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Abstract: The most common approach to optically generate and manipulate bubbles in liquids
involves temperature gradients induced by CW lasers. In this work, we present a method to
accomplish both the generation of microbubbles and their 3D manipulation in ethanol through
optothermal forces. These forces are triggered by light absorption from a nanosecond pulsed
laser (A =532 nm) at silver nanoparticles photodeposited at the distal end of a multimode optical
fiber. Light absorbed from each laser pulse quickly heats up the silver-ethanol interface beyond
the ethanol critical-point (~ 243 °C) before the heat diffuses through the liquid. Therefore, the
liquid achieves a metastable state and owing to spontaneous nucleation converted to a vapor
bubble attached to the optical fiber. The bubble grows with semi-spherical shape producing a
counterjet in the final stage of the collapse. This jet reaches the hot nanoparticles vaporizing
almost immediately and ejecting a microbubble. This microbubble-generation mechanism takes
place with every laser pulse (10 kHz repetition rate) leading to the generation of a microbubbles
stream. The microbubbles’ velocities decrease as they move away from the optical fiber and
eventually coalesce forming a larger bubble. The larger bubble is attracted to the optical fiber by
the Marangoni force once it reaches a critical size while being continuously fed with each bubble
of the microbubbles stream. The balance of the optothermal forces owing to the laser-pulse
drives the 3D manipulation of the main bubble. A complete characterization of the trapping
conditions is provided in this paper.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Bubbles play a key role in fields such as thermodynamics [1,2], microfluidics [3-5], biomedical
[6,7], hydraulics [8,9] but is also relevant in applications such as valves [10,11], motors [8,12],
needle-free injectors [7], optical trapping and sorting [11,13—15] among others. These applications
require extreme spatial control of bubbles’ position to accomplish their purposes; however, this is
quite difficult to achieve because many dynamic processes are involved. A great deal of both
experimental and theoretical works have been carried out to fully understand the dynamics of
the bubbles allowing their 2D manipulation based on acoustic, thermal, and optical phenomena
[16-20]. The combination of these last two, also called optothermal effect, has shown to have
several advantages at the microscale regime [21,22]. On one hand, optical phenomena provide
both noncontact and noninvasive approaches of bubbles manipulation while thermal phenomena
can provide forces many orders of magnitude larger than optical ones [16,19,23]. So optothermal
phenomena offers the best of the two worlds.
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Optical generation of microbubbles in liquids is typically achieved by laser radiation with
either CW [16-19] or pulsed lasers [24-26]. The former one needs an absorbent medium to
convert the incident light into heat [22,27,28], whereas the latter one occurs in highly transparent
media through means of multiphoton absorption leading to optical breakdown [29-31]. Optical
manipulation of microbubbles is not an easy task since the refractive index of vapor is smaller
than the surrounding liquid; however, “bottle” beams, i.e., donuts-shape beams with a dark center
allows manipulation of low refractive index particles [32—-34]. Optical trapping of large bubbles
cannot be achieved with optical means; however, recently it was reported an optothermal method
[18] for the generation and 2D manipulation of microbubbles by Marangoni force [16-20].

In this work, we present both experimental and theoretical results of 3D manipulation of
microbubbles generated by light-absorption from a nanosecond pulsed laser at silver nanoparticles
(AgNPs) photodeposited onto the core of a multimode optical fiber. Each laser-pulse generates a
small bubble by the explosive phase transition, which later ejects microbubbles into the liquid,
forming a microbubbles-stream that moves away from the tip of the optical fiber until they
coalesce, forming a large microbubble. This bubble is eventually attracted to the optical fiber by
the Marangoni force while it is continuously hit and fed by the microbubbles-stream. The balance
of the involved forces drives the 3D manipulation of the large bubble. To our best knowledge,
this is the first time that quasi-stable 3D trapping and manipulation of bubbles is reported.

