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Thermocapillary Convective Flows Generated by Laser Points or
Patterns: Comparison for the Non-Contact Micromanipulation of
Particles at the Interface

Dimitri Pironl, Ronald Terrazas Malleau, Aude Bolopionz, Pierre Lambertl, Michael Gauthier®

Abstract—This work compares the controlled manipulation of
micrometer size particles using thermocapillary convective flows
generated by laser points or patterns. Laser-induced thermocap-
illary convective flows are a promising solution to manipulate
particles at the interface. These flows are generated when a
surface tension stress is generated at the fluid/gas interface due to
a thermal gradient. Laser heating allows to generate fast, local-
ized flows that are used to displace a particle towards a desired
position. However, these flows are repulsive and so the system
is unstable. Although using the simple laser spot with a closed-
loop control enables to control the particle displacement, the
control of the particle movement direction is somehow difficult
and the particle position stabilization remains challenging. In this
paper, it is proposed to use laser patterns in order to overcome
these limitations. Experimental tests are performed using a 500-
pm-diameter steel spherical particle that is displaced towards a
target position. The preliminary experimental results show that
it is possible to overcome the above mentioned limitations while
still obtaining maximal particle velocities ranging from 4 to 9
mm/s during the displacement phase.

I. INTRODUCTION

The last few years have seen an increasingly growing
interest for non-contact actuation of micrometer size objects.
In vivo medical procedures involving magnetically actuated
microrobots [1], in vitro cell sorting performed by controlled
dielectrophoresis [2] or even microassembly of artificial ob-
jects are potential application fields [3].

Lasers are also widely used. Optical tweezers use the radia-
tion pressure of the light to move objects [4]. The particularity
of this actuation principle is that the force applied by the
laser is short range. A lot of research has been done for
this type of manipulation. To mention some results, in [5]
a 3D force sensing method has been developed and used in an
haptic interface to manipulate particles in 3D. In [6], a path
planning method is proposed that can achieve scalable and
collision-free manipulation of multiple particles in parallel. In
[7], cells are manipulated indirectly using silica beads arranged
in different formations. Several objects can be controlled by
switching the laser from one object to another at high speed
[8], or by using holographic patterns of light to produce several
independent traps [9]-[12]. Moreover, laser patterns can be
used to provide additional functionalities. For example, the
particles can also be rotated using special pattern shapes. This
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has been achieved using a spiral interference pattern [13],
using multiple beams on the same particle [14] or using a 5th
order Bessel shaped beam [15]. The beam intensity distribution
can also be modified as in [16], where a crescent-shaped beam
is used to trap the particle with reduced intensity at the particle
center to avoid damaging the particle nucleus.

Alternatively, heat produced by the laser can be exploited
to onset thermal-driven convective flows on a container filled
with liquid to transport objects. These convective flows can be
sorted into two categories: natural and Marangoni convection
if the liquid is heated from below [17], [18], or thermocapillary
convection if heated from atop. These two types of convection
for particle manipulation were compared previously [19].

Thermocapillary convection has already been used in dif-
ferent manners. In [20], [21] it is used to displace liquid
droplets. In [22], [23], the thermocapillary convective flow is
generated by heating the bottom of a bubble interface using
a light pattern inside a closed chamber filled with a fluid. In
[24] and [25], the thermocapillary convective flow is generated
around bubble microrobots which are created by heating a
laser-light absorbent substrate. However these bubbles were
small and dissipated when the laser was turned off. A different
approach is used in [26]-[28], where the bubble microrobots
are created by increasing the laser power temporarily and
reduced to operating level as soon as a large enough bubble is
created which remains in the workspace permanently. However
in these last works, the flow around the bubble is not used to
displace the particle but the bubble itself. So the bubble is
used to push the particles towards the target locations.

