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ABSTRACT

We present a systematic study of the laser-driven Marangoni flow and curvature induced vortex formation in a copper sulfate pentahydrate
solution, visuatized by dispersed carbon nanotube (CNT) bundles. The experiments are carried out using different objectives of numerical
aperture (NA) in the range of 0.1-0.6 to investigate the effect of focusing on the flow dynamics. The flow velocities measured (for 0.1 NA) are
in the range of 2 mm/s-5 mm/s depending on the size of CNTs. Both primary and secondary vortices are observed in our experiment. In the
primary vortex, with a sixfold increase in NA, a tenfold increase in the angular velocity of CNTs is measured. We also discuss the important
role played by the curvature of the droplet in the vortex formation. The numerical simulations carried out for flow velocity are in agreement

with the experimental values,
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Since its discovery more than three decades ago,’ optical tweez-
ers are widely utilized for trapping of micrometer and nanometer
size particles. However, some applications demand the confinement
of many particles. There have been previous attempis to circum-
vent this problem by focusing a continuous wave (CW) laser in an
absorbing liquid to generate and trap bubbles,” wherein the trapped
bubbles attract nearby particles."' The gradient of temperature is
necessary for such a movement.”® In the case of an absorbing lig-
uid surface, because of laser heating, non-uniform surface tension
is created, giving rise to the Marangoni flow that depends on its
gradients. The transition from an optical to thermal trapping has
been observed for polystyrene beads in a weakly absorbing medium.’
In the case of trapped bubbles in an absorbing dye, the simulated
trap strength was found to be >5 x 10”7 N due to the Marangoni
effect.” Apart from liquid absorbers, gold nanoparticle based reso-
nant surface plasmon heating has been utilized to generate bubbles;
the temperature change of ~3 K gave rise to a flow velocity of ~1000
sm/s."” Recently, using multiple laser spaots, the direction of fluid
fiow was controlled in an absorbing film of gold ranoislands.” We

have shown earlier a laser-based generation of gaseous, vaporous,
and mixed bubbles using carbon nanctubes (CNTs} as an absorber
at a low incident power of 5 mW."" Furthermore, with the use of a
CW 1064 nm laser, dendritic patterns and accelerated crystal growth
are observed in various solutions dispersed with CNTs.*"*

The Marangoni effect has widespread utility in microfluidic
applications; flow velocities of magnitude higher than 1000 ym/s are
reported using a sharp probe attached to a heater causing a tempera-
ture change of ~1°C in water and oil.”® Earlier, a massive movement
of polystyrene beads was demonstrated with a maximum velocity of
8 mm/s, using an infrared (1.55 pm) laser-induced vortex flow in
water.'”

Namura and co-workers, using a gold nanoparticle film, cre-
ated a bubble and then maved the laser beam in its vicinity and
observed two circular flows that aided in the sorting of polystyrenes
spheres.”” In a subsequent work,' by balancing the horizontal and
vertical temperature gradient controlled by the laser position around
the bubble, a nearly collimated particle flow was demonstrated.
Recently,” the collection of graphite oxide nanoplatelets dispersed
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in water was demonstrated by laser-induced bubble formation using
4 980 nm wavelength.

It is known that many fluid dynamical phenomena are influ-
enced by the geometry of the boundary or the substrate in a fash-
ton that is not yet completely understood. Recently,” ™ the effect
of the curvature of the substrate on the Rayleigh-Taylor insta-
bility has been reported. The effect of channel geometry on the
migration of droplets due to the Marangoni effect has also been
studied.”" Miyakawa and Adachi studied the effect of the air-
liquid interface of a droplet on the flow of microparticles near the
interface.”

Here, we investigate the hitherto unexplored effect focusing has
on flow dynamics when a liquid drop is heated by a CW laser using
microscope objectives of NA in the range of 0.1-0.6. We present
our experimental and simulation results of the Marangoni flow and
formation of vortices in an absorbing liquid when irradiated by a
focused CW 1064 nm laser beam. The vortex formation and flow
patterns are investigated by varying experimental conditions such
as the incident laser power. The flow patterns within a vortex are
visualized, and the velocity of flow is quantified by measuring the
velocity of dispersed carbon nanotube bundles. The numerical sim-
ulations are performed using COMSOL Multiphysics™ that provides
an insight into understanding as to how the laser beam irradiation
played a significant role in temperature rise and flow velocity in our
measurements.

