Electrolytes and electrokinetics

Many fluids relevant to microfluidics contain dissolvedic
species and / or suspended particles with net elecitbarges.

Both the fluids and these particles can therefore &ipnlated
by electric fields.

We will look at:
» Screening in electrolytes
« Interfaces and potential profiles
* Electrophoresis

* Dielectrophoresis

Electrolytes

Typical composition of an electrolyte:

« Buffer solution, containing equal amounts of positive and
negatively charged ionic species - overall neutral.

» Charged particles in suspension - usually much less charge
from these than either the total positive or negatharge
density from the ionic species.

Charge density: p, = > zen

z = charge of speciaqe.g. +2, -1, etc.)

n, = concentration of speciegnumber per volume).

We know the charge density must obey the Poisson equation....



Debye length
In equilibrium,

DZ¢: 0 in bulk of solution (neutral!)

O°p= _Pe in general.
KE

0
Assumegy(r) = equilibrium electrostatic potential. Then for
perturbation away from equilibrium at finite temperature

0= -4,
z.eQ
0, = Z zen, ex;{— kIB'Iq'O]
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This is just a Boltzmann factor from statistical meuics;

Thermal energy allows excursions from equilibrium.

Debye length
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Expand for small perturbations / high temperatures:
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Debye length - particular case
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A particular case that often comes up is for a syrmimekectrolyte
(e.0. Na', CI), a 1d problem:
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Debye length
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For (1d) case of wall at a potentig) with respect to the bulk
solution, the solution is of the form

9=a, exr{— i]
/]D

That is, the ions in the solution screen the poteaotidie wall over
a length scale given by the Debye length.

Trends:
 Better screening for higher concentrations of ions
» Worse screening for higher temperatures

Note: K for the solution can be large and frequency dependent!



Debye length - numbers
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So, the potential from walls (or small charged objeistsymost
completely screened over a distanceky.3

In pure water (pH = 7), screening just fromathd OHin equilibrium.
At room temperaturé\; ~ 1 micron.

In 1 M KCI in water Ay ~ 0.3 nm.
Rememberk for water at low frequencies is ~ 80.

Note: for big microfluidic devices, these charge ¢ffamnly matter
near interfaces, but for nanoscale fluidic systems igitv ionic
concentrations, one must worry about poor screening.

Debye screening physics
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Stern layer ions opposite in charge to surface charge of wall nadter
effectively immobilized due to strong interactionghwivall.

Gouy-Chapman layerdiffuse ions, net same sign as Stern layer, but
mobile.

Together, these are called the eleadable layer.
Debye screening occurs in the diffusive layer.

The potential at the edge of the Stern layer is calledeth
potential.



Charge density in double layer

We can quickly estimate the two-dimensional charge debaitpd
up in the double layer:

KEy =
Pe ==

W
¢ KE,

Tad,a ZIpe(Z)dZZ—TO% =-0,
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Surface charge density in double layer balances that In wal
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The surface charge density at the wall should be d fixeperty of
a given material system.

Electro-osmosis

» Assume laminar flow, and channel much larger in dianteter
Debye length.
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» Assume steady state, no pressure gradient along ¢hanne

* Electric fieldF can only act on net charge, which only
exists in diffusive part of double layer.

» Basicidea: charge in the diffusive double layer is
accelerated by electric field, and has no-slip boundar
condition at the walls. Viscosity dictates a uniforehocity
profile across the middle of the channel.



Electro-osmosis

Best approach to finding(2) is to solve Navier-Stokes for this case:
D
pmiu =0= —%+/]D2u + IOeF
Dt
steady state. 0

Note: have omitted gravity and used incompressibla.for
Knowing the charge density, for fully developed flow

@ = UWF ex —i
Ur N N

Using no-slip at the wall, near the bottom wall

_o,FA B _z
u(z) = p [l exp{ ADH

Electro-osmosis
g,

W

FA,
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This is called “plug flow” - there’s almost no velociyadient across
the channel far from the wall, meaning almost no skiass there.