Laser patterns have also been applied to systems using
the thermocapillary flows to manipulate particles. In [22],
[23], [25]-[28], laser patterns are used to generate patterns
of multiple points which generate/actuate multiple bubble mi-
crorobots which are then used to manipulate the particles. As
the particles are pushed or attracted by the bubble, the control
of these systems is quite simple. However, the manipulation
velocities are restricted to few hundreds of pum/s.

Different from the cited works, the system used in this paper
generates the thermocapillary convective flow by directly heat-
ing the water/air interface using a laser. The physical principle
was presented in details in [19] where initial experiments in
open-loop were performed. The results showed that 500 um
particles could be displaced at velocities up to 5 mm/s which
is around 10 times faster than the fastest velocity reported
using thermocapillary flows [22]. Such velocities are possible
because, according to the Stokes’s law, the particle should
move as fast as the fluid velocity in steady-state.

Using the information about the flow characteristics, a



model for the system was proposed and used to design a
closed-loop controller [29]. Experiments were performed with
a 500 pm diameter AISI 304 steel particle displaced towards
a target location with velocities between 4-9 mm/s. However,
stabilizing the particle position at the target location was
a problem due to the repulsive nature of the flow which
makes the system intrinsically unstable. In addition, point
based control requires two separated controllers to control
respectively the magnitude of the particle velocity and the
particle velocity direction. To solve these problems, two laser
patterns are proposed instead. An arc laser pattern is used
during the displacement phase to facilitate the control of the
particle velocity direction allowing to control it using only an
open-loop controller. Then a circular pattern is used to trap
the particle inside the circle, stabilizing the particle position
inside the tolerance region.

This paper is organized as follows: in Section II, the
actuation principle is presented together with the experimental
setup. In Section III, the control strategy using laser points is
described and its limitations are highlighted. In Section IV, the
system is characterized using laser patterns which shows the
advantages of using them. Section V presents the light pattern
based control strategy, the preliminary results and discusses
the proposed approach. Section VI concludes the paper.

II. ACTUATION PRINCIPLE AND EXPERIMENTAL SETUP
A. Actuation principle

Details about the physics governing the actuation based on
thermocapillary convective flows can be found in [19], [30].
A container filled with water is initially at equilibrium (the
fluid velocity is null) and at ambient temperature. Then, a
collimated laser beam locally heats the water. The temperature
gradient at the interface generates a surface tension stress
profile that is compensated by a viscous stress. This onsets
a fluid motion, named thermocapillary convective flow, across
the entire fluid according to the Navier-Stokes’ equation [19]
which goes outwards the laser spot and is significant only close
to it. A particle lying at the air/liquid interface is affected by
the thermocapillary convective flow and it moves along the
flow direction.

B. Experimental Setup

The experimental setup used to generate and control these
thermocapillary convective flows is depicted in Figure 1. The
laser system is composed of a continuous-wave 1455 nm
infrared laser (Keopsys Fiber Raman Laser). The power of
this laser can be adjusted up to 1 W. It is used to heat the
air/liquid interface. As it is not visible, it is coupled with a
continuous-wave 655 nm red laser using a laser coupler to
detect its position in the workspace. The coupled beam is
collimated using a lens with focal length of 6.24 mm (Thorlabs
lens A110TM). The collimated laser beam is directed towards
a plastic container filled with distilled water, using a 2-
DOF piezo-actuated tip/tilt mirror (Mirrorcle Technologies
A7M20.1) which has a mechanical tip/tilt range of + 87 mrad
on each axis (equivalent to * 174mrad optical beam de-
flection). The mirror is connected to the controller Mirrorcle

Technologies USB-SL-M4-B160, which allows to linearly
control the mirror deviation using programmed routines. The
mirror has a response time of 1 ms when operating in point-
to-point mode or a scanning frequency of 50000 instructions
per second when operating in the data stream mode. This
mode is used to scan the arc or the circular pattern 100 times
per second. This means that a pattern is scanned in 10 ms
which is 80 times faster than the 0.8 s taken by the particle to
reach steady-state velocity [29]. Thus it is considered that the
patterns are scanned fast enough to be considered continuous
w.r.t. the thermocapillary system.

