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Chaotic Mixing in Droplets
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Effect of surface roughness
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Cassie to Wenzel transition
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Electrowetting

© sources unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.

3/10/16


https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://en.wikipedia.org/wiki/Ultrahydrophobicity

Digital microfluidics

Electrowetting on Dielectrics (EWOD)

Droplets can be manipulated
by electrowetting

Application of voltage bias
between electrodes used to

manipulate droplets This image has been removed due to

copyright restrictions.
Please see https://mgitecetech.files
wordpress.com/2012/05/ew.jpg?w=640.

Complex operations can be
performed

Electrowetting

W. C. Nelson, C.-J. ‘CI’ Kim /J. Adhesion Sci. Technol. 26 (2012) 1747-1771 1751
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Work of Wetting
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Drop Manipulation

* Merge
* Split
* Move

Digital microfluidics

This image has been removed due

to copyright restrictions.

Please see https://www.aaas.org/sites/

default/files/content_files/1007_STM.jpg. This image has been removed due
to copyright restrictions.
Please see https://www.technologyreview.com/
s/415654/novel-chip-for-monitoring-breast-cancer/.

Droplet Electrodes
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Digital microfluidics

Photodiode

l;] Indium Tin Oxide (TT0)
4
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Electrokinetics

* Electrokinetics deals with electrically driven flow of
charges, particles, and fluids typically in the presence
of solid-liquid interfaces

3/10/16


https://ocw.mit.edu/help/faq-fair-use

Electrokinetics
* Electrokinetics deals with electrically driven flow of
charges, particles, and fluids typically in the presence
of solid-liquid interfaces

Fluid Conveyor Belt
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© AIP Publishing LLC. All rights 3D ACEO - Fluid Conveyor Belt

reserved. This content is excluded :

from our Creative Commons license. Induced Charge Electro Osmosis (ICEQ)
For more information, see https://

ocw.mit.edu/help/fag-fair-use. Electroosmotic pump,

Urbanski et al, APL
(2006)

Microchannel flows
¢_Poiseuille Flow.-and Couette Flow
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© Cambridge University Press. All rights reserved. This content is excluded from our Creative
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B. Kirby, Micro- and Nanoscale Fluid Mechanics, Cambridge
Univ. Press, 2010
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Poiseuille Flow

Vp =7V

L =
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Poiseuille flow in a circular tube.
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excluded from our Creative Commons license. For more information,
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Hydrodynamic Force Assisted Sorting
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Couette Flow

Navier-Stokes
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This image has been removed due to copyright restrictions.
Please see http://www.kirbyresearch.com/images/etc/

textbook/mae28.jpg.

Electrophoresis and Electroosmosis

Electrophoresis: Movement of charged particles under the

influence of electricfield
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Origins of surface charge

acid
solution Siy— OH;
Chemical origins: . Siyom
. - +H  Si}- omH,
- Dissociation of surface groups a3 on
- Adsorption of charged species iy~ OH
H H . Si OH
Physical origins: o sl o
- Induced charge N siy- 0 +H,0
basi 5
s;xl\i:ion Siy— 0
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This image has been removed due to
copyright restrictions.

Please see https:commons.wikimedia
.org/wiki/File:Double_Layer.png.

Electrical double layer

(simplified)

Diffuse layer
(mobile ions)

Stern laye

. o B. Kirby, Micro- and Nanoscale Fluid Mechanics, Cambridge
(immobile ions)

Univ. Press, 2010

© Cambridge University Press. All
rights reserved. This content is
excluded from our Creative Commons
license. For more information, see
https://ocw.mit.edu/help/fag-fair-use.
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Electroosmosis

Assumptions:h
u=ufy)
v=w=)0
EXy= constant
p = constant

This image has been removed
due to copyright restrictions.

Please see https://www.kirbyresearch
com/images/etc/textbook/mae28.jpg.

- MacroscaleiNavier-Stokes eqn.h

- N-S equation with negligible h
pressure drop, steady flow h
u(y), and surface chargeh

- Poisson eqn. (electrostatics)h

B. Kirby, Micro- and Nanoscde Fluid Mechanics for Engineers: Transport in Micrdfluidic Devices
http://www.kirbyresearch.com/index.cfm/wrap/textbook/microfluidicsnanofluidics.html.

