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Microfluidics in nature	

Capillaries networks	

 Guell Park, Barcelone	
2	

Scaling laws	

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

Quantity	 Scaling	

Intermolecular forces	
 (Van der Waals) 	

l-7	

Time	 l-0	

Capillary force	 l1	

Flow velocity	 l1	

Gravity force	 l3	

Centrifugal force	 l4	

Adhesive force : van der Waals attraction 	

FvdW / 1

r7

Une sétule peut supporter au maximum une force de 200 μN tout en restant collée à une surface verticale. 	
Ainsi théoriquement, si toutes les sétules avaient une force d’adhésion de 200 μN, 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	
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Ecoulement turbulent	
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Ecoulements petites échelles : Micro Y	
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Illustration of the flow patterns for an increasing Reynolds number	
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Flow at the microscale	
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Conservation of momentum for a newtonian fluid: Navier-Stokes equation �
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https://home.iitm.ac.in/arunn/laminar-flow-reversibility-why-does-the-blob-rewind.html	



Fabrication of particles using laminar flows	

17	
Dandukuri et al., Nature Materials, 2006	
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(i) Insert transparency mask with desired particle shape in field-stop slider
(ii) Flow monomer + initiator solution through microchannel
(iii) Polymerize using shuttered UV light from microscope objective
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Figure 1 Experimental setup. a, Schematic depicting the experimental setup used in the study. A mask containing the desired features is inserted in the field-stop plane of
the microscope. The monomer stream flows through the all-PDMS device in the direction of the horizontal arrow. Particles are polymerized, by a mask-defined UV light beam
emanating from the objective, and then advect within the unpolymerized monomer stream. The side-view of the polymerized particles can be seen in the inset shown on the
right. Also shown is the unpolymerized oxygen inhibition layer that allows the particles to flow easily after being formed. b, A brightfield microscopy image (x–y plane) of an
array of cuboids moving through the unpolymerized monomer. c, A cross-sectional view of the cuboids seen in b upon collection in a droplet that has turned most particles on
their sides.

the transparency feature sizes were reduced by a factor dictated by
the objective used, ranging from 7.8 times using a ×20 objective
to 39 times using a ×100 objective. For example, using the ×20
objective, a 350-µm-square mask feature was used to synthesize
cuboids (rectangular parallelepiped objects) that had 45-µm sides
(350 µm/7.8=45 µm) in the x–y plane (Fig. 1b). The height of the
particles was equal to the height of the channel minus the thickness
of the inhibition layers (see Supplementary Information, Section
S2). Cuboids with a height of 15 µm (Fig. 1c) were synthesized
in a 20-µm-high channel because of the 2.5-µm-thick oxygen
inhibition layer at both the top and bottom walls of the device.
By designing masks with varied features and selecting channels
of differing heights, we synthesized particles of several distinctive
shapes, sizes and aspect ratios (Figs 2, 3).

We have synthesized various polygonal shapes such as triangles,
squares and hexagons (Fig. 3a–c); colloidal entities (Fig. 3d);
high-aspect-ratio objects such as posts with circular, triangular
and square cross-sections (Fig. 3e,f); and non-symmetric or curved
objects (Fig. 3g–i). All of the particles showed good fidelity to the
original mask features and had straight sidewalls.

The fundamental limitations of a projection photolithography
technique, such as ours, are mainly governed by the optical
resolution and the depth of field of the microscope objective used
(see Supplementary Information, Section S3). The resolution of
an objective is the smallest distinguishable feature that can be
discerned, and the depth of field is the length over which the
beam of light emanating from the objective can be considered
to have a constant diameter. In our case, the resolution limits
the size of the smallest particle that can be made, whereas the
depth of field restricts the length over which the sidewalls will be
straight. Better resolution comes at the cost of decreased depth of
field. Additionally, practical constraints on particle synthesis are
imposed by finite polymerization times and the minimum feature
size currently printable on a transparency mask (∼10 µm).