The experiments are performed using stainless steel AISI
304 spherical particles with a diameter of 500 um (Redhill
Precision), which are deposited at the water surface. According
to the wetting conditions, the particle can float and reach a
certain equilibrium position (a detailed analysis is performed
in [31]). The water layer thickness is around 7.5 mm contained
on a square plastic container with dimensions of 115 x 115
mm. The container is covered using a plastic lid in order to
reduce the surface contamination through time. The container
is on top of a PHLOX white led back light LEDW-BL-
100x100-LLUB-Q-1R-24V, which provides a uniform back-
ground illumination that facilitates the image recognition. The
particle position is tracked using with an IDS camera (UI-
3370CP) with a resolution of 1024x 1024 pixels at a frame rate
of 10 FPS. The camera is tilted 1.8° in order to have vision
of the whole working space. In order to reduce the infrared
light reflection coming to the camera sensor, an absorptive
neutral density filter (Thorlabs NENIR40BC) is placed on top
of it. For the camera optics, a S0 mm focal length lens is used
together with a 10mm extensor ring. The field of view is
adjusted to be 65x65 mm (one pixel represents 63.5 um).

a)
Near Infrared Laser '—'

Laser

Visible red Laser '—' coupler

Camera
lens+extensor
ring and filter

water

White LED back light

Anti-vibrational table

Fig. 1: Experimental setup for non-contact actuation using
thermocapillary convective flows.

III. PARTICLE MOTION CONTROL USING LASER POINTS
A. Control strategy using laser points

Actuation using thermocapillary convective flows generated
by laser points has been reported in [19], [29] and closed-loop
control has been implemented in [29], which is summarized
here below.

As shown in Fig. 2, the physical system input is the desired
laser position X,sp and its output is the particle velocity Xpart
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Fig. 2: Simplified block diagram representation of the entire closed-loop system. The physical system to control is composed
by the Controlled Mirror system and the Thermocapillary system. Defined as such, the physical system has as input a desired
laser position X,;p and as output the particle velocity Xpm. The required value of X,p to displace the particle position X,
towards a target position Xy, is defined by two closed-loop controllers. Based on the current error, these controllers compute
two outputs: an estimated particle velocity at quasi steady-state T?parl oss and a correction angle 6., which are then transformed
into the actual input of the physical system X,,,p. This controller structure is the same when using the arc pattern. It is just
necessary to replace the laser point related variables by the pattern variables which are: the pattern position X, the desired
pattern position X, and the pattern-particle position X pa.part- These variables are written in magenta.

with magnitude 7 and direction €. As this system system
is non-linear and coupled, inversion based control is performed
so that the system output can be decoupled and linearized with
respect to the inputs. As a result, two single input single output
(SISO) systems are defined.

The first SISO system defines the particle velocity magni-
tude 7, and has as input the estimated particle velocity at
quasi steady-state ;parl gss- This is done based on a experimen-
tally identified relationship. The second SISO system defines
the particle velocity direction 6, and has as input a correction
angle 0o

Two controllers are therefore defined. The particle velocity
magnitude controller controls the first SISO system. This
controller computes an estimated particle velocity at quasi
steady-state f“pan gss in function of an input which is the
particle-target distance rpy.arg- A PD (proportional derivative)
controller is implemented in this case.

The particle velocity direction controller controls the second
SISO system. This controller computes a correction angle 6.,
in function of an input which is the difference between the
particle-target orientation @,y and the current particle ve-
locity direction 6. A proportional controller is implemented
in this case.

B. Previous results and manipulation limitations

In [29], a 500 um diameter steel spherical particle is dis-
placed towards the vicinity of a target position. When the
position enters a tolerance region defined around the target
position, actuation is stopped (the laser is placed far enough
from the particle so that the flow does not affect the parti-
cle). Maximal velocities up to 4-9 mm/s are attained during
the control phase, which can be compared with the fastest
manipulation techniques that use Marangoni effect.

