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Quantity Scaling
Intermolecular forces 17
(Van der Waals)

Time I
Capillary force 1!
Flow velocity 1!
Gravity force &

The predominance of forces is different at smaller scales
mm) requires developping fully new plumbing. 3

Microfluidics in nature

Capillaries networks

Guell Park, Barcelone
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Adhesive force : van der Waals attraction

Gecko adhesive system

Macro Meso Micro Nanostructures
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Une sétule peut supporter au maximum une force de 200 uN tout en restant collée a une surface verticale.
Ainsi théoriquement, si toutes les sétules avaient une force d’adhésion de 200 uN, la force d’adhésion
totale (6,5 millions de sétules) du gecko serait de 1300 N. Le gecko serait donc capable de supporter une
masse d’environ 130 kg sur son dos tout en restant collé au plafond.



Flows at the microscale vs. macroscale Momentum conservation
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Momentum conservation
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Momentum conservation Momentum conservation
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Illustration of the flow patterns for an increasing Reynolds number Flow at the microscale

Conservation of momentum for a newtonian fluid: Navier-Stokes equation
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Flowing  Polymerized
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Dandukuri et al., Nature Materials, 2006
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Pregibon et al, Science 315, 2007

For a cylindrical geometry

Rhydro X ﬁ

)
Mean velocity 100 times smaller !
Cross section 100 smaller

=> Flow rate 10 000 times smaller




Microchannel network

Pressure
Flow rate

Hydrodynamic resistance

Electrical equivalent

Potential
Electrical current

Electrical resistance

‘ Kirchoff’s laws
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Groisman & Quake, Physical Review Letters, 2004.

Guillot et al., Langmuir, 2006 .
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Flows are not always simple laminar flows Seconda

pathogen Pseudomonas aeruginosa

Secondary Re-circulating Flow

o flow Direction
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Dean number :
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Biofilm streamers that initiate on corners rapidly expand. k= (H/ 2R) Re

Wall-attached biofilm is a necessary precondition for streamer formation

Full Navier-Stokes equation is required

104\ L J

Drescher et al., PNAS 2012 8 " o 1 Di Carlo, Lab Chip, 2009

flow rate (uL/min) cell density (CFU / mL)

At low Reynolds numbers

Negligible diffusion
MIXING No turbulence

Nearly two dimensional flow

NO MIXING!

© Felice Frenkel



s am i « raiels s Generating concentration gradients

(b)

branching

Dertinger et al., Anal. Chem. 2001, 73, 1240-1246

(a)
three 3-input/ 8-output

networks in parallel
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How to mix at low Reynolds
numbers?
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Dertinger et al., Anal. Chem. 2001, 73, 1240-1246



* Convection equation for an incompressible liquid :

%Jraﬁczzmcurq

In chaotic regimes, two close particles separate exponentially

Mixing in a non stationary flow :

Chaotic regimes

A regime is said chaotic if ,

_ stretch

I fold

And so on... (baker transformation)

* Glycérine, Re=1




Stroock et al., Sciences 2004

From Ottino’s book : « Chaotic Advection »
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Active chaotic micromixer
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* Applications :
— droplet = unit system

— Microreactor

— Decrease of cross-pollution (appart liquid/liquid extraction)

=> Necessicity to controle
fabrication, fusion, breakup, transport, storage...

* Models : microporous (stone, lung..)

Droplet based microfluidics

oW =~dA L s
e

Is the surface tension. Its is an energy per unit surface or a force
per unit length.
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------------------------ . Work to increase the radius by dR:
W = —podV, — pudVy + YowdA

dV, = 47rR*dR = —dV,,
. dA = 8T RAR

The mechanical equilibrium writes:
W) SW =0
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¢ Bond number

B gravity force pl3g  plig
o= = =
capillary force ~l 0%

e Capillary length
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‘ Capillary bridge of 10 microns
AP ~2x30.1073/107° ~ 6 kPa

Equivalent to a water column 60 cm height
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in situ fabrication

* Capillary number:

Continuous phase viscosity

\ / Droplet velocity
Ca= m
4 AN

Surface tension

Ca: 107 -10"

hight => viscosity dominates

small => surface tension dominates



Plateau:
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Encapsulation:

Pannacci et al., PRL 2008
Janus droplet:
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¢ Co-axial flow:
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Absolute instability:

===) dripping

Convective instability:

m==) jetting

Guillot et al., PRL 2007

Thorsen et al., PRL 2001

T-junction: * Hydrodynamic focusing:
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Anna et al., APL 2003
Garstecki et al., APL 2004
Guillot et al., PRE 2008
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Baraban et al. Lab Chip 2011
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Using droplets for antibiograms

o
o
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|

Nbacteria, X10*
CTX concentration, ug/ml

Baraban et al. Lab Chip 2011
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Gas
Ng =7
Gas Liquid &
Vsg Vsl
Solid Solid
b b
S = Ecsltrlystrate - Esvlétstrate G m
S