2. Experimental section

In our experimental setup, a nanosecond laser pulse (Spectra Physics Q-Switch at 532 nm, 7,=5
ns & 10 kHz repetition rate) is coupled to a multimode optical fiber (50 um core diameter) by a 10x
microscope objective (MO). At the distal end of the optical fiber, AgNPs (Sigma-Aldrich, particle
size < 100 nm) were photodeposited following the procedure reported in [35,36] until 3.5 dB of
attenuation was achieved. After that, the fiber end with the photodeposited nanoparticles was
submerged vertically (z-axis) in a glass cuvette containing pure ethanol. For visualization of the
bubble dynamics, a 50x microscope objective (Mitutoyo, NA = 0.26) is coupled to a high-speed
camera Phantom v7.3. A halogen lamp, as depicted in Fig. 1, supplies the illumination.

/Z r

Multimode ’ :
optical fiber 5
White lamp —_—

Fig. 1. (a) Experimental setup for the generation and 3D manipulation of microbubbles. A
pulsed laser is coupled to the multimode optical fiber using a microscope objective (MO).
Bubbles dynamics are viewed with a fast Phantom camera. (b) Image of the distal end of the
multimode optical fiber obtained with a SEM after 3.5 dB of attenuation was achieved. (c)
Closer view of the optical fiber core showed on (b).
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It is important to clarify that no bubbles are produced when no nanoparticles are photodeposited
at the energy levels reported in this work. So the driving mechanism of microbubble generation
is thermal effects produced by light absorption at the nanoparticles.

3. Experimental results

Figure 2(a) shows snapshots of the bubble growth dynamics using 2.1 pJ per pulse laser energy.
With each laser pulse, a bubble is detached from the fiber end forming a long column of bubbles
with an increasing diameter (and decreasing velocity) as they move away. A similar phenomenon
was reported by Ohl et al. [37,38], but they employed a CW laser source or Joule heating.
Besides, they do not report the formation of a larger bubble or its trapping and manipulation. As
the bubbles speed decreases, they catch up and eventually coalesce forming a larger bubble, called
hereafter, as the main-bubble (125 um of radius after r ~1.6 s). According to our experimental
results, it was noticed that the main-bubble approaches the fiber end (heat source) as it grows. In
fact, it can be trapped and manipulated in 3D as shown in Visualization 1. Figure 2(b) shows
the time dependence of the main-bubble radius measured from the video and the calculated
one by adding the ejected small bubbles with an average radius of 5.5 um. The growth rate of
the main-bubble is faster at the beginning because the contribution of each small bubble to the
volume of the main one is significant but eventually, its contribution becomes less significant for
such reason the dynamics of the radius of the main-bubble is better described as with a double
exponential function, r(f) = el — 71 exp(_t/tl) - rgexp(_t/tz)], where 7y is the maximum
bubble radius, r;, r2, t;, and t; are radius and time constant of the fast and slow contribution
to the bubble growth, respectively (see Fig. 2 for its values). The disagreement between both
curves is because the coalescent bubble radius is larger at the beginning of the video but as the
main-bubble is attracted towards the fiber the coalescent bubbles become smaller, i.e., the radii
of the coalescent bubbles are spatially and temporarily varying, however, our approaches gives a
good estimate of the final main-bubble radius. It is important to notice that for >13 000 bubbles,
its radius does not change appreciably, and thus quasi-stable trapping and manipulation can be
achieved.
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Fig. 2. Growth of the main-bubble as a function of time. (a) Snapshots of the temporal
evolution of the main-bubble radius recorded at 6,600 fps. (b) Blue dots correspond to the
measured from the video main-bubble radius. The continuous blue line is fit to a double
exponential function. The lower horizontal axis represents the number of coalesced bubbles
and the upper one the corresponding elapsed time. The red solid line indicates the calculated
radius of the main-bubble as a function of microbubbles generated at 2.1 uJ per pulse-energy
at a repetition rate of 10 kHz.
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Fig. 3. (a) Profile of the bubble’s velocity as a function of the laser energy, extracted from
recorded images at 43,000 fps. Continuous lines are fit to an exponential function. (b)
Snapshot of the tracers and bubbles when a 2.6 uJ of laser energy was used. White circles
and white squares indicate the tracer and bubble displacement, respectively. Both the bubble
and the tracer start from the same position at t = 50 us, however, the bubble moves faster as
time goes on.

