the ejection angle
from ∼45° to ∼12°, for the cases when x � −900 μm.
Nevertheless, this work shows the potential of ejecting liquid
columns at different angles.

In Fig. 9, the initial ejection angle of the liquid column is
plotted as a function of x. Here, it is possible to note that the
initial ejection angle of the liquid column increases linearly as
the distance between the center of the droplet’s base and the
horizontal position of the beam focus increases. At first glance,
simply by varying x in an interval between −900 and
�900 μm, it is possible to control the ejection angle from
roughly −45° to�45°. Therefore, taking into account the radial
symmetry of the droplet, the liquid column can be expelled in
any direction within a cone of ∼90°. Outside this range, the
vapor bubble breaks the surface tension and escapes by the
droplet’s side. The angle of the fully detached column, however,
is almost a factor of 4 smaller compared to its initial angle due
to surface tension.

4. SIMULATION AND DISCUSSION

From the experiment, it follows that the jet formation is a result
of a shock wave action on the droplet surface. However, the
exact propagation pattern is difficult to calculate because of
two factors. First, the droplet shape at a moment of shock wave
formation is modified by a previous bubble evolution, and it is
not spherical and not even symmetric (Fig. 8). Second, the
shock wave inside the drop experiences multiple rebounds
resulting in the formation of caustics, and the wavefront shape
even after a small number of rebounds becomes highly com-
plicated. In terms of rays, the ray trajectories for the character-
istic droplet shape become chaotic.

Fig. 7. Vapor bubble formed within a droplet of 5 μL of volume.
The rows show pictures when the laser focus position was placed
at (a) x � 0, (b) x � −300 μm, (c) x � −600 μm, and
(d) x � −900 μm from the center of the droplet’s base. For all cases,
z was fixed to 200 μm. The columns show pictures at the same time.

Fig. 8. Temporal evolution of liquid columns that emerge from a droplet of 5 μL volume at different x values, (a) x � 0 (See Visualization 4),
(b) x � −300 μm (See Visualization 5), (c) x � −600 μm (See Visualization 6), and (d) x � −900 μm (See Visualization 7) from the center of the
droplet’s base.
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Thus, for a simulation we limit ourselves to a simplified
model, which, however, explains the focusing position of the
shockwave and the general direction of jet emission. We assume
a droplet spherical cap of radius Rd � 1 with its center at the
origin and limited by a plane z � a, with 0 ≤ a < 1. Note that
the parameter a determines the size and shape of the spherical
cap. We further assume, that the energy is propagated along the
paths of classic rays [45]. A large number N of rays, which start
at the collapse point, with coordinates �x0; y0; a� are traced. We
choose a uniform angular distribution (the probability to find a
ray in any solid angle dΩ is proportional to dΩ and indepen-
dent of the direction of the ray). The rays are perpendicular to
the shock wavefront. The rays are reflected on the spherical cap
according to the laws of geometrical optics. The momentum
transfer from each ray to the surface is calculated, taking into
account that after every rebound from the glass/droplet inter-
face, 67% of energy is lost. We take into account eight
rebounds for each ray, which gives 96% of total energy. In
Fig. 10 the calculated momentum transfer to the surface is
shown in color, bright areas corresponding to higher force.
It is seen that after the first rebound on the spherical drop-
let/air interface the wave is focused and hits the surface in a
spot, which is approximately opposite to the cavitation bubble
position with respect to a center, as observed in the experiment.
It is also seen that different caustics are formed, mainly due to a
few first reflections (bright rings). Thus, the simulation suggests
that most of the shock wave momentum is concentrated in a

relatively small spot, and a position of this spot qualitatively
corresponds to the site where the jet appears. We stress that
our model is highly simplified and does not permit a detailed
comparison to an experiment but nevertheless predicts quite
well the focusing position of the shockwave and the general
direction of jet emission.

5. CONCLUSIONS

We have shown the generation and evolution of nozzle-free
liquid jets of controllable direction produced within a
CuNO4 droplet by thermocavitation. The jets are driven by
an acoustic shock wave emitted by the collapse of a hemispheri-
cal vapor bubble. The generated shock wave is reflected at the
liquid-air interface due to an acoustic impedance mismatch
generating multiple reflections inside the droplet. During each
reflection, a force is exerted on the liquid-air interface driving
the jets. Depending on the position of generation of the bubble
within the droplet, the mechanical energy of the shock wave is
focused on different regions at the liquid-air interface, ejecting
cylindrical liquid jets at different angles. The ejected jet angle
dependence is explained by a simple ray tracing model of the
propagation of the acoustic shock wave inside the droplet.

Fig. 9. (a) Initial ejection angle of the liquid column as a function of
the horizontal position of the beam focus (x parameter) and (b) its
temporal evolution.

Fig. 10. Simulations of ray propagation at different x values,
(a) x � 0, (b) x � 300 μm, (c) x � 600 μm, and (d) x � 900 μm
from the center of the droplet’s base. The clearest spot indicates focus-
ing of the rays on the surface of the droplet (top view) in accordance
with the experiment. The inset is a schematic representation (side
view) of the droplet geometry and ray tracing just for illustration
purposes [only for the case (a)].
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