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The very first experiments on drops and bubbles

J. Fluid Mech. 6, 350 (1959)

The motion of bubbles in a vertical A recent review
temperature gradient

By N, O. YOUNG,* J. S, GOLDSTEIN,f aAnp M, J. BLOCK?
Baird-Atomic, Inc., Cambridge, Massachusetts

{Received 8 October 1958 and in revised form 30 January 1959) a
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The Migration of Liquid Drops in a Vertical Temperature Gradient

KELLY D. BARTON anND R. SHANKAR SUBRAMANIAN'
Department of Cherical Engineering, Clarkson University, Potsdam, New York 13670

Cambridge University Press,
J. Colloid Interface Sci. 133, 211 (1989) Cambridge, UK (2001)



Experiments on films

PrINCIPLES OF MICROFLUIDIC ACTUATION BY
MODULATION OF SURFACE STRESSES Annu. Rev. Fluid Mech. 2005, 37:425.55

doi: 10.1146/annurev.fluid.36.050802.122052
Copyright (€) 2005 by Annual Reviews. All rights reserved

Anton A. Darhuber and Sandra M. Troian

School of Engineering and Applied Science, Princeton University, Princeton,
New Jersey 08544; email: darhuber@princeton.edu; url: www.princeton.edu/~stroian
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Thermocapillary: splitting propelling turning fingering




Thermocapillary flows (L/G and flat interface case)

Surface tension G(T)=G(TO)(1—1?(T—TO)) —> VI = Vo

Interface W—T]hyd}.n=g(ﬁ—§sa with T}hyd =—ij—|—77j(Vuj+tVuj)

normal component  n- Tlhyd n=70

tangential component -t.Thyd n=—-tVo= ~00/0s = —(@G/@T) -0T /0s
_F(x+ d F O' X+ dx L
0o /0s = ar (x+d ) [ ] _do =—bo ( O)d—T
Ldx Ldx de  dx dx
t.Tv]hyd n= n(auxj
ay interface
-t.T,hyd.n+80'/8S:—77(aux] —bG(T0)£:0
interface dx

Bulk: NS Equation —-Vp+ 77V2 u+pg=0




Thermocapillary flows (L/G and flat interface case)

infinite medium in x and z:
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52/% — P=P, +pg(h-y)
usually, b>0: flow towards the cold region

finite size in x: dh/dx < 1 oP dh(x)
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Boundary conditions:

Flow and interface deformation




Laser-Induced thermocapillary interface
manipulation and deformations

week endin
YVOLUME 91, NUMBER 5 PHYSICAL REVIEW LETTERS 1 AUGUST 2003

Optical Manipulation of Microscale Fluid Flow

Nicolas Garnier, Roman O. Grigoriev, and Michael E Schatz

Center for Nonlinear Science and School of Physics, Georgia Instiiute of Technology, Atlanta, Georgio 303320430, USA
(Received 17 March 2003; published 30 July 2003)
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Thermocapillary migration of drops (l)

Momentum and energy equations

=(0c/eT ).
Vo =( (,O'/(T ) VTThermocapi"ary (

—

Microfluidics

—> Vu=0, Vp-nV’u=0, VT=0

Boundary conditions at the interface:
(prime for the drop)

General solution Stokes/Laplace (Lamb)
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Thermocapillary migration of drops (ll)

substitution

, U , k 3
B=0, B'=-I5n"—1t, k =(1+R3j=2+ﬂ p=A" /A,

2+3a)nU,, 2(d0/0T)VT,
(I+a)R (I+a)(2+p)

S

Force F = IThyd .ds=-27R’ {(

} a=n'ln

Newton law of motion (invariable liquid properties):

(iﬂRsp'j%:F:jThyd.ds:—ZﬂRZ (2+3a)nUy, | 2(90/0T)VT,
3 dt S (1+a)R (]+a)(2+lﬁ')
Uy (1=0)=0

S UTh:_

2R(80/0T)VT, []_e)q{ 3 (2+3a)n ’H

(2+3a)(2+,8)77 2(]+a)p'R2
2R(0c /0T )VT,
Terminal velocity U, ( _>OO):_(2+(35)/(23,B):7 (g=0)
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with buoyancy U, (1>o0)=— 2 | _ ' R+ (p—p")g(I+a) R’
and thermal gradient along z wlt =) 3n(2+3a) (2+5) (p=p)gll+a)




Thermocapillary migration: effect of confinement

Expenments in Fluds (2005) 38; 594605
D3O8 101007 0045 D0 5-05930-7

ORIGINALS

Yu. K. Bratukhin - K. . Kostarev
A, Viviam - A. L. Zoev

Experimental study of Marangoni bubble migration in normal gravity
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Thermocapillary levitation

PHYSICS OF FLUIDS 20, 101703 (2008)

Optical levitation and transport of microdroplets: Proof of concept

Peter T. Nagy and G. Paul Neitzel®
George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332-0405, USA
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Thermocapillary trapping of drops by laser

“ippl. Phys, B 56, 343-346 (1993)

Laser-Induced Force for Bubble-Trapping in Liquids

A. Marcano O., L. Aranguren

Centro de Fisica, Instinuto Ve lano de [

igaciones Cientificas, Curacus 10204, Apanado 21827, Venezuela (Fax: 4+38-2/501 114K}
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APPLIED PHYSICS LETTERS 91. 074103 (2007)

Optically actuated thermocapillary movement of gas bubbles
on an absorbing substrate

t=00s

Aaron T. Ohta, Arash Jamshidi, Justin K. Valley, Hsan-Yin Hsu, and Ming C. Wu®

Department of Electrical Engineering and Computer Sciences, University of California, Berkeley, California