The exposure time required to polymerize particles was
inversely proportional to both the height of the channels used
and the size of the transparency mask feature (see Supplementary
Information, Section S4); particles required longer polymerization
times when either of these two parameters was decreased. The
oxygen inhibition layer thickness is independent of channel height,
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Figure 2 Differential interference contrast images of collections of particles. Particles were generated in a high-throughput fashion and collected in a reservoir. a, Rings
formed using a 9.6-µm-high channel and the ×20 objective. b, Triangles formed in a 38-µm-high channel using a triangular mask and the ×20 objective. c, Cylinders
synthesized using circular masks in 38-µm-high channels using the ×20 objective. d, Colloidal cuboids synthesized using a square mask and the ×20 objective in a
9.6-µm-high channel. All of the particles were synthesized using exposure times obtained from the data shown in Section S4 of Supplementary Information.
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Figure 3 Scanning electron microscope images of particles. Microparticles formed using a ×20 objective (except d, which was formed using a ×40 objective) were
washed before being observed using SEM. The scale bar in all of the figures is 10 µm. a–c, Flat polygonal structures that were formed in a 20-µm-high channel. d, A
colloidal cuboid that was formed in a 9.6-µm-high channel. e,f, High-aspect-ratio structures with different cross-sections that were formed in a 38-µm-high channel.
g–i, Curved particles that were all formed in a 20-µm-high channel. The inset in the figure shows the transparency mask feature that was used to make the corresponding
particle. All of the particles were synthesized using exposure times obtained from the data in Section S4 of Supplementary Information.
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Fabrication of particles using laminar flows	

18	Pregibon et al, Science 315, 2007	

The hydrodynamic resistance	
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Mean velocity 100 times smaller !	
Cross section 100 smaller 	
=> Flow rate 10 000 times smaller	
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For a cylindrical geometry	



The hydrodynamic resistance	
�
	

Microchannel network	
Pressure	
Flow rate	

Hydrodynamic resistance	

Electrical equivalent	
Potential	

Electrical current	
Electrical resistance	

	

Kirchoff’s laws �
	

The hydrodynamic resistance	
�
	

Rheology of newtonian fluids	
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Q1⌘1
w1

=

Q2⌘2
w2

w1

w2
=

Q1

Q2

⌘1
⌘2

Groisman & Quake, Physical Review Letters, 2004.	

Guillot et al., Langmuir, 2006.	

Rheology of complexfluids (wormlike micelles)	
�
	

Nghe et al., APL 2008	
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Flows are not always simple laminar flows	
�
	

Drescher et al., PNAS 2012	

 pathogen Pseudomonas aeruginosa	

Biofilm streamers that initiate on corners rapidly expand.	
Wall-attached biofilm is a necessary precondition for streamer formation	

Secondary flows	
�
	

Di Carlo, Lab Chip, 2009	

Dean number :	

 = (H/2R)1/2Re

Full Navier-Stokes equation is required	

MIXING	

At low Reynolds numbers	



Diffusion with « hands »	 Generating concentration gradients	

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

Generating concentration gradients	

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

How to mix at low Reynolds 
numbers?	



•  Convection equation for an incompressible liquid :	

	
	

	

 

Convection-diffusion equation	

�C

�t
+ ⇥u · ⇥�C = D�C + q

Mixing in a non stationary flow :	
Chaotic regimes	

A regime is said chaotic if , 	
	
	
	
	
	
	
	
And so on… (baker transformation)	
	

stretch	

fold	

In chaotic regimes, two close particles separate exponentially 

•  Glycérine, Re=1	



From Ottino’s book : « Chaotic Advection » 

Passive chaotic micromixer	

Stroock et al., Sciences 2004	

Passive chaotic micromixer	

Stroock et al., Sciences 2004	

Passive chaotic micromixer	

Stroock et al., Sciences 2004	



Active chaotic micromixer	

Droplet based microfluidics	

•  Applications :	
	
–  droplet = unit system	
	
–  Microreactor	

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

è Necessicity to controle elementary operation: 	
                           fabrication, fusion, breakup, transport, storage…	
	

•   Models : microporous (stone, lung..)	
	