Despite these interesting results two limitations arise. The
first major issue is the complexity of the control. Two in-
dependent controllers are needed, to control respectively the
particle velocity magnitude and its direction. In addition,
limited performances are obtained using the particle velocity
direction controller, since the error in direction reaches about
20° when operated at full speed (Fig. 3a). As the velocity
decreases, the control of the particle becomes more difficult

since the trajectory of the particle is perturbed by undesired
fluid flows. This means that the noise causes the particle
moving randomly (errors up to +90° can be measured)

The second major issue is the stabilization of the particle
inside the tolerance region (see Fig. 3b and 4). When the
particle enters the tolerance region actuation is stopped. How-
ever, the particle bounces back, exiting the tolerance region.
The controllers are turned on again, but as soon as they are
stopped the particle exists the tolerance region again. This
"bouncing back effect” seems to occur due to a counter flow
that is generated when the laser stops heating the region close
to the particle. When this happens, some cold flow is still
dragged to the surface due to fluid inertia. However as the
laser is not heating anymore, this fluid is colder than the fluid
surrounding it. This generates a thermocapillary convective
flow going inwards the position where the laser was which
pulls the particle backwards. This phenomenon makes very
difficult to stabilize the particle position using this control
strategy as the particle would be constantly going in and out
the tolerance region.

This paper solves the two mentioned issues using laser
patterns. An arc pattern is proposed to ensure a better control
over the particle velocity direction making the overall control
easier. A circular pattern is envisioned to ensure the particle
position stabilization. Details are given in in the following
sections.

IV. THERMOCAPILLARY SYSTEM CHARACTERIZATION
USING LASER PATTERNS

A. Characterization of the arc pattern parameters

1) Definition of the arc pattern: To control the particle
velocity direction during its displacement, an arc pattern is
proposed, defined by the parameters shown in Figure 5. We
characterized the new actuation principle by studying the
influence of the pattern parameters on the velocity and on
the particle movement deviation. The objective is twofold:

- maximise the velocity to reduce manipulation time,

- decrease the particle deviation due to instabilities.

As shown in Figure 5, the arc is defined by three parameters:
the pattern radius [2,,; [mm], the pattern aperture angle €
[°] and the laser power Pj,; [mW].
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Fig. 3: Two particle velocity magnitude controllers are defined,
as detailed in [29]: the first one (Controller A) is set in order
to get a settling time of 2 s and an overshoot of 10%. The
second one (Controller B) is set to have a settling time of
2 s and an overshoot of 1%. The markers represent the time
instant when the particle first enters the tolerance region.
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Fig. 4: Trajectory of the particle in the vicinity of the tolerance
region. The yellow and black markers indicate the positions
at which the controllers were turned on and off respectively.
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Fig. 5: Representation of the geometrical parameters of the arc
laser pattern. The purple line represents the ideal trajectory the
particle should follow without the presence of perturbations.
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To ensure that a symmetric flow acts on the particle, the
arc pattern axis of symmetry must always contain the particle.
To guarantee this, the particle position X, and the pattern
center position X, must be collinear (Fig. 5). In this way, the
pattern-particle distance 7py.pare Can be tunned by translating
the pattern along the axis of symmetry. The pattern-particle
orientation Op,.pae can be tunned by rotating the pattern
around the particle. This allows to use X ,.part @s the actuation
variable for the control strategy in the same form as in the
previous case with the laser points [29].

2) Analysis of the parameters of the arc pattern: For the
characterization of the arc pattern parameters, the pattern-
particle distance 7py.pare 1S maintained constant during all the
experiments. Furthermore, in order to measure the movement
deviation, the orientation of the arc pattern will remain con-
stant during all experiments. A target location Xy, is set
and the laser pattern position X, will move along a straight
line towards the target. Indeed, in the ideal case the particle
should move in the direction of the pattern-particle vector
Xopau-part- In this case, this means the particle should also
move in the straight line connecting the laser position with
the target position. Consequently, the deviation is defined as
the displacement in the perpendicular direction to that ideal
trajectory.