Far from the double layer, Uy =

Under certain conditions, this result may be geneliaeshow that
the velocity fieldu, and the electric fieléF are similar:

g
Valid for: Uo(r,t) = TDF(r,t)

» Uniform wall surface charge density (zeta potential)
» Debye length small compared to channel geometry

* No applied pressure gradient



Electro-osmosis
A
Uo(r,t) = mF(r,t)
n

u
Can define an electro-osmotic mobility: Heo = FO
Note that right now it's very challenging to directheasure
guantities likeo,, or equivalently the zeta potential.

Most literature values are inferred by assuming this lédalper
approach is correct and performing electro-osmosis merasats.
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ELECTRO-OSMOTIC FLOW
Electrophoresis

Now assume that there are small particles suspended in a
background buffer solution of electrolyte.

In an applied longitudinal electric field, that buffer solatwuises
along at the electro-osmotic velocity.

Further assume that the concentration of these pariglew
enough that the basic double-layer physics that confesis e
osmosis still works, and that one can then worry abolauble layer
around each particle.

Result will be an effective surface charge on each padie to the
double layer, and a corresponding electric force thas ep being
balanced by viscous drag.

Steady-state: particles move at some electrophaticity
relative to the electro-osmosis velocity.



Electrophoresis

Thatis, dsF =6mugr,
/‘ \ some effective radius of particle

effective charge of particle

Assuming a spherical particle and given the zeta patdat the
particle material, one can compuge

0 1 1 r
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If the Debye length is big compared to the size of Hréigbe,
_ gF _ 2k, F
Ugp = 5 =—
mr, 3 1

Electrophoresis

If the Debye length ismall compared to the size of the particle,
the charge distribution isn't that different than the filate case,
and we eventually get
_ K& F
T
Note that the two limiting cases aren't very different.

This is why electrophoresis is applicable from lasges (cells)
down to small sizes (coiled DNA) down to really smaks
(nanopatrticles).

Note: the real utility here comes from the fact thadepends
strongly on the molecular weight and valence statkeobbject in
guestion!



Microfluidic capillary electrophoresis in action

Vl
Treat fluid as simple resistor.
Start withV, = +,V, = 0,V,, V, > V,~ V,/2.
VJ
vV, Vv,
VZ
VJ
V.
Set voltages to: 8 — Ve
V, V, <V~ Vy/2; V= +,V, =0,
VZ

Microfluidic capillary electrophoresis

Bands get smeared by diffusion of particles within the
electrolyte.

Blurring of bands after electro-osmotically traversingjstance
L of channel:

Ly =vD7 =
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Things scale nicely for doing this in the microfluidic eogiment!

Biggest win: smallet leads to shorter processing times.



Dielectrophoresis

One can also use dielectric response of particle + ionic
screening cloud to move particles in an electrolyte.

Assuming some electric dipole mome(d), and an
inhomogeneous electric field, the instantaneous fordaen

dipole is:
foep =P LLF

Of course, the effective dipole moment is frequency dependent
for an ac field, because the screening cloud has doiteetime
response.

Generally, it is possible to have dielectrophoreticds ofeither
sign (attracted to or repelled by regions of strongtrtefteld).

Again, microfluidic devices can use this effectively totsmall
particles (ex. cells) because at small size scatescitively easy
to get big field gradients.

Summary:

» Debye screening describes how the ions in common
electrolytic fluids respond to perturbations, such asmiils
due to solid interfaces.

» Double layer charge model is widely used, though
microscopically measuring the parameters involvedrig ve
hard.

» Main electrokinetic effects from our point of viewte&ro-
osmosis and electrophoresis.

» Small geometries provide many advantages for applyiegeth
phenomena.



Life at Low Reynolds Number Am. J. Phys45, 2 (1977)

Very well-known paper by E.M. Purcell

Nobel Prize, 1952 for coinvention of nuclear
magnetic resonance measurements

Brilliant educator - great textbook on E&M

What is the world like from the point of view of

a bacterium?

\f/—‘ That is, at a scale where viscous forces
completely dominate, how do things work?
Swimming

‘/\/\ Flagellae (with some modern info)

Efficiency and food supplies

Can we use this for our benefit?