	

Droplet-based microfluidics	 Definition: surface tension	
!"#$

%&'(&)*$
⇥W = �dA

Is the surface tension. Its is an energy per unit surface or a force 
per unit length.  
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Laplace law demonstration for a sphere	

⇥W = �podVo � pwdVw + �owdA

Work to increase the radius by dR: 

dVo = 4�R2dR = �dVw

dA = 8�RdR

The mechanical equilibrium writes: 

�W = 0

�p = po � pw =
2�ow

R

Laplace law : sphere	

Capillary bridge of 10 microns 
 
 
Equivalent to a water column 60 cm height 
 
 
 
 
 
 
 
 
 
 

�P =
2�

R

p+	
p-	 p-	p+	

�P � 2� 30.10�3/10�5 � 6 kPa
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•  Bond number	

	
	
	
•  Capillary length	

Gravity vs. Capillary forces	

lc =
�

�

⇥g
� 2 mm
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Bo =

gravity force

capillary force

=

⇢l3g

�l
=

⇢l2g

�

in situ fabrication	

•  Capillary number: 	

Ca = µU
γ

Continuous phase viscosity	

Droplet velocity	

Surface tension	

 Ca : 10−3 −10−1
Ca	

hight => viscosity dominates	
	
small => surface tension dominates	



Rayleigh-Plateau instability	
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Plateau:	

R

L

r

n droplets

Conservation of volume:	 �R2L =
4
3
�r3n

Surface ratio:	 Sn

S0
=

n� 4�r2

2�RL
=

3R

2r

r >
3
2
RFor 	 	: total droplet surfaces smaller than the one of the liquid thread	

�D
•  Co-axial flow: 	 •  T-junction: 	 •  Hydrodynamic focusing: 	

Droplet in situ fabrication	

Absolute instability:	
	 	 	dripping	

	
Convective instability:	
	 	 	jetting	

Guillot et al., PRL 2007	 Thorsen et al., PRL 2001	

wd/wc � 1

L = f(Ca)

wd � wc

L � Qd/Qc

Anna et al., APL 2003	
Garstecki et al., APL 2004	
Guillot et al., PRE 2008	
	
	

Vb =
Pd

�cQc

Encapsulation: 	 	 	 		

	

Fabrication of more complex systems	
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Pannacci et al., PRL 2008	
	
	

Janus droplet: 	 	 	 		

	

Using droplets for antibiograms	

52	

Baraban et al. Lab Chip 2011	



Using droplets for antibiograms	
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Baraban et al. Lab Chip 2011	

Wetting film and triple line	

gas	
gas	

liquid	 liquid	

solid	solid	

Apparent contact	
line	 Wetting film	

The spreading coefficient	
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Gas	

Solid	

Gas	

Solid	
Liquid	

�sg �sl

�lg = �

S = �sg � �sl � �

S > 0

S < 0

Total wetting	

Partial wetting or desorption	

S = Esubstrate
dry � Esubstrate

wet G	

S	
L	�

Two cases	
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Liquid/gas	
Liquid/gas	

liquid	 liquid	

solid	solid	

Contact line	
Lubrication film	

�

� >
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2 Wetting	

Non wetting	

✓ = 0



Two cases	
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Liquid/gas	
Liquid/gas	

liquid	 liquid	

solid	solid	

Contact line	
Lubrication film	

�

� >
⇥

2

� <
⇥

2 Wetting	

Non wetting	 ?	

✓ = 0

Capillary imbibition: vertical tube – Jurin law	
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PA + �gH = PB

Capillary imbibition: horizontal tube – Washburn 
law	
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Washburn, Phys. Rev. 1921	

100µm	

Electrowetting : triple line	

Courtesy	Florent	Malloggi	
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Electrowetting - EWOD	
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++++++++++++	- - - - - - - -	

Electrowetting - EWOD	
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++++++++++++	- - - - - - - -	
R1

R2

�P =
2�

R

Pa

P1 � Pa =
2�

R1

P2 � Pa =
2�

R2

R1 � R2 � P1 � P2

Electrowetting - EWOD	
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++++++++++++!- - - - - - - -!
P+ P�

Electrowetting - EWOD	
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Electrowetting - EWOD	

More formally, Young-Lippmann equation:	
	

++++++++++++!- - - - - - - -!