Each experiment associated to a given set of fixed parame-
ters is performed four times. Results of the four experiments
are averaged to expose the results trend and cancel out noise
effects. The obtained results are shown in table I.

The first parameter being fixed is the aperture angle oy,
to 180°. Indeed, it allows to operate at high velocities while
reducing the deviation which is especially advantageous and
is discussed in more details in the next subsection. For Ry
and Py, two possibilities are available: set R, and P, to
6.44 mm and 120 mW respectively or to 3.22 mm and 120
mW. The first possibility offers the least particle deviation (2.5
mm) but also reduces the attained velocity. The second choice
offers the maximum velocity (8 mm/s) at the cost of having a
larger deviation. Since the reduction of the manipulation time
is a critical asset for the non-contact micromanipulation using



TABLE I: Particle velocity and deviation in function of the
pattern radius R, the aperture angle oy, and the laser power
]Dlas-

Radius | Aperture| Power | Velocity | Deviation
[mm] [°] [mW] | [mm/s] [mm]
Radi 3.22 8 4.6
acuus 4.83 180 120 4 5.7
variation
6.44 3 25
A 180 8 4.6
Perture | 3 5y 1224 | 120 87 95
variation
57.6 7.6 7.9
b 120 8 4.6
ower 3.22 180 100 7 3.3
variation
80 35 22

thermocapillary convection, the second set of parameters is
selected. This means the arc parameters to use are: Ry =
3.22 mm, O, = 180° and P, = 120 mW.

B. Particle velocity direction analysis

One of the main limitations of the actuation using laser
points was that the particle velocity direction 0, had to be
controlled in closed-loop. Ideally, the particle should move
in the direction of the laser-particle vector X, pay or for the
patterns, in the direction of the pattern-particle vector X, .part-
So if the laser spot or pattern is placed at the bottom of the
particle, the particle should move upwards in a straight line.

Having this in mind, let us compare the results obtained
using different arc pattern apertures and also the laser spot
in open-loop. Fig. 6 shows the trajectories followed by the
particle when the laser point/pattern was placed at the bottom
of the particle and then moved upwards. Using the arc pattern,
the particle velocity direction 6, tends to the pattern-particle
direction Opy.par faster and with more accuracy than using
the laser spot alone. The best results is obtained using the arc
pattern aperture of 180° for which the standard deviation of the
difference between these two values was below 1°. With such
small variation, an open-loop controller is enough to control
the particle velocity direction using the arc pattern.

C. Farticle velocity magnitude identification

A similar control strategy as the one used for the laser points
is used for the laser patterns. This requires identifying an
inverse model relating an estimated particle velocity at quasi
steady-state f'pm oss With the pattern-particle distance 7py-part-
For this purpose, the same identification method as the one
presented in [29] is used.

Five pattern-particle distances are tested: 7pqpar= 1.0, 1.25,
1.5, 1.75, 2.0 mm. For each distance, the pattern is placed at
the top, right, bottom, and left of the particle (fpa-part = 0°, 90°,
180°, 270°). Each 7y, _par value is tested in four different water
samples, 8 tested eight times in total using each orientation two
times. This means that each Tpypar value is tested 32 times
in total.