Reynolds number and viscous forces

Reynolds number:
oL (vl inertial forces
4o (viL)(L?) viscous forces

Reynolds number > ~ 1000-3000 = turbulent flow
< ~1000-3000 = laminar flow
< ~1 ="“creeping flow”
What is the drag force on a small spherical pariidRe = 1?
F, =6rmul  Stokes’ drag law
L
P

2



Reynolds number and viscous forces

So, for a given system at Re ~ 1, the drag force iappately
2

7
F ~ 1
“p
Plug in some numbers. For water; 102 kg/ms,p = 1000 kg/r.

Typical drag force in water is then-108l, or 10* dynes.
Sense of scale:

Person swimming in water: Re ~*10ro get a Re of 1 for
someone ~ 2 m long in water would require swimming at a
speed of 500 nm/sec (!).

Remember, the relevant length scale that determines Re is
approximately the size of the object.

So, for a bacterium ~ 1 micron long swimming 30 nmiarsec,
Re ~3x 16! Inertial forces mean nothing to the bacterium.

Length and time scales

We can get a crude estimate of how far the bacteriuntdvalift in
this situation.

Assume that the drag force on spherical bacterium.

Fy ~mp =~(oL) S

6L dv
- ,Z; dt=7 — v:voex;{—(agfg't]

X = {1— exr{— 671113L tﬂ VoL
pL 6l

Timescale for these numbers: ~ 150 ns to stop.

Coasting distance: ~ 1.2 x-1@m.

— > Conventional notion of swimming is out the window.



Swimming and reciprocal motion

Swimming = some cyclical motion intended to propel

Simplest case: deform body somehow, repeatedly.

Idea is that viscous forces act on the body
at each step, and at the end of sagute,

the body is back in its original
configuration, though translated in
position.

Problem: time-reversal symmetry

Navier-Stokes for this case:

-Op+uJ?u=0

Making a single motion, and then exactly reversing it
(“reciprocal motion”), will put you back exactly wherewy
started!

Scallop theorem

Making a single motion, and then exactly reversing it
(“reciprocal motion”), will put you back exactly wherewy
started!

&, This leads Purcell to define the “Scallop
‘1 theorem”.

A scallop (that is, a creature with only a single degfdeecedom of
motion, like one hinge) cannot swim at very low Reynolds lvenin

To actually make forward progress requires at leastizgoees of
freedom, so that one can executyae.

Picking which degree of freedomfisst in the cycle is what breaks
the symmetry....



Two hinges
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Simplest version would be creature with two hinges.

Don't think of it pushing liquid out of the way!

Approaches to swimming

Several approaches to swimming:

Prokaryote Eukaryote

L

B
b .~ Flagellum Flagelum

waves

Toroidal motion.

The flexible oar.

+ Microtubules
%

! \ Cell membrane

Cross-section of flagellum

—~
Cell
Membrane

*9 + 2 array of
microtubules”

sparksnotes.com




Rotating flagella

Bacterial flagellum

Filament

Al Outer membrane
&M/Puptidoglycan

Plasma membrane

A flagellum is rotated by a complex
protein “motor” secured in the plasma
membrane.

Rotating flagella

@ 1998 Sinauer Asscciates, Inc

* Do not think of just a simple corkscrew: that would mexi
each rotation of the flagellum would propel the bacterium

forward by exactly one “wavelength”.

* Real life: the corkscrew is “slipping”, so its prcijien down
into the plane does vary each rotational period.

» Typical flagellum is ~ 13 nm in diameter (!), made from

protein called flagellin.

» Very clever work done to figure outk. Coli actually rotates

its flagellum or not.



A real biomotor

Motor is essentially a
collection of
complicated proteins. o=

Some of these proteins
are “motor proteins”,
enzymes that break
down ATP into ADP +
wastes.

The excess energy
liberated is converted
into torque (pushing S-
ring with respect to the
stator).

A real biomotor

Even smaller proteins can b

rotary motors.

Here is a diagram
specifically of R-ATPase,
part of ATP-synthase.

The central shatft is torqued

during consumption of ATP.

120 degree step per
hydrolysis of 1 ATP.

Biotinylated cysteine

b - Histidine tags

Soonget al., Science290 1555 (2000)

Derosier,Cell 93, 17 (1998)
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How does the flagellum work?