Electrical double layer
Gouy-Chapman Modelh

* Boltzmann distribution 1:1 electrolyte
® 0
n+=nb”{exp$ﬂ ....
S 0%’
* Poisson-Boltzmann equation .. .
e 060
Vig= Py =_e(n+ —n_)
£ &
Dy =0
_ @, (zeta
* Debye lengt 5 potentia)
§ @, \Q
Ay = LTz (1-100 nm) v Mo
2n,.e T T
A’D
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Electrical double layer

* Debye lengt

1:1 electrolyte

—1 KO- ~0.3nmh - :00.
— 100 mMKClh> 1 nmh P OO..O
—1m KClh2> 10 nmh - ..Q
— Water 2> 1 um % .O (X

=)

* Zetapotential b

. © z potential)
— Typically 0-100 mVh £ 5
3 : :
— Determined by surface charge h® ol
and ionic concentration n M

Electroosmosish

Assumptions:h

u=ufy)
This image has been removed v=w=)0
due to copyright restrictions. E,~ constant
Please see https://www.kirbyresearch z
com/images/etc/textbook/mae28.ipg. p = constant
eE
2 2 = X -
du_.d¢p u=—(¢p-¢,)
n 2 2 x n
d dy z
&
nu=¢E ¢+Cy+C, u, =——=F
n
BCs:h

Velocity is finite asy oo
u(0) =0h

(HBlmholtz-Smoluchowski equation)h

B. Kirby, hicro- and Nanoscde Fluid hechanics for Engineers: Transport in hicrdfluidic Devices

http://www.kirbyresearch.com/index.cfm/wrap/textbook/microfluidicsnanofluidics.html.
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Vorticity Generation

steady 2D V0mc1ty equation:
pii -V = 1V> o+ V x pEE

“— @ = O (rrotational)

—_—
in bulk, Coulomb force has canceled
out vorticity created at wall

—_— 3
—_—
Coulomb force
g au B creates positive
O==—7 vorticity G source term in

ay C vorticity transport
equation is Vxp,E
S S SS S AS S S S S S
(viscous boundary
condition creates
negative vorticity)

Vorticity generation and cancellation in EDLs.

B. Klrby, Micro- and Nanoscde Fluid Mechanics for Engineers: Transport in Micrdfluidic Devices

Zeta potentials of glass and PDMS
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Kirby & Hasselbrink, Electrophoresis (2004)

© John Wiley & Sons, Inc. All rights reserved. This content is
excluded from our Creative Commons license. For more
information, see https://ocw.mit.edu/help/fag-fair-use.
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Electroosmotic pump

P, E » P> Py
Py é - P> Py + O(NlUeefl /D7)

Electroosmotic pump

‘ * ueof (= '8¢Ex/’7) Is
) independent of diameter

- * Velocity due to pressure
difference u,p ~ D?

- =) R

0z 81

AP=—8;—§L

YVYVVVY,

+ + + +

i

- Electroosmotic pumping is more effective at small length scales!
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Electrophoretic mobility

+ 4+ + +

Presence of counterions affects mobility

Electrophoretic mobility

* Mobility (u): Particle velocity under unit electric field

VDC
ls
— — r
V, =ukE L Q0 J
Anode Medlum@—' Cathode
Fluid with viscosity n ‘
Fdrag = 6‘7[an I;:e = qE MEF =( 1 )
? 6manr 6nr
F =qk

electric

(Huckel equation)
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Capillary Electrophoresis (CE)

+ + + +

This image has been removed due to
copyright restrictions.

Please see the image on Page 10 of
http://nanoparticles.org/pdf/noh.pdf.

Electrophoretic/electroosmotic mobilities

e Small monovalent ions (Na*, K*, C,
etc.): ¥107 m2/v.s

38

e Cells: ~10® m2/v.s §

* InPDMS, glass: ~107 to 108 m2/V.s

- . 0° Al 2 3 4 5
* DNA: 4 x108 m2/V.s or lower (in ! = & " 1 w

bp
gels) DNA mobility in TAE buffer
Salieb-Beugelaar et al., Lab Chip 9,2508 (2009)

Image courtesy of U.S. National
Library of Medicine.
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Electrophoretic separation

(=3

¢ (U, + U )E =
%cé ‘ueong 8 f - =

A
A

A

A

I/i = (luep,i + Aueof )E

Separation based on differential migration velocities

Migration velocities depend on

- Minimize elelctroosmotic flow, PVP (polyvinylpyrrolidone)

- Size and charge of particles
- Interaction with gels/pores, if any

Ugp =(

q
67tnr

|

Electrophoretic separation

AI—Z (‘/2 - ‘/l )t = (Auep,Z - Auep,l )Et
1

Al \ Dlt M
—>
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Electrophoresis in microfluidics

e Advantages:
— Higher electric fields easily possible
— Shorter time-to-result
— Integration with other processing steps
— Low sample requirements

Step 1: Injection of buffer solution

19



Step 2: Injection of sample solutions

i |
[

40

Step 3: Start of electrophoresis

[ |
[
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Step 4: EP Separation

LA

41

Capillary Electrophoresis (CE)

This image has been removed due to copyright restrictions.

Please see the image on Page 9 of http://nanoparticles.org/pdf/noh.pdf.
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This week

Examine the motion of microparticles under electric fields
Study the effect of surface treatment on electrokinetic flow

Separate and analyze molecules using gel electrophoresis

3/10/16
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