Voltage-dependent 
contact angle	

	
Contact angle at 

zero voltage	
	

Capacitance per unit area between 
the drop and the electrode	

	

relative strength of electrostatic	
and surface tension forces	

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

c = ""0/d
"
"0
d

Dielectric constant of indsulator	
Permittivity of vacuum	
Thickness of insulating layer	

cos ✓ = cos ✓Y + cU2/2� = cos ✓Y + ⌘

+  + 

Set up: 

-   
- 

RL

θR <θL ⇒ rR > rL

Electrowetting	

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

Wetting film and triple line	

gas	
gas	

liquid	 liquid	

solid	solid	

Apparent contact	
line	 Wetting film	

State of the art: the lubrication problem 
(Bretherton 1961)	

x

y

U

(f) (r)

Cantat, Physics of fluids, 2013	

h1



State of the art	

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

�psf = 4.94Ca2/3
4�

H

�psli =

✓
6.82Ca2/3 + 0.94

2l

H
Ca1/3

◆
4�

H

�prol = 6.22Ca2/3
4�

H Pressure drop in the 	
sheared lubrication film 	

Cantat, Phys. Fluids, 2013	

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

�pPois = 8⌘LtU/r
2

t

rt = 1 mm, Ca = 10�3 �psf ⇠ �pPois for Lt = 12mm

State of the art	

Vanapalli et al., Lab Chip, 2009	

channel. DR is the excess hydrodynamic resistance due to the

presence of the moving drop and DQ is the resulting excess

flow rate. In the experiments equal driving pressures P1 are

imposed at the inlet and the pressures at the outlet are set to

zero. By using expressions analogous to Ohm’s law, it can be

shown that

DR

R1

¼ 2
DQ=Q

ð1# DQ=QÞ
(1)

Thus, we relate the normalized hydrodynamic excess resistance

of the drop to the normalized excess flow rate. We note that eqn

(1) applies to any comparator configuration that can be repre-

sented by equivalent circuit as shown in Fig. 3.

Next, we relate DQ/Q to DY/W by calculating numerically the

flow field in the comparator region. Unlike our previous report,31

here we measure DY from the downstream split introduced in the

comparator where the largest interface displacements are

expected and hence the comparator is more sensitive. Numerical

computation is therefore required, as the flow field in this region

is not amenable to analytical solution. For our flow field analysis,

we use an extension of the Hele Shaw approximation (see ESI†

for details of the derivation and numerical analysis). Defining the

aspect ratio of the comparator as 3 ¼ (h/w)2, the dimensionless

Stokes equations for the problem can be written as:

vxp ¼ vz
2 ux + 3 (vx

2 ux + vh
2 ux) (2)

vhp ¼ vz
2 uh + 3 (vx

2 uh + vh
2 uh) (3)

vzp ¼ 0 (4)

where p is the dimensionless pressure, ui is the dimensionless

velocity with the subscript i referring to the three dimensionless

coordinates (x, h, z). The solution to these equations is obtained

using a finite difference scheme, with the appropriate no-slip

boundary conditions at the channel walls (see ESI†). In Fig. 3B,

we plot the flow field for our comparator with 3 ¼ 9/25 with DQ/

Q¼ 0.1. By plotting the streamline j(x,h)¼Q#DQ (see Fig. 3B)

we obtain the interface between the dyed and the non-dyed fluid

Fig. 3 (A) Hydrodynamic resistive circuit of the device geometry shown

in Fig. 1A, assuming there is no flow into the side arm of the T-junction.

(B) The full numerical solution of the flow field in the comparator for 3 ¼
9/25 and DQ/Q ¼ 0.1. The interface between the red and blue flow

indicates the separating streamline j(x,h) ¼ Q # DQ. (C) Hydrodynamic

circuit of the device used to validate the numerical modeling and exper-

imental measurement of the interface displacement. (D) Measured

interface displacement as a function of the normalized extra imposed

pressure.

Fig. 4 (A) Hydrodynamic resistive circuit of the device used to experi-

mentally measure the inlet and outlet channel resistances. (B) The rela-

tionship between imposed inlet pressure and the inlet flow rate, when the

comparator is balanced. The line is a linear fit to the data.