Figure 3(a) shows the velocity U of the ejected bubbles from the tip of the optical fiber along
the light propagation (z-axis) at different laser pulse’s energy. The bubbles’ velocity was extracted
from the recorded video at 43,000 fps using the Phantom control camera software. The frame
rate provides information of the temporal dynamics while the spatial information was obtained
from the diameter (125 pm) of the optical fiber. In all cases, the velocity of the ejected bubbles

Fig. 4. (a) Snapshot of the optothermal generation of microbubbles: (i) maximum bubble
size, (ii) bubble collapse, (iii) bubble ejection, (iv-vi) bubble moves away from the optical
fiber. (b) 4.2 W of laser-pulse energy. (i) Maximum cavitation bubble. (ii-iv) Temporal
evolution of the remaining bubble. (v) Bright spots represent scatter laser-light due to AgNPs
picked up by the video-camera. (vi) Bubble ejection due to the counterjet. The frame rate in
all cases was 43,000 fps.
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is faster around the fiber end and then decreases exponentially with the distance. As the laser
energy increases, the velocity also increases. For pulse energy <2 uJ no bubbles were formed
and for pulse energy > 4.2 uJ, two bubbles were expelled but with lower velocity, as it is shown
in the inset of Fig. 3(a). The thermal gradient produced by the nanoparticles at the fiber end also
produces convective currents. In order to measure the velocity of the convective currents, silica
microparticles (3 um) were added as tracers to the solution and by video-analysis, its velocity
(velocitymax ~0.5 m/s) was determined (broken line). The microparticles tracers stops around
300 um and then they are dragged out of the field of view by the convective currents. Figure 3(b)
is a closed-up around the fiber end where a microparticle (enclosed by a circle) is tracked along
with a bubble (enclosed by a square). Notice that the bubble velocity is always faster than the
tracer one and travel longer along the propagation distance. This distance is determined by the
laser pulse energy.

Figure 4(a) shows snapshots of the bubbles’ temporal evolution generated with 3.1 uJ per
pulse energy, i.e., single bubble generation regime. With each laser pulse, a semi-spherical shape
bubble is created that rapidly grows up to its maximal radius R,,, while remains attached to the
fiber, this is the typical behavior of thermocavitation bubbles [39,40]. After that, the bubble
collapses taking a mushroom-shape form and a small bubble is expelled from the fiber end.
However, if the pulse energy is increased beyond 4.2 uJ, as shown in Fig. 4(b), the bubble is
larger, and its collapse is more complex since two or even three bubbles are created, and a smaller
bubble always remains on the fiber. Detailed time evolution of the bubble dynamics was not
possible with our fast camera, so only snapshots were captured.