94720 and Berkeley Sensor & Actuator Center, University of California, Berkeley, California 94720
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Thermocapillary pushing and coalescence

ADPPLIED PHYSICS LETTERS VOLUME 85, NUMBEER 13 17 SEPTEMBER. 1004

Optical microfluidics

w. T. Kotz, K. A Moble, and G. W. Faris®
Molecular Physics Laboratory, LRI Internanonal, 333 Ravenswood Avenue, Menlo Fark, California 24025
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Thermocapillary-Induced Droplet Motion

PHYSICAL REVIEW E 70, 046301 (2004)

Forward and backward laser-guided motion of an oil droplet

Sergei Rybalko.™ Nobuyuki Magome, and Kemichi Yoshikawa
Department of Physics, Graduate School of Science, Kyvoto Universify & CREST, Kyoto 606-8502, Japan
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Chaotic mixing in microdroplets

PAPER www.rsc.org/loc | Lab on a Chip

Lab Chip, 2006, 6, 1369-

Chaotic mixing in microdroplets

Roman O. Grigoriev,** Michael F. Schatz* and Vivek Sharma’”
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Ia se = S e Figure 9: Video images illustrating optically con-

. e Aol trolled driving of an aqueous microdroplet along a path

5 iyttt that periodically changes direction. (a) A 10 nanoliter

bea m i PP 5 droplet dyed with Auorescent microspheres is merged

to i with a 4.5 microliter (1.02 mm diameter) undyed droplet.

The combined droplet is subsequently driven repeatedly

along a square path with side length 3.5 mm and imaged

after changing directions (b) 4 times (c) 12 times and (d)
20 times (for a total path length of 7 cm).

OPTICALLY CONTROLLED MIXING IN MICRODROPLETS

Roman O. Grigoriev® and Michael F. Schatz'
Center for Nonlinear Seiences and School of Physices
Georgla Institute of Technology, Atlanta, GA 30332-0430

American Institute of Aeronantics and Astronautics



Optical microfluidics in microchannels ?

1) Device for fast production (kHz, 1-10mm/s)
2) Strong Stability of permanent regimes
Tuning parameters fast?
3) Stiffness of Circuits
strong dependence of functions on uC geometry
difficulties in building some functions (sorting, mixing, fusion,...)

G -—SeeEe0) 7
L ¥ BT ~

1) Optical trapping: n,<n_, ~1-10 pN

2) Radiation pressure: large surface tension: n,<n_ ~ 1-10 Pa
(0o/0T)

Oy

3) Thermocapillary actuation: o (T) = o, (1 + g VTJ , #0.1-1uN!



Thermocapillary-induced large scale flows

(80'/8T)0

Oy

o(T)=0, [1 + VTJ = Induced velocity U o -R(3c/6T) VT

ad e el )'VTThermocapillary

— —

H,O+ Dye (0.1% Wt) /
Air bubble (20 pm)

Thermocapillary Force

Laser Ar* ~0.1-1 [.IN !
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C. Baroud et al., Phys. Rev. E 75, 046302 (2007)



Experimental setup
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Thermocapillary coupling in a microchannel

Vo =(0c/eT ). VT VT
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Vortex Analysis

Tracer trajectories: At = 0,005 s between two points
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Optical valve (T configuration)
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C. Baroud et al., Phys. Rev. E 75, 046302 (2007)



Optical valve (T configuration)
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Drop Switching
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Holographic control of droplet routing

APPLIED PHYSICS LETTERS 93, 034107 (2008)

Thermocapillary manipulation of droplets using holographic beam shaping:
Microfluidic pin ball

Maria Luisa Cordero,' Daniel R. Burnham,?>® Charles N. Baroud,"® and David McGloin®>®
lLadHyX and Department of Mechanics, Ecole Polytechnique, 91128 Palaiseau cedex, France

2Electronic Engineering and Physics Division, University of Dundee, Nethergate, Dundee DDI 4HN,
United Kingdom

*SUPA, School of Physics and Astronomy, University of St. Andrews, North Haugh, St. Andrews KYI16 958,
United Kingdom

M. L. Cordero et all. APL 93, 034107 (2008)




Drop volume ratio = 1,/1,
D. R. Link et al, PRL 92, 054503 (2004)
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Thermocapillary Stresses Induced Jetting?

Appl. Phys. A 79, 879881 (2004) Applied Physics A
DOL: 10.1007/500339-004-2590-5 Materials Sdence & Processing
F. KORTE Formation of microbumps and nanojets
1. KOCH

on gold targets by femtosecond laser pulses

Laser Zentmum Hannover eV, Hollerithallee 8, 204 19 Hannover, Germany

1 kHz, 0.9 mJ, 30 fs, 800 nm 2000

B.M. CHICHEOV™

:ﬁ }}fg Laser
E 1400 -—[' {
2 0] {,{
T 1000
% 8004 ' t] S | |
¢ 4004
s 1z
0 2 4 & B 10 12 14 16
Pulse Energy [nJ] ?
Stationary Thermocapillary g
Deformation
oo
h, oc —T
Th (771 ﬂz)aT E




Concluding Remarks

Focusing thermocapillary stresses on fluid interfaces
— An optical toolbox for flowing droplets in microchannels
(force in the range of the several nN)

Further questions and developments

— Several mechanisms remain unclear (coalescence)

— Quantitative descriptions are difficults

— What are the final performances?

— Are they sufficiently robust for contactless microfluidics

A final dream
— Can we couple RP effects and thermocapillary stresses to build and
drive a « total optical lab on a chip »?