This journal is ª The Royal Society of Chemistry 2009 Lab Chip, 2009, 9, 982–990 | 985
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Generating surface flow	

Liquid	reservoir	

Alcohol	evapora6on	

wine	

glass	 -

+

dS	

Surface	tension	depends	on:	
-  Solutes	concentra6on	
-  Temperature	
-  electric	poten6al	

A	kitchen	experiment:	

MARANGONI	EFFECTS	
71	

	
•    Wetting film:	
	 	a) Thermocapillarity	

	
	
	 	b) Electrocapillarity	

	
	
	 	c) Solutocapillarity	

Sammarco	and	Burns,	AIChE	45,		
350	(1999)	

Droplet displacement	



Authors	 Geometry	 Scale	 Direc5on	

Young,	Goldstein	
(1959)	

3D	 micron	 Hot,	low		
	

Sammarco	(1999)	
Lajeunesse	(2003)	

1D	(tube)	 mm	 Hot,	low		

Brathukin	and	Zuev	
(1984)	

2D	(Hele-Shaw	
cell)	

mm	 Hot,	low		

Baroud	et	al.	(2007)	 1D	(tube)	 micron	 Cold,	low		

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

Thermocapillarity: state of the art (wetting film)	

Direction of motion	

hot	cold	

Thermocapillarity vs. thermomechanical	
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Involved machanisms	

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

Application : bubble switching	
Thermocapillarity vs. thermomechanical	



Application : bubble trap	
D
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Anchor rails	

Marie-Caroline Jullien, Microfluidics	

Droplet Fusion	

Solutocapillary	

Cordero, Burnham, Baroud and, McGloin, App. Phys. Lett. 92, 034107 (2008)	

Baroud et al., lab Chip 2007	

Electrocoalescence	

Cordero, Burnham, Baroud and, McGloin, App. Phys. Lett. 92, 034107 (2008)	



Droplet sorting	

Chapitre 2 

Par ailleurs, les composés biologiques possèdent des groupements chimiques de surface 
perdant ou acquérant un ion dès qu9ils sont mis en solution à pH donné. C9est le cas par 
exemple des groupements carboxyles COOH susceptibles de perdre l9ion hydrogène, laissant 
exposées des terminaisons COO- chargées négativement, ou des amines se combinant à un 
H+ pour se charger positivement [63]. Ainsi les molécules lipidiques entrant dans la 
composition des membranes plasmiques confèrent à la cellule une charge de surface [64] et 
forment autour d9elle une double couche électrique de structure semblable à celle 
s9établissant près des parois d9un capillaire lors d9une expérience d9électroosmose (cf. 
encadré I-1). Sous l9effet d9un champ électrique, cette double couche subit une déformation 
[65], comme indiqué sur la Figure II-1. 

 
D9autre part, sous l9effet d9un champ électrique, les charges libres se déplacent vers 

l9électrode de polarité opposée, à moins qu9elles ne rencontrent un milieu de propriétés 
électriques différentes. Ce cas de figure s9applique par exemple à des ions se trouvant à 
l9intérieur des cellules, « stoppés » par la membrane plasmique présentant une résistivité 
électrique plus d9un million de fois supérieure à celle du cytoplasme [66].  

 
Figure II-1. Une particule chargée en surface, immergée dans un électrolyte, est entourée d< une 
couche de contre-ions formant la couche de Stern (a), elle même enveloppée par un nuage de charges 
constituant la couche diffuse (b). Sous l<effet du champ électrique, les charges de la double couche 
sont redistribuées (c et d) [67]. 

 
Maxwell (1873) puis Wagner (1914) furent les premiers à décrire les processus 

d9accumulation de charges aux interfaces rencontrées dans les milieux hétérogènes. La 
présence d9impuretés dans un matériau peut également induire ce phénomène, connu sous le 
nom de polarisation interfaciale. Les charges ainsi stockées près des parois d9une particule 
soumise à un champ électrique ne sont pas équiréparties : elles se concentrent dans les 
régions situées en regard des électrodes (Figure II-2a).  
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Figure II-2. a) Charges induites près des parois d7une cellule par polarisation interfaciale (cas d7une 
particule moins polarisable que son milieu de suspension). b) Moment dipolaire associé à la particule 
polarisée. 