4. Discussion

As pointed out above, no bubbles were produced in the absence of nanoparticles on the fiber
end, so the driving mechanism of bubble generation is of thermal origins produced by light
absorption at the nanoparticles. Heat is transfer to ethanol from the irradiated zone due to
diffusion. The diffusion time is given by [41]: 74 =d*/4D,, where d is the thickness of the
absorbing medium and D; is the thermal diffusivity (171.92 x 107° m?/s for silver [42] and
85.19 x10~? m?/s for ethanol [43]). For silver nanoparticles and a thickness of d = 100 nm, 74
~ 15 ps, which means that within the pulse the films radiate efficiently but ethanol is a bad
radiator, so its temperature will increase. It is crucial to determine the temperature increase at
the AgNPs-ethanol interface; however, it is quite difficult to perform a direct measure because to
our best knowledge, there is no thermal sensor capable of operating at the times scales involved
(tp <10 ns) in a small heated volume. However, let us take some reasonable assumptions to
numerically (COMSOL Multiphysics) estimate both the temperature-induced and its spatial
distribution. First, the incident laser pulse has a Gaussian profile and the photodeposited film is
assumed to be a homogenous thin-film of constant thickness. The generated heat per unit volume
is calculated as Q = al, where a is the absorption coefficient (7.2086 x 10° m~! for silver [42]
and 6.8 x 1072 m™! for ethanol [44]) and [ is the optical intensity of the Gaussian beam defined as
I = (2E/ntywy) exp(=2r% /w) exp(=1* /1, ) where E is the pulse energy, 7, is the pulse duration
and wy is the optical fiber core radius. The ethanol’s absorption coefficient is very small in
comparison to the silver one; therefore, the silver film is the only heat source. Figure 5 shows the
temperature profile induced by a single laser pulse at the AgNPs-ethanol interface at different
laser pulse’s energy. The energy pulses correspond to the ones used on the experiment. In all
cases, the temperature rises quickly beyond the ethanol boiling point [45] T}, = 78.24 °C without
boiling and reaching the thermodynamic critical temperature of ethanol [45] T, =243°C, i.e.,
the temperature of the film is so hot that a vapor film is created between film and the liquid
limiting further increase on vaporization. Beyond this metastable state, ethanol undergoes an
explosive phase transition to vapor, producing a fast-expanding bubble (not included in our
simulation). Once the vapor phase is achieved no further heating of the ethanol is possible
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due to the well-known boiling crisis [46]. On the other hand, once the laser pulse is off, the
temperature slowly decreases 7(t) = Ty + ATexp(—t/19) where Ty is the ambient temperature,
AT is the maximum temperature reached by the pulse and 7 is characteristic time (~ 55 ns).
When the next pulse arrives, 100 us later, time the film has reached a steady-state temperature,
and the whole process repeat again. Thus, with each laser pulse a bubble is produced, and a train
of bubbles are expelled from the fiber end. It is important to mention that no phase transition was
included in our simulation, so the actual liquid temperature could not be determined.
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Fig. 5. Temperature profile at the AgNPs-ethanol interface obtained by solving the heat

diffusion equation coupled to the Navier-Stokes equations using COMSOL Multiphysics.

The phase explosion is more likely to occur around Tc ~243 °C (continuous red line). The

temperature increase at the interface is a linear function of the laser energy. Color solid lines

represent the temporal profile of the temperature at the AgNPs-ethanol interface due to light

absorption. The blue broken line represents the temporal profile of one laser pulse. The
pink double-dot line represents the pure ethanol boiling temperature Tb ~ 78 °C.

The generation of the column of bubbles just described here was also recently reported using
CW lasers and electrical microheaters [37,38]. In their studies, they heat (optically or electrically)
a homogenous metallic thin-film and observed rising bubbles at a very high repetition rate ~100
kHz. Upon heating, the liquid in contact with the metallic film is explosively evaporated and after
some transient regime, a stable bubble generation is observed. It is well known that a cavitation
bubble collapsing near a solid substrate will produce a counterjet explained by the non-spherical
collapse theory developed by Rattray [47-49]. Before the collapse, the semi-spherical bubble
takes toroidal shape due to the formation of a counterjet directed towards the substrate. In the
case of heated substrates, the counterjet hits the film and is immediately vaporized producing a
secondary bubble while the vapor film keeps attached to the fiber end and this process repeats
with each laser pulse. However, in Ref. [37,38] they neither observe the coalescence nor the
trapping of bubbles (probably they occurred outside the field of view), given the smaller bubbles
(R ~ 2 ym) and the velocity at which the bubbles are expelled.
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In our experiments, we could not observe details of the bubble dynamics because of the limited
temporal resolution of our camera. The bubble lifetime 7, in close proximity to a substrate
[26,49,50] is given by [47]:

7, = T.(1 + 0.205y), (D

where y = H/R,, is standoff parameter, H is the distance between the wall and the center of the
bubble, R, is the maximal semi-spherical radius, and 7, is the collapse time for a spherical
bubble, also called the Rayleigh collapse time [51], given by:

Pi
P Rmax 9 (2)

e v

7. ~ 0915

where p; =789 kg/m? is liquid ethanol density [45], Po, = 101.33 kPa and P, = 7.87 kPa are the
pressure in the liquid [52] away from the bubble (P, = P,4y,), and the vapor pressure of ethanol
[52], respectively. According to Eq. (1), the non-spherical collapse time for the bubbles reported
here is 7, ~ 6 ps, which is smaller than the temporal resolution of our video-camera, 7fme ~ 23
ps. This explains why we cannot record both the counterjet and the bubble collapse dynamics.
As shown in Fig. 3(a), the bubbles are expelled from the optical fiber reaching velocities of
up to 2.5 m/s, much larger compared to those reported in Ref. [37,38], and then decrease as
they move away from the AgNPs-ethanol interface and eventually they coalesce at a certain
distance along the propagation axis producing a larger bubble, which is eventually trapped when it
reaches a critical size. An estimate of the critical size is not an easy task, but we can estimate the
quasi-steady-state trapping by analyzing the forces involved in its trapping. Two of them are of
thermal origin produced by light absorption on the nanoparticles: the Marangoni force and drag
force due to convective currents. There are two additional forces: one due to the momentum’s
transfer to the main-bubble by the continuous coalescence of bubbles and buoyancy force. A
bubble immersed into a temperature gradient, as the one produced by the nanoparticles on the
fiber end, will suffer a tangential stress on its wall owing to the temperature dependence of the
surface tension; the bubble will move towards the heat source while the liquid flows to the colder

regions, this is called Marangoni force F_)M or thermocapillary force [18-20], which is given by:

— do
Fy = -27R*VT—, 3
M u a7 (3)
where R is the microbubble radius, VT is the temperature gradient in the propagation axis

and do /dT is the temperature derivative of ethanol surface tension o (-0.1 x 1073 Nm~'K1).

The drag force [35] due to the convective currents can be written as 17:1 = 6muRU. The
column of bubbles moves in opposite direction to the main-bubble, as it shows in Fig. 2(a).
So, the main-bubble suffers an impact from the bubbles-stream, called inertia force [53-55]
f; =ma = 4/37TR3 plC;,dU/ dp Where Cj, = 1/2 is the bubble-shape coefficient [54]. In addition,
once the bubble is created the buoyancy and gravity force appear. These forces are given by [21]
17);, = %nngR3 and I?g = % 0,gR3, respectively, where g is the gravitational acceleration, U is the
microbubble velocity, u = 1.17 x 1073 Pas is the dynamic ethanol viscosity [45], p, = 1.43 kg/m?
is the vapor ethanol density [45]. However, since the liquid density is two orders of magnitude
greater than the vapor density, gravity force will be neglected. On the other hand, since the vapor
refractive index (~ 1) is smaller than the liquid one, the bubble will be pushed away from the
beam. Actually, given the large size of the beam and optical power, the gradient optical force [35]
in this case is five orders smaller than both the drag and buoyancy force [23,34]. The radiation
pressure is also negligible small since only the beam leaving the fiber rapidly diffracts [35], so all
optical forces are negligibly small and will not be taken into account in the following analysis.
In addition, since Marangoni force scale ~ R”, this means that only the large bubble will be
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under the effect of this force, for example, a bubble of R =5 um near the fiber end will experience

F_>M ~ 20 nN while large bubbles of R > 100 um will experience a force > 400 times larger. Small
bubbles cannot be attracted towards the fiber end since the drag force for small bubbles is larger.
For example, using the velocity data for small bubbles [Fig. 3(a)] moving away from the fiber

we calculated drag force 17:1 ~ 190 nN, i.e., the drag force is almost 20 times larger than the
Marangoni force for the small bubbles. On the other hand, a bubble of R = 125 um close to the

fiber end will feel F; ~ 15 uN and F_d) ~ 0.190 uN; therefore, the bubble will be attracted to the
fiber end. -
Hence, the total force Fr acting over the main-bubble moving in the propagation axis + z used
in this study is:
e T T e S
Fr=F,*Fy¥F;FF,, (4)