Key: atlow Re, everything isnear. Can relate torque and
force to speed and angular velocity:

F = Av+BQ PEKA B)
N =Cv+DQ C D

Allowing two screws on the same shaft far from onetlaer, the
propulsive matrices should add.

Can prove that the propulsive matrix must be symmetric

Then consider two identical oppositely pitched corkscrews on
the same shaft, falling vertically.

Should be no net torque, but twice the force from jostscrew:

P must be diagonal for this case.

Efficiency
Will be proportional to the Propoltive. efficienty e BT
square of the off-diagonal
element of the propulsive

_ g = transverse dmg _’)
matrix P, roughly. torgitudinal  Areg
Can get this by arguing about
energy consumption. 'I',
Physical origin of that matrix -
element: related to ratio of =
L
transverse drag to i i 25
longitudinal drag on the i E
flagellum. E o
=*==—="-- Figure 15

If the drag forces per unit length exactly balanced gttdre
no way of getting net progress forward.



Energy requirements and numbers

Efficiency works out to be around 1% for a round blotd an
typical corkscrew flagellum.

Work out the numbers for our 1 micron spherical blob:
Energy intake ~ 100 ¥ x V)

F, ~ 6wl ~5x10™"° N
— input power ~ 1.7 x 16 W

Power density ~ 0.5 W / kg (pretty low). 2-3 orders of
magnitude lower than power density under load for your
laptop battery.

Amount of energy released in hydrolyzing 1 ATP molecule
~8x10%®J (~ 80 pN-nm, or 0.5 eV)

So, would have to be consuming ~ 20000 ATP molecules
per second.

Energy requirements and numbers

Is it reasonable to be getting 20000 ATP molecules pend&c
Breakdown of a nutrient molecule can produce lots of ATP.

Turns out the food concentration only has to be ~ 1 n\hfere to be
sufficient food available.

Note that the limiting problem here is that food tdiffuse to the
bacterium!

The immediate environment (as far as continuum fluidsnserned)

gets dragged along with the bacterium. New food didn't diffusthe
bacterium would eat up all the food in its immediate remvhent and

die.

Efficiency of diffusion vs. swimming: “stirring number”

12/D _ Lv

I/v D

S




Does it make sense to seek out food?
Stirring W Diffusian
T e —————

£

time for transpert by rhiering: 2o Local stirring does not, by itself,

N bring more food to the bacterium.

. p £
time for topnsport by diffusion: 3= However, it is possible for the
bacterium to swim somewhere

fr s / W .
SHiering works if ’% >t where more food is.

. Py [@'! A ~} Can it swim faster than diffusion?
D

2 /V Yes, for reasonable numbers....
. -2
ek

“&\ Lt

focal stircing  accamplichts nothin

Does it make sense to seek out food?

v R
v, .

|

fo  aUf -Swim  diffecion.
L=z var

i D=1 itk , V= .008 emf
L2 30 p

1 yoc dm? swim ot far you
hartn’t gome anyuhere.”



Interfacing biomotors with technology

Hopefully this has been an interesting diversion for you.
Why is it at all relevant?

Recent work on incorporating molecular motors into engetke
devices.

Example: F-ATPase to rotate nanoscale Ni wires:

Soonget al., Science290 1555 (2000)

Interfacing biomotors with technology

Second example: patterning of surfaces to control mereof
actin fibers and microtubules by selective deposition afdiin

Hiratsukaet al., Biophys. J81 1555 (2001)
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Microfluidics techniques and capabilities

Fabrication techniques and limitations DARPA
Components:
Channels Albany Nanotech

Valves

|

Pumps

Flow sensors

Mixers
ol
Inlet Supply Mode Outlet
Bt a7 e
- e
A Y e
KTH Stockholm Pump Mode

Fabrication techniques

Methods used vary based on applications, and thereidyaclear
dividing line between Lab-on-a-chip (LOAC) applicatiarsd
others.

The challenge is to create fairly intricate networkseafed, | eak-
tight flow channels and buffer volumes, and the associated
apparatus needed to move fluids around in controlled wayseg;

pumps).

Typical first stepfor most applications: creating rather deep (~tens
of microns) open channels.