 

La distorsion de la double couche électrique et l3apparition de charges aux frontières 

séparant la particule de son milieu environnant sont deux mécanismes de polarisation 

conférant à cette particule les propriétés d3un dipôle [68]. Rappelons que deux charges 

électriques de polarités opposées ±q séparées par une distance d constituent un dipôle de 

moment m = qd (Figure II-2b), représenté par un vecteur orienté du pôle négatif vers le pôle 

positif [69]. 

Si l3on tenait compte de la seule contribution de deux charges élémentaires séparées par 

une distance égale à son diamètre, le moment associé à une cellule de taille 10 µm vaudrait : 

530519 10.8.4)10x33.3(/10x10x6.1m ��� ���m  D 
1
  

A titre de comparaison, le Tableau I-1 donne les moments dipolaires de plusieurs 

espèces moléculaires : 

 

Molécule H20 NH3 HCl CO 

m (D) 1.86 1.5 1.03 0.12 

Tableau I-1. Moments dipolaires de différentes molécules, exprimés en debye (D) [70].  

 

Les moments dipolaires induits par polarisation de Maxwell-Wagner sont donc très 

importants devant ceux associés aux atomes et aux molécules, en raison de la distance élevée 

existant entre les charges induites de part et d3autre de la particule. C3est la raison pour 

laquelle on considère ce type de polarisation comme un phénomène « macroscopique », ce 

qui nous permet d3assimiler la cellule à un dipôle.  

Lorsque le champ est uniforme, les forces de Coulomb s3exerçant sur les charges 

opposées du dipôle se compensent : la polarisation n3engendre donc aucune force électrique 

nette capable de déplacer la particule.  

Pour résumer, dans un champ uniforme continu, une particule chargée est dirigée le 

long des lignes de champ vers l3électrode de polarité opposée. Une particule neutre va 

seulement se polariser, mais aucune force de translation ne la déplace vers l3une ou l3autre 

des électrodes (Figure II-3). Toutefois, si la particule est asymétrique ou anisotrope, il y a 

production d3un couple qui tend à orienter le dipôle dans le sens du champ [71, 72].  

 

                                                 
1
 1 D = 1 debye = 3.33 x 10

- 30 
C . m 
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Chapitre 2 

 
Figure II-3. Effets résultant de l5application d5un champ uniforme continu sur des particules chargées 
et des corps neutres (le barreau électriquement neutre s5aligne avec le champ). 

 
� Cas d&un champ électrique alternatif : 
 
Lorsque le champ appliqué est alternatif, les effets électrophorétiques cessent d&exercer 

leur influence au-delà de quelques kHz, en raison de l&inertie de la particule, amenée à se 
déplacer d&une électrode à l&autre. Pour des fréquences plus élevées, de l&ordre de quelques 
dizaines de kHz, la double couche électrique entourant la particule n&a plus le temps de se 
déformer. En revanche, la polarisation interfaciale continue de jouer un rôle essentiel dans 
une gamme de fréquences pouvant s&étendre jusqu&à plusieurs centaines de MHz. 

 
Nous entendons ainsi montrer que le phénomène de polarisation est à la base de l&étude 

du comportement des particules soumises à des champs électriques alternatifs. La Figure II-3 
nous indique qu&une particule électriquement neutre polarisée sous l&effet d&un champ 
uniforme ne subit aucun mouvement. Aussi, pour espérer observer le déplacement d&une 
particule dans un champ alternatif, il faut réunir les conditions de polarisabilité de la particule 
et de non uniformité du champ. 

 
Deux types de méthodes peuvent induire une polarisation et permettre le déplacement 

d&une particule dans un champ alternatif [73] : l&application d&un champ non uniforme dans 
une direction fixe (Figure II-4a) constitue la méthode la plus classique, à laquelle on associe 
le terme de diélectrophorèse « conventionnelle » (DEP ou c-DEP pour conventional 
dielectrophoresis). Une autre alternative consiste à produire un mouvement angulaire (Figure 
II-4b) ou linéaire (Figure II-4c) du champ par rapport à la particule, ce qui donne lieu aux 
phénomènes d&électrorotation (ROT) et de diélectrophorèse à onde progressive (tw-DEP : 
traveling-wave dielectrophoresis).  
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