S =Yg =%l =

S > ( Total wetting

S < 0 Partial wetting or desorption
55

Wetting film and triple line

gas

Apparent contact

i
e \ liquid
solid
Twq
Liquid/gas
Contact line
liquid

Lo

solid

0 < Wetting
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6 > g Non wetting

Wetting film

gas

liquid

solid

Liquid/gas

Lubrication film

liquid

solid

56



WO CASCE

Liquid/gas
e Liquid/gas
Contact line
o Lubrication film
\ 0 liquid liquid

solid

T
0 < 5 Wetting

0 > g Non wetting
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Driving force:

2
Apsyrf = % cosf

Viscous force: Ap = (12uL/h*w)Q

dL(t) _, _ Q  h*Apars 1
07 wh 120 L(t)

at
L) = hy /- with 7agy = P
Tadv 7Y COS 6
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Washburn, Phys. Rev. 1921
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Py = Py —2ycosf/r - pgr

Pa+pgH = Pp

Electrowetting : triple line
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Electrowettine - EWOD

Electrowetting - EWOD
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More formally, Young-Lippmann equation:

c=c¢egp/d
€ Dielectric constant of indsulator
Capacitance per unit area between €0Permittivity of vacuum

the drop and the electrode Thickness of insulating layer

cosf = cosfy + cU?/2y = cosfy + 1

Voltage-dependent '\ relative strength of electrostatic
contact angle Contact angle at and surface tension forces
zero voltage

Mugele, Soft Matter, 2009
Mugele & Baret, J. Phys.: Condens. Matter, 2005 65

Wetting film and triple line

gas

gas
Apparent contact Wetting film

line L
\ hquld li qu id

solid solid

Electrowetting

Set up:

Yo (cosfr — cosf)

0,<0, =r,>r, Py, — Pr= >0

http://microfluidics.ee.duke.edu/

Cantat, Physics of fluids, 2013



State of the art

Pressure drop along the droplet in the lubrication film
(meniscus + flat film):

4
of = 494003
op 94Ca T
. 21 4y
sli 2/3 1/3
= (6.82 94— —
op (68 Ca*’” 4+ 0.9 HCa )H

oprot = 6.22002/3 %)
H Pressure drop in the

sheared lubrication film

Comparison, pressure drop in the stress-free case vs. Poiseuille flow

op"ot = 8nLU/r}
ry=1mm, Ca=10"% =) op*f ~ 6pP° for L, = 12mm

Cantat, Phys. Fluids, 2013

enerating surfa

Surface tension depends on:
- Solutes concentration

- Temperature

- electric potential

A kitchen experiment:
Liquid reservoir
L q

—z Alcohol evaporation

MARANGONI EFFECTS .

State of the art

oil phase
+ dye inlet

comparator
reference channel
N

les!énnnnel

outlet )
oil phase
inlet

aqueous phase
inlet

Q

Vanapalli et al., Lab Chip, 2009

e Wetting film:
a) Thermocapillarity @]

hot

|
|

b) Electrocapillarity (b)|

¢) Solutocapillarity ©l




Authors ___| Geometry __|scale __| Direction __|

Young, Goldstein 3D micron Hot, low y
(1959)
Sammarco (1999) 1D (tube) mm Hot, low y
Lajeunesse (2003)
Brathukin and Zuev 2D (Hele-Shaw mm Hot, low ¥
(1984) cell)

| Selva et al. 2D (Hele Shaw) micron Cold, high ~y |

? ?
Cold «— —» Hot

Involved machanism

Thermocapillary

A Direction TJr
n o] of migration
gl o Y

Towards hot

Thermomechanical

ide
Direction R
«—rech
of migration Oe
=

Towards cold

B. Selva et al., Phys. Fluids, 2011 75

Direction of motion

cold hot

Thermomechanical actuation:
a versatile technology for droplet-based
microfluidics

Vincent Miralles !, Axel Huerrel, Hannah Williams %, Bastien Fournié !, and
Marie-Caroline Jullien®

IMMN, UMR CNRS Gulliver 7083, PSL research University, ESPCI ParisTech, Paris, France



Application : bubble trap

channel wall

Displacement

Marie-Caroline Jullien, Microfluidics

Electrocoalescence

~1-—100kV.m™!

few Volts

Baroud et al., lab Chip 2007




Positive dielectrophoresis

Dipolar moment m toward E

Minimum field
[ | Maximum field

E(b) > E(2) =F, > F,

Displacement direction: toward field gradient

(toward regions where field is maximum)

Particle in an electrical field
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Cell 10 um for two charges:

Negative dielectrophoresis

Dipolar moment m opposite to E

Minimum field
[ | Maximum field

|
|
|

Fy
B
|
|

E(b) > E(a) =F, > F,

f)isplacement direction: opposite to field gradient

(toward regions where field is minimum)



Baret et al., Lab Chip 2009

Droplet-based microfluidics

Morphological Comparison of PVA Scaffolds Obtained by
Gas Foaming and Microﬂ'uidic Foaming Techniques

Colsi et al., Langmuir, 2013

Design and characterization of bubble phononic crystals
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Leroy et al,, APL, 2009

New materials

Acoustic insulation

P, ) 1 i t

Open cell foam




