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eo switching summary

• switching (V ~ R2/B ) ;             no switching 

• eo dominates, switch time   τ V ~ B3/R2

• optimum pore-size  R for fast-switching

El t ti t lElectroosmotic control:
- no moving parts
- low voltage/current
- fast switching
- green chemistrygreen chemistry
- downscales favorably
- individually addressable
- ease of manufacture
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grab/release concept
1.7 mm tube 

diameter

Aluminum foilAluminum foil

lab demo
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grab/release as ‘phase-change’
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adhesion device

Reservoir

Electrodes

Glass frit Test plateVogel, PHS , Proc Nat Acad Sci, accepted 2009.

No substrate

Playback at real-time, 25 V
500 μm
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volume-scavenging
amongst many dropletsamongst many droplets

or “your odds at capillary roulette!”

time

initial

final - equilibrium

HB van Lengerich, MJ Vogel and PHS, Physica D 238, 531-539,  2009.
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pick the winner!
viscosity & linear network - N drops

spherical-cap response

V

Hagen-Poiseuille

V

P

PoincareNewton
Chandrasekhar Jacobi Euler Liouville



winner depends on VT & N

Euler

Poincare

Jacobi
Euler

Poincare

N

VT/N 1712/10/2009 IMA Workshop 12/2009



dynamical system properties

Lyapunov function

equilibria

bbb

net surface area equilibria

sbb bsb bbs

sbsssb bss

N droplets

sbsssb bss

2N – 1 equlibria
N stable equilibria

N basins-of-attraction
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change-of-winner explanation
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capillary coarsening recap

• ‘winner’ depends on network, VT and N!

• odds-of-winning are predictable

• results guide device design

Wi d ’t l t k ll!Winner doesn’t always take all!
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adhesion device

D i id iDevice: side view

F   ~   (l/ε) σl

l
Device: top view

104

l

diameter εIndividual sub-pad

n x n array
of sub-pads

N contacts water, l = 10 cm

F/l2 ~   104 Pa
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adhesion device

Reservoir

Electrodes

Glass frit Test plate

PHS, Vogel, Ehrhard, Proc Nat Acad Sci, 2005.

No substrate

Playback at real-time, 25 V
500 μm
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big-mac device:  performance
shown

tested heretested here

Linoleum: 700 mg

Plywood: 725 mg

also tested successfully

Brick: 670 mgBrick: 670 mg
Sandpaper (150 grit): 650 mg Roof shingle: 675 mg
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silicon-wafer device

ε = 500, 300 (or 150 μm)

Glass frit pump 
(device thickness ~ 5 mm, mass ~ 4 g)

1 
m

m

Epoxy seal Electrodes

< 
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disc-device

Empty device: 9.1 grams
Filled device: 16.48 grams
Predicted holding capacity: ~30 grams
N = 9000 holes epsilon = 150 micronN = 9000 holes, epsilon = 150 micron
Pump: 220 nm PES, 120 micron thick
Reservoir:  4mm depth
Voltage: 9 V

26
12/10/2009 IMA Workshop 12/2009



disc-device loaded w/ cargo

Hershey Snickers
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average force measureg
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Debye-layer diagnostics of porous substrates

Borosilicate glass with
I. water + salt + pH buffer
II  d d + ALOA 11000II, dodecane + ALOA 11000



Debye-layer diagnostics: polar liquid

Barz, Vogel, phs, “Determination of the zeta potential.  Part I,” Langmuir, 2009.
Kirby, Hasselbrink 2004. 
Scales, P.; Grieser, F.; Healy, T. Langmuir 1992.



Debye layer diagnostics: non-polar liquids

Barz, Vogel, phs, “Determination of the zeta potential.  Part II, ” Langmuir, 2009.
Morrison, I. Colloids Surf., A 1993, 71, 1–37.
Prieve, D.; Hoggard, J.; Fu, R.; Sides, P.; Bethea, R. Langmuir 2008, 24,
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charging  mechanism
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concluding remarks
• Capillarity & electroosmosis

 l  i  “ h h  d i ”– as elements in “phase-change devices”

– as machine for zeta-potential characterization

• droplet volume-scavenging

 ‘ i  t k  ll’  t i hb  t– one ‘winner takes all’; nearest neighbors compete
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