Several possibilities:
» Deep anisotropic etching of Si
» Deep RIE (Bosch process)
» Photolithography + thick resist (LOAC)



Deep anisotropic etching

Nguyen and Wereley

Different hydroxide-based <100> {100} {1y
etchants attack various
crystallographic directions of Si
at different rates.

After an initial patterning step,
the wafer (resist and all) is
immersed in the etchare.g.
concentrated KOH) for either a
fixed time or until a natural etch-
stop occurs.

Along favored directions, rates
are typically ~ 0.5 - 2 microns per
minute.

Etch-stop and complications

There are two typical kinds of
etch stops. (100) (111)

One is obvious: the material
being etched gets used up,
and the etching solution runs
into an interface that it can’t
etch.

The second is shown at right,
where the rapidly etching
crystal face gets eliminated.

Complications:

» Modulating relative etch rates and directionality isgsy - doping,
electrochemistry

» These etchants can attack useful materials, too - alumfor example.



Deep RIE (Bosch process)

We've discussed RIE before:

» plasma-based

* anisotropic

» some low etch rates

« difficult to get large aspect ratios
Work-around: Bosch process

* Alternates SEetch with GFg
passivation.

» Precisely engineered to allow
very rapid etching and large aspect

ratios. www.memsguide.com

Deep RIE (Bosch process)

Univ. West. Ontario

25KV 2oaum



Thick resist photolithography

Nguyen and Wereley

Mask;__'"__' ——————
There is a particular negative  * E l 1 W

photoresist series named SU-8
designed expressly for 2
AR \T\‘l\\“‘!\\\\\\\\

extremely thick resist layers < . S |
and high aspect ratios. . W 22222

A

This resist can be patterned m
, . N N W

with standard optical TS =TS

lithography in the near UV, and * ‘ ////////////

used in multiple ways to create -—.
deep channel structures. 5. »}/////

Note that it may be etched  ppy—ggy oo
anistotropically with Q ol 6 ND RN
plasma, also. ‘ (a) )

K su-alf Expooed Bl vetais 277 siicon [ s

Soft lithography

a)

If one is willing to have channe
sidewalls or floor composed of
silicone polymer, one can use
“soft lithography”.

transparency used as
photomask

negative photoresist
Expose on Si wafer
Develop
lCast PDMS prepolymer
PDMS (polyd|methyI5|onane)
replica molding of cured POMS with
lithographically defined master o

defined relief in

» Can reproduce nm scale photoresist
Drill i

features " ]m'”s
Seal to flat surface

e Curesat 75 F bufter

reservoir puffer _
reservoir

* Flexible, quick.

mold of channel
structure

PDMS, glass,...

sample injection
reservoirs

Whitesides, Harvard

photolithographically



Closing the channels

Creating leak-tight seals for channel closure is thxé cteallenge.

Several alternatives. Below: wafer-bonding

(@)

(e

(e)
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I::] Glage Silicon

Closing the channels

Concerns:

 Uniformity of bonds

* No leaks

Nguyen and Wereley

» Transparency for optical access? (LOAC)

Types of bonding:

 Anodic bonding

Si direct fusion

» Glass direct fusion

Polymer bonding

Adhesives

Eutectic bonding



Anodic bonding

Nguyen and Wereley

ICalhod J—

+

Glass
o J
Silicon Anode

» Done at 400 C, requires kV if glass upper wafer is used.

» Sodium ion impurities in the glass are driven by tleeteic
field to migrate diffusively to the glass-Si interface.

» Sodium ions react with Si to form a hard bond.

» Must worry about differential thermal expansion betweien S
and glass.

Direct bonding

Typically requires temperatures near the melting poiftiseo
relevant materials.

Si-Si: ~ 800 C, with 1000 C anneal.

Glass-glass: ~ 600 C for 6-8 hours.

Polymers (resist): low glass transition temperat(te200 C)
Special case of polymers: PDMS

By treating the surface of PDMS with oxygen plasme, th
polymer network can be broken and lots of very reactive
hydroxyl groups left dangling.

Two plasma-treated PDMS surfaces will bond very wiell a
room temperature.



Fluid interconnects

Connecting multiple levels gy AN
e &

of fluid channels together
without leaks is quite
challenging.