where the + sign indicates the direction of light propagation along +z, as sketched in Fig. 6(a).
Figure 6(b) shows the total force over a main-bubble of R = 131 um versus the distance along the

z-axis. When the total force is equal to zero, the bubble will stop, so, F_>M + }7; = 17[1) +f;. Thus,
the main-bubble will reach a theoretical quasi-steady-state at z.,; =-439.7 um, as it is shown in
Fig. 6(b) inset. Notice that the dominant force near to the fiber is the Marangoni one, but the
other forces become important, as the main bubble is farther away. If the laser is continuously on,
the bubble will continue growing until it touches the fiber and eventually leaves the fiber due to
buoyancy force.
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Fig. 6. (a) Free-body diagram of the forces involved in the main-bubble manipulation. (b)
Total force over a main-bubble of R = 131 um illuminated with pulses of 3.7 uJ of energy as
a function of the propagation axis.

Figure 7(a) shows snapshots of a main-bubble of radius R = 131 um approaching the optical
fiber illuminated with pulses of 3.7 uJ of energy. The complete temporal evolution of the
main-bubble radius is not shown because it occurred out of the field of view, nevertheless, one
can observe the main-bubble displacement in + z direction while the bubbles-stream moves along
the -z direction; quasi-steady-state trapping of the main-bubble trapped occurs at z.,, = -437.8 um.
However, this position is continuously changing since the main-bubble is continuously growing,
as it is shown in Fig. 7(b). In this figure, the theoretical-quasi-steady-state is obtained from the
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total force around the equilibrium position. Although, the rate of change of the bubble is not
negligible ~ 30 um/s, as it is shown in Fig. 2(b). The quasi-steady trapping can be maintained
from microseconds to milliseconds, as it is shown in Visualization 1. In fact, for the case of
Fig. 7(b) a change in the bubble ratio of 3 pm (occurs in 100 ms) it means a change of ~30 um in
the trapping distance or just above 5% variations. The bubble can be trapped around 20 seconds
(as it is shown in Visualization 1), but it continuously approaches the fiber and eventually leaves
the trap since the buoyancy force dominates over all others forces. Nevertheless, these results give
us the confidence to predict the trapping distance as a function of pulse-energy and to achieve
quasi-steady-state 3D trapping.

30 T T T T T T T T
(b
—A—R=129.5um
25 —e—R =131 um i
—0— R =132.5 um
20 :
151 1

0 T T T T T T T T
-380 -390 -400 -410 -420 -430 -440 -450 -460 -470
Propagation axis z (um)

Total force F; (nN)

Fig. 7. Spatial displacement of the main-bubble Visualization 2. (a) The main-bubble
moves in + z direction whereas the bubbles-stream does it in -z direction. (b) Total force
over a main-bubble around the quasi-steady-state trapping distance for bubbles of different
radii. Total force over a bubble of 129.5 um of radius (red triangles), 131 um of radius (blue
dots) and 132.5 um of radius (green squares) obtaining quasi-steady-state trapping at -430.2
um, -439.7 pm and -451.4pum, respectively.

5. Conclusions

In summary, it was shown both theoretically and experimentally the quasi-steady-state 3D
manipulation of vapor bubbles using a nanosecond pulsed laser. Light absorption at silver
nanoparticles (AgNPs) photodeposited onto the core of a multimode optical fiber heats the liquid
beyond its boiling point. Each laser-pulse generates a small bubble (attached to the fiber end)
by the explosive phase transition, which later ejects microbubbles into the liquid, forming a
microbubbles-stream that moves away from the tip of the optical fiber until they coalesce, forming
a large microbubble. We have shown that those bubbles coalesce at certain distance z, generating
a large bubble that grows with each coalescence. This bubble is eventually attracted to the optical
fiber by the Marangoni force while it is continuously hit and fed by the microbubbles stream.
The balance of the involved forces drives the 3D manipulation of the large bubble. To our best
knowledge, this is the first time that both quasi-stable 3D trapping and manipulation of large
bubbles are reported.
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