The experimental setup (see Fig. S1 and its deseription) con-
sists of a 1064 nm CW laser beam that is routed with the help of
mirrors into an inverted microscope, and the microscope objective
focuses the laser light into the sample. The light {back-reflected)
from the sample is collected with the same objective, and the images
are captured using a CCD camera. The experiments are performed
using the copper sulfate pentahydrate solution, which has a strong
absorption at 1064 nm wavelength, at the concentration of ~0.3 giml
CNTs of sizes in the range of 110 nm-170 nm are dispersed in the
solution to visualize the flow patterns. The absorption coefficient
of the copper sulfate pentahydrate solution at 1064 nm wavelength
is 1.36 cm™. The experiments are carried out using four micro-
scope objectives {(4x/0.1, 10x%/0.25, 20x/0.45, and 40x/0.6), and the
incident laser power was in the range of 25 mW-g85 mW, mea-
sured before the microscope objective. Copper sulfate pentahydrate
crystals are dissalved in deionized water and drop cast (diameter
~3 mm) on a microscope glass slide. Initially, the vertical position
of the objective is adjusted to focus the laser on the slide with-
out the droplet; this is the reference position. The vertical motion
of the microscope objective is again adjusted and tocked with the
droplet. The maximum apex height of the droplet is measured to
be ~1.2 mm, subsequently, upon shining the laser light (60 ym
away from the boundary of the drop-air interface by adjusting the
horizontal motion of the slide stage) inside the drop, as shown in
Fig. 81; the light is absorbed by the liquid, giving rise to local-
ized heating. The localized heating of the solution results in the
temperature gradient. In our measurements, this rise in temper-
ature sets in flow patterns that eventually give rise to the vortex
formation,

We systematically analyze, in real time, the transient time-
dependent growth of the flow patterns from the recorded niovies.
Figare 1{a) (Multimedia view) shows the time-dependent growth
pattern using a 4x objective magnification.
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FIG. 1. Time-tependent growth of the flow patters using {a) a 4x objactive at
t=0.32 s and (&) a 10x objective at t = 0.32 s at an incident laser power of 58 mW.
The open circle represents the focation of a focused laser spot. Mulimedia views:
(8) https:itdot.orgl 16 1083/5. 0025468 1; (b) hitps #ided. orgf 10. 10635 00264592

At time t = 0 5, the laser is turned on, and the beam focused
inside the liquid drop. As a result, in the proximity of the laser
spot, the temperature rapidly increases. A diffusion front is seen
moving away from the laser spot [the white circle in Fig. 1 (Mul-
timedia view) represents the position of the laser spot], leading to
flow in the steady-state that results in the formation of primary vor-
tices. There is a localized rise in the temperature due to the absorp-
tion of the laser radiation; subsequently, thermal currents are set up
inside the liquid drop. A typical transient pattern formed in the lig-
uid is depicted in Tig. 1{a) (Multimedia view), which then grows
until the steady-state is reached (see Fig. §2), It proliferates near the
laser spot (the distance from the laser spot to the droplet bound-
ary is ~60 um). In Fig. 1(b) (Multimedia view), we show the time-
dependent growth of the pattern using a 10x objective. The laser
power used in this case is 58 mW., The pattern that we observe is
similar to that using a 4x microscope objective. As time progresses
apart from the primary vortices, we also observe the secondary vor-
tices. The motion of the liquid is monitored with the aid of carbon
nanotubes {CNT's). The CNTs rotate in the clockwise direction in
one of the vortices and the counterclockwise direction in the other
vortices.