Similar problems in
connecting to outside
world.

Particularly tricky is doing
this in material systems @ Poymaric cougler (® ! o

where thermal cycling has
EETENES

been used to form the
% @ [T o 22 vobmen
(@) "

N

seals.

Fluid interconnects

In PDMS, this problem actually becomes quite simple:

I I . .-_-!—!

Can use the fplasma treatment to end up with PDMS that adheres
to itself well.

Then build up interconnects using multiple layers of PDMS



Fluid interconnects

Here’s an example of
this in action, with two
different inks weaving
past one another in
leak-free channels.

Note, too, that PDMS
can self-seal against
metal needles, for
example.

Therefore syringes may
be used to supply fluid
and act as pressure
reservoirs.

Whitesides, Harvard

Valves

Big concerns:
» How is seal formed?
» How is valve actuated?
* Pneumatic

* Thermopneumatic

Bimetal / shape alloy

Piezoelectric

Electrostatic

Capillary forces



Valves
Most common approach: pneumatic

Valve seat Outlet ||n|El Valve seat Pressure chamber

&‘ LSS ooy [\

L LIS LI OIES A EOE S

E o
BTSSR
(alvalve membrane| {b) Imet Vaive membrane Outlet
Pressure chamber
Qutlet  Inlet Outiet Valve seat Valve membrane

Inlet

[

S

8i I:I Glass Rubber —) Pressure inlet

Use micromachining techniques and / or polymers to niakedlve
springs.

Pneumatic valves

These are very easy to implement in PDMS:

500pm

Whitesides, Harvard

Middle thin layer of PDMS not completely exposed duringipla
treatment (otherwise valve would stick closed).



Thermopneumatic valves

Iniiat Valve sea‘t %.m;el ger _ Filling @ﬁ rEl;i‘e membran
These get their ‘ m *&K'_ﬂ
actuating force from (aPressure‘chamber Heater (b) Outiet | Inlet
the expansion of either Valve membrane Valve seat Pressure chamber

Valve seat, Iniet Outlst Valve membrane

heated gas, or liquid !
heated through the NN \*'"'e‘ Pressure chiombers
phase transition to gas. T LT u § . P \

© Heater Pmssure chamber

si [ omss
B e N Ruover
(e)Heater Pressure chamber Inlet 7] s III]E[['] Paraffin

Electrostatic valves

Moving electrode

Fixad electrode Qutlet

Basic idea is clear:

Use electrostatic
force between fixed

{a) Fixed electrode Inlet (b) Moving elsctrode  Inlet
and movable Intet | Moving electrode  Inlet
electrode to actuate '
valve seal. Outiot —e—

Problems:

* Require large
voltages

» Stiction issues

Ry k\\\\"\\\“

(e) leedele rude Moving electrode (T} Fixed elecirode

N s Nrovsi [ JomsZZsun [ so. R vee
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Capillary effect valves

Use bubbles and surface tension to our advantage.

Note that bubbles can be manipulated using temperataotyiel
fields, and geometry:

Cold T, TT, Hot
Q\\ NN
o a
g9  guve 8 C’n ¢
o v g
PN nﬁ Y.
ANNNANNNNNNNNNY NN
Pumps
I Pump cham beri‘ ~Piezodisc _
Moving liquids around WE AV A Y
. R 8 I
reqUIreS bu”dlng Up Ring-mesa'check valve —
controlled pressure Polyimide disc valve  Titanium rmyimme disc valva
gradients. This can be .,\éf— Gond f
done by external ) ] © :
connections, but ideally e o Purmp chamber
one would like to do it E ‘
“on-chip” by pumping. f UL
. . (d) te) !
The SImpIeSt kind of Parylene disc velve Pump chamber :oly—Si disc valve Pump chamber
pump iS based on a Moving electrode  Fixed electrode Piezadisc
check-valve (one-way
valve). o Ay
VY Pump chamber

Cantilever check valve Pump chamber Cantllever check valve
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Pumps

Peristaltic pumps are another popular choice:

Membrane 2

P N—
sy

Fluid dynamic version:

Supply Mode

Imlet Ouilet

Pump Mode
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