The results are shown in Fig. 7 that plots the mean particle
velocity in function of time for each ryyqpart value. From those
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Fig. 6: Particle deviation when using the arc pattern and
the simple laser spot for different aperture angles cp,. The
arc pattern radius Ry, had a value of 3.22 mm for all the
experiments.
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Fig. 7: Particle velocity magnitude 7, in function of time.
The solid lines correspond to the mean particle velocity
measured experimentally and the dashed lines correspond to
the estimated velocity using the model given in (1)

results, a model for the particle velocity in function of the

. .. . . . 2 7 par
pattern-particle is identified in the form: 7pa = par @ss* 7 :éss'
L par

The estimated particle velocity at quasi steady-state 7pa Qss
model is given by:

Foart 0ss = 29.93mm /s exp(=1.678s " Tpypar) (1)

The dynamics of the particle velocity is modeled as a second
order transfer function defined as:

B 2.1609

52 + 1.7052s + 2.1609

T'part

2)

Tpart QSS
This model is compared to the experimental results in Fig. 7.
Although the model is not perfect, its accuracy is fair enough
to use it for closed-loop control.

D. Circular pattern discussion and definition

To stabilize the particle in a tolerance region, a circular
pattern is proposed. By drawing a circle around the particle, a



flow going inwards the laser circular pattern is generated inside
the circle which traps the particle. However, this pattern is not
very efficient to displace the particle because the generated
flow inside the particle is very slow. The reason for this is
that the thermal gradient inside the circle is very small. This
actuation strategy is be tested in the next section to maintain
the particle inside the tolerance region.

The circular pattern is defined as a circle with a radius of
3.22 mm. For this pattern, the pattern position X, is defined
at the circle center.

V. CONTROLLED MANIPULATION USING LASER PATTERNS

A. Control strategy

Having analyzed these two patterns, the proposed control
strategy is shown in Fig. 8. The arc pattern is used during
the displacing phase to move the particle towards the target
location. The controller used in this phase operates similarly
to the one used for laser spots (subsection III-A). The particle
velocity magnitude controller is defined as a PI controller
with integrator anti-windup. The proportional gain is K, =
0.456, the integral gain is K; = 0.112 and the anti-windup
gain is K; = 0.37. The computed ;‘part oss is then transformed
into a pattern-particle distance 7pu.part USing the inverse of
relation (1). Concerning the control of the particle velocity
direction, 0, tends fast to the laser-particle direction g par-
It is assumed that this relation is equal to the identity and thus
an open-loop controller is used only. In mathematical terms,
this is the same as setting that the input of the second SISO
system (0cor) to zero which is equivalent to having Oqpart

= epart = epart—targ-

Once the particle reaches the tolerance region defined as
a circle with radius 3.22 mm, the stabilization phase begins.
During this phase, the laser pattern is changed to a circular
one which is drawn around the target position Xi,. This
circular pattern is constantly generated which ensures that the
particle remains at the target location.

Fig. 8: Control strategy using laser patterns. a-b) Displacing
phase: A particle placed at position X, is displaced towards
a target position X, using an arc laser pattern. This laser
pattern generates a flow that goes in the direction of the
pattern-particle vector X, par SO it is set to be equal to the
direction of vector X, .. This is done until the particle
reaches a tolerance region around Xy,,. ¢) Stabilization phase:
The laser pattern is changed to a circular one which traps the
particle inside the pattern and keeps it still.

B. Preliminary experimental results

Experiments are performed where a particle is displaced
towards a target location. Some pictures of an experiment are
shown in Fig. 9 and the analytical results are given in Fig. 10,
and should be compared to the ones obtained using point based
actuation given in Fig. 3. The error in distance w.r.t. time is
shown in Fig. 10a. During the displacing phase, the initial error
is around 47 mm. This error reduces as the particle is displaced
towards the target location using a laser arc pattern. In terms of
the particle velocity (Fig. 10b), it initially accelerates reaching
a maximum velocity of 7 mm/s. As the particle approaches
the target location, it begins to decelerate until it reaches the
tolerance region.