We have carried out our measurements by changing the
NA. The increase in the NA leads to the increase in the tem-
perature gradient and, hence, the increase in the Marangoni and
Rayleigh numbers (see note $1 and Table 1 of the supplementary
watcsial). Hence, the measurements for different NA essentially
correspond to the measurements for different Marangoni num-
bers. Our findings are summarized in Fra. 2 Figure 2(a) depicts
the time required for the vortices to form, and Fig 2(br shows
the time for one rotation. As can be seen, these times decrease
with the Marangoni number, which is expected as with a higher
Marangoni number (and AT), the force will be higher. Hence, the
process is, in general, faster. I'ipury 2(¢) shows that the accumulation
radius decreases with the Marangoni number. This can be under-
stood from the previous plot, which implies that the angular veloc-
ity increases with the Marangoni number. This leads to a greater
centrifugal force resulting in the escape of outer particles. Fiy
ure 2(d1 depicts the distance between the vortices, which decreases
with the Marangoni number. This observation can be attributed
to the higher velocity of the jet (see Fig, 53) between the vortices
resulting in a higher pressure gradient in the direction perpendicular
to the jet.
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See the supplemenlary material for experimental and simula-
tion details and supplementary figures.
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FIG. 2. Different parameters of rotational motion plotted as a function of Marangoni number for different objectives al an incident laser power of 58 mW.

The accumulated CNTs are shown (the white circle represents
the position of laser spot} in Fi 3 (Multimedia view). The images
compared are at time t =205 after the laser Is incident. The measured
velocities of CNTs moving toward the vortex region are 3.2 mm/s
and 2.5 mm/s for 4x and 10x magnifications, respectively. However,
much higher velocities in the range of 4 mm/s-5 mm/s are measured
for smaller CN'Ts. The maximum angular velocities of CNTs mea-
sured for the primary vortices are 8 rad/s, 55 rad/s, 58 rad/s, and
80 rad/s for 4%, 10x, 20x, and 40x magnification, respectively. We
observe that a sixfold increase in the NA of the objective gives rise
to a tenfold increase in the angular velocity of CNTs. Hence, it indi-
cates that not only the angular velocity increases but also the rate

of accumulation of CNTs in vortices increases with the NA of the
microscope objective.

We carried out 3D simulations using a commercially available
software COMSOL Multiphysics™ for a 0.1 NA microscope objec-
tive to mimic the experimentally observed Marangoni flow and vor-
tex formation (see note S1 of the <upplemontary material). We used
the standard values tabulated in Table 52, The incident laser power
is ins the range of 25 mW-85 mW.

In Fie (s}, the temperature variation along the XY-plane is
plotted for the incident taser power of 58 mW, focused using a
4x objective {0.1 NA). In our simulation, the laser-focused spot is
located at a distance of 190 um from the bottom surface of the

FIG. 3. Carbon nanotubes accumulation in the vortex region af t = 20's post-laser tum on {a) 4x
magnificaticn. The open white circle depicls the position of a laser focus. Mullimedia view: {c) Bt

magnification, {b) 10x magnification, (c) 20x magnificaticn, and {d} 40x
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droplet (at a depth of focusing). The laser focus position is located
at 100 ym away from the droplet boundary. Simulations are also
carried out for 43 mW and 73 mW incident laser powers, It is
observed that the temperature rise in the proximity of the laser focus
is high, and away from the laser focus, it gradually decreases, as
shown in [rg. 1(a%, The change in temperature AT proximate to the
laser spot is estimated for three different incident laser powers (see
note 82 of the supplementary mareriaf), The estimated AT values for
the 4 abjective are 5.4 K, 7.2 K, and 9.1 K for 43 mW, 58 mW, and
73 mW incident laser powers, respectively. We also estimated AT for
other objectives, and the values do not change drastically (essential
for an optical control); a change in NA by a factor of 6 gives rise to
a change in AT by a factor of ~1.5 for 43 mW incident laser power.
The estimated value of AT at the position of the laser focus is utilized
in the simulation. Earlier, we have estimated a localized temperature
increase of 24 K at an incident laser power of 80 mW using a 100x
objective (NA = 1.3) in hemin.”