The laser pattern is then changed into a full circle. As shown
in Fig. 10a, this change makes now possible stabilizing the
particle inside the tolerance region. In terms of velocity, the
particle decelerates very fast (Fig. 10b) and remains almost
still with a velocity below 0.2 mm/s which is lower than the
noise level of 0.8 mm/s seen when using the laser spot. In
order to show this situation to be stable, the particle was
kept more than 5 seconds inside the tolerance region. This
was not possible using the laser point where the particle was
constantly exiting the tolerance region. It should be noted that
a better positioning precision could be attained at the expense
of closed-loop control of the position of the center of the
circular pattern to precisely position the particle at its target
position.

a) 2.5mm
." vl H\

[ ] G T G
’

Initial setting

5 mm
—
t=0s
9 ) g 9 (O g

t=10s | t=12s |

Fig. 9: Controlled manipulation example using laser patterns.
a) Zoom of the initial setting: a 500 um diameter AISI 304
steel particle is floating on the water surface with both the
particle velocity magnitude and direction controllers turned
off. b) The backlight is turned on and at t = O s, both controller
are turned on. In the displacement phase, the arc pattern is
used to displace the particle from its current position Xp,y
to the target position X,y (orange point) by changing the
pattern position X ,em (red arc). ¢) The particle approaches
the tolerance region. d) Once the particle is inside it, the
pattern is changed to the circular pattern to keep the particle
still. The patterns drawn in top of the original pictures.
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(b) Particle velocity magnitude 7, in function of time.

Fig. 10: Results of the closed-loop control of the velocity
magnitude of the particle using the control strategy based on
laser patterns. Markers are used to show the beginning of the
stabilization phase.

C. Discussion

A comparison of the three types of laser patterns (spot,
arc, circle) is shown in Table II. The laser spot pattern offers
the best performances in terms of maximum velocity and
power efficiency. In addition, as it uses less power, it heats
the water less which means a smaller temperature increase.
The major disadvantages of this pattern are that a controller
is required to control the movement direction and that the
position stabilization is not possible. So in general terms, it
can be said that the laser spot offers the best performance but
it is more difficult to implement as it requires a controller
for the movement direction. The arc pattern allows to impose
particle velocities similar to the ones using the laser spot, but
it requires up to 3 times larger laser power. As a consequence,
the water is heated more which is a drawback as it may
damage sensitive components. Its major advantage is that the
movement direction control does not require any closed-loop
controller like the laser spot, and it is possible to control
the direction using an open-loop controller. Same as with the
laser spot, the position stabilization is not possible using this
technique only. So in general terms, it can be said that the arc
patterns offers good performances at the cost of a larger laser
power and is easier to implement as the movement direction

can be controlled using an open-loop controller. Finally, the
circular pattern cannot be used to displace the particle. From
the experiments performed, it was seen that it was very difficult
to displace the particle. The reason for this is that the flows
generated inside the laser pattern are very slow (around the
0.2 mm/s). However, this is the reason why it can be used to
stabilize the particle position as once the particle is trapped
using this pattern, it will not move anymore. So in general
terms, it can be said that the circular pattern is the solution
to stabilize the particle position but not to displace it. As
conclusion, it can be said that the best strategy to control
the particle position would be to use the laser spot or the
arc pattern to displace the particle and the circular pattern to
stabilize the particle position.

TABLE II: Comparison of actuation performances

Characteristics Circular Arc Laser spot
pattern pattern
Large (120 Large (120 Small (37
Laser power mw) mw) mw)
Temperature Small (below
increase Large Large 2°C)
Max. particle
Vel.
During control — 7 mm/s 8.5 mm/s
Movement .
. . Requires
direction — Simple
control controller
Position
stabilization? Yes No No

VI. CONCLUSIONS AND FUTURE WORKS

The use of thermocapillary convective flows generated by
laser points and laser patterns is compared for the non-contact
micromanipulation of particles. Micrometric size particles
placed at the interface between liquid and air are moved toward
a target location, and stabilized at their final position. These
preliminary results are very promising as they show that the
problem of the control of the particle velocity direction as well
as the particle position stabilization can be solved using laser
patterns.

However this work is only the first step, since additional
configurations should be tested to determine the optimal pat-
terns, in term of precision and velocity attained. For example
it would be very interesting to estimate the influence of
parameters on the dynamics of the system.
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