The simulation results of the flow velocity and vortex formation
are shown in Fig (b}, and the velocity field along the XY-plane is
calculated at 190 um from the bottom surface of the liquid droplet.
The simulations are also performed at incident laser powers of
43 mW and 73 mW (data not shown). From Fig. 4(0), with AT =
7.2 K, it is evident that the velocity (representecd by the arrow line} is
significantly large near the laser spot, and away from the laser spot,
the flow velocity has a smaller value. Moreover, away from the laser
spot, a steady rotating pair of vortices (along both the sides of the
heat source in a symmetric manner) is observed. The maximum flow
velocity is estimated to be ~11.14 mm/s around the laser spot, and in
the vortex region, the velocity is ~3.6 mm/s. In the case of 43 mW
incident laser power, AT is 5.4 X and the maximum flow velocity
is ~10.58 mm/s, and in the vortex region, the velocity has a value
of ~3.2 mm/s. Likewise, for an incident laser power of 73 mW, AT
is 9.1 K and the maximum flow velocity is ~16.2 mm/s, and in the
vortex region, the velocity has a value of ~4 mm/s, When we incor-
porated the effect of the numerical aperture by considering different
sizes of the focused laser spot inside the droplet, we did not observe
a consistent change in the velocity, as observed in the experiments.
In addition, we could not locate the secondary vortices observed in
the experiments in our numericat simulations.

The physical origin of the vortices can be understood in
the following manner. The laser beam produces a temperature

scitation.org/journaliphf

FIG. 4. {a) Temperature profile indicating
the location of the fecused laser spot (the
celor bar gives the temperature in Kelvin)
and (b} velocity field in the XY-plane at
189G um (depth of fogus) from the bottom
surface of the droplet, The incident laser
power is 58 mW, and the radius of the
faser spot is estimated to be 7 um for a
4x microscope objeclive (the color bar
gives the velocity in mm/s),

1. -1 -0.5
X - distance/mm

gradient in bulk, leading to a convective force directed toward the
laser beam inside the bulk. The laser beam also heats the surface
of the drop nonuniformly creating a surface tension gradient giving
rise to a Marangoni force away from the laser beam along the sur-
face of the drop. When these forces overcome the dissipative force, a
circular motion of fluid sets in, wherein the liquid travels away from
the [aser along the surface and again travels toward it in bulk, This
argument is supported by experimental observations as well as 3D
numerical simulations in a droplet like geometry. We also observe
that the vortices disappear when we shift the laser beam away from
the boundary, which is also seen in the simulations. ‘This is possibly
because the surface tension gradient weakens at the curved bound-
ary. We want to emphasize that the curved nature of the boundary
also plays a crucial role. This is because one needs a component
of velocity directed in bulk to start the circular motion. The cur-
vature of the boundary provides this component. We have verified
this from the 3D aumerical simulations by considering a rectangular
boundary. The surface tension gradient along the flat boundary leads
to straight-line motion along the boundary, resulting in a large scale
circular motion due to another perpendicular boundary at a consid-
erable distance. We also observe that when the drop is sandwiched
between two glass plates, no vortices are formed (see Fig. 84}. The
absence of vortices is observed because there is no upper free surface
that supports the flow away from the laser.

In summary, we have investigated the effect of focusing on the
laser-based Marangoni flow and curvature induced vortex forma-
tion in an absorbing liquid droplet. The 1064 nm continuous wave
laser is focused inside a stationary droplet of copper sulfate pentahy-
drate due to its strong absorption; a localized temperature gradient
is created inside the liquid giving rise to a flow-directed outward
toward a region of lower temperature, Subsequent to the directed
flow, vortices are created closer to the laser-irradiated spot within
the liquid. We argue that the natural convection in the bulk and the
Marangoni effect along the boundary leads to these vortices. The role
of curvature in the vortex formation is examined. In order to con-
firm our understanding, we also carrled out a 3D simulation using
COMSOL"" by incorporating the Marangoni equation along with
the Navier-Stokes and the heat equation. The primary vortices are
reproduced, and also, the simulated velocities match satisfactorily
with the experimental values. We also observe the accumulation of
CNT particles that have the potential for microfluidic applications.
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