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Introduction

Miniaturization in microelectronics — Moor's Law, doubling
integration density every 18 monthy. According to Intel who currently uses
50nm features they will be able to follow Moor’s Law for another 10 years at
least (32nm and 15nm lithography is under development)

* Miniaturization of non-electronics devices started in late 70s
as MEMS (MicroElectroMechanical Systems) but also extends to fluidics
and optical components.

Lab on a Chip
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What size we are speaking about?

* Volume goes as L3, so fairly small decrease in size leads to dramatic reduction
of sample volume

MICROFLUIDIC DEVICES Micropumps/ valves/ flow sensars

Microfiters/ microreactors
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Typical molecules or copies/ mL

HIV in blood
Biothreat agents in air {after concentration)

Digoxin — heart stimulating drug;

Cortisol — stress hormon synthesised by adrenal gland

Creatinine - protein produced by muscle and released into the blood. The creatinine level in
the serum is a measure of kidney function

Theophylline — drug used in therapy to treat respiratory diseases e.g. Asthma

Uric acid — Uric acid is the end product of purine metabolism produced in the body is
excreted by the kidneys. An overproduction of uric acid occurs when there is excessive
breakdown of cells, which contain purines, or an inability of the kidneys to excrete uric acid
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v 1 where n, is the sensor efficiency (0<n, <1),N,=6.02x10" is Avogadro
N, N A Ai number, and 4; is the concentration of analyte i. .

Samples volumes that are too small may contain not enough target molecules!

Maijor applications

Segmentation
Microfluidics applications in Life Sciences
Genomics and HTS dispensing systems
Drug discovery
Proteomics and cellulsr research tools. =z L
applications
—
POC analysis 1
Diagnostic —
Laboratories analysis
-
Medicine Drug dispensing Emerg|ng
Water & air analysis
Ecology & agrofood
Process control
Tools for R&D — process development and optimisation Long term
Chemistry Full dedicated produciion equipment — Micro reastion system ERrlicauces
Process infensification — micromixers, micro heat
exchangers .
b gia. " -l

Advantages:
Fast analysis due to small quantaties
Massively parallel automated analysis




Microfluidics technology

Example of Technologles / Applications Microfluidics manufacturing technologies
segmentation

Polymer microtechnologies flowchart

and actve - :
s gontrol I 1

ature replication technologies Bt

Due to large size of most microfluidics components relatively few devices
can be placed on a wafer making silicon microfabrication technology too
expensive. Plastic moulding is the technology of choice for most
applications.

Microfluidics development

* Miniaturisation approach: shrinking down conventional devices (pumpes,
valves etc.) using silicon micromachinig. Problem: as surface to volume ration
increases viscosity role increases that requires excessive power for actuators

*Exporation of new effects: e.g. electrokinetic pumping, surface tension driven
flow, electrowetting etc.

*Developing new applications: e.g. Distributed termal management, chemical
production using distributed microreactors.

e | |

Droplet transport by
electrowetting in a
ring structure (Duke
University, NC)




Basic Properties of Flowing Fluids

* Thermodynamic properties (e.g.pressure,
temperature, density, surface tension)

» Transport properties (e.g.viscosity, thermal
conductivity, diffusivity)

» Kinematic properties (e.g.linear and
angular velocity, vorticity, acceleration,
strain rate)

Intermolecular forces
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Validity of continuum approach

Solid Liquid Gas

Thought experiment:
measuring density (or any other thermodynamic quantity)

Properties of a Typical Gas and Liquid at Standard Conditions (After [10])

Variations due to

& molecular fluctuations Property Gas (N;) Liguid (H,0)

Molecular diameter 0.3 nm 0.3 nm
_/ Number density 3x10% m? 2x10% m?
/ Intermolecular spacing 3 nm 0.4 nm
point Macroscopic flow variations, Displacement distance 100 nm 0.001 nm
vale | eg. shocks. tamp. changes, otc Molecular velocity 500 m/s 1,000 m/s
» D
>

Sampling velume L*

Microfluidics is still in the early stage of development.

Exciting field to join!!!




Compressibility of fluids
* Bulk module of elasticity

g__d _ dp
Y-/ dplp
Water: E,=2.15 *10° N/m?
1% compression would require 2*107 N/m2 =200 atm!!!.
p+dp
Y- d¥

* Speed of sound
EV

CcC=
1%

Check the dimension!

Definition of fluid
"a substance that deforms continuosly under the

application of shear (tangential) stress, no
matter how small the stress may be”

“
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No-slip condition

As a fluid flows near a solid surface, it "sticks" to the surface, i.e., the fluid
matches the velocity of the surface. This so-called "no-slip" condition is a
very important one that must be satisfied in any accurate analysis of fluid
flow phenomena.

Shearing stress, T:
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Newtonian fluid: du Rate of shearing strain
T=U— (velocity gradient)
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dynamic viscosity [N/m2/ (m/s/m) =N s/m?2]

kinematic viscosity U= tlp




Viscosity

» Viscosity, one of the
important properties, is
responsible for the shea
force produced in a
moving fluid.

r

(both are clear liquids and have a
specific gravity of 1), they behave very
differently when set into motion. The
very viscous silicone oil is
approximately 10,000 times more

Although the two fluids shown look alike

viscous than the water

Specific Dynamic Kinematic Vapait Bulk
Density, Weight, Viscosity, sion, Pressure, Modulus,*

Temperature " ¥ r i I E,

Liguid ) (kg/m") kN /m'y im'/s) IN/m) [N/m” (abs)] iN/m’)
Curbon tetruchloride 20 1.590 156 D.53E - 4 AOAE 13 E I3IIE+9
Ethy] alcohol 20 THY .74 L9E=3 IS1IE-6& 59 E+3 L6 E + 9
Csoline” 156 6RO 647 1 E-4 46 E-7T 55 E+4 1LY E+9
Gilyeerin 20 1.260 124 LSDE + 0 LI9E 14 E-2 452E+9
Mercury 20 13,600 133 IL57TE-3 LISE-T 16 E-1 2RS5E + 10
SAE 30 oif 15.6 012 895 18 E-1 42 E—-4 2 1.5 E+9
Seawaler 15.6 1030 10 1L.20E LITE-6 THE-2 LTTE+3 IME+ 9
Water 15.6 L] S50 LI2E-3 LI2ZE-6 TME-1 LTTE+ 3 2ISE+9

Non-Newtonian fluids

Crude oil (60 “F)

Shearing stress, ©

Water (60 °F)

Water (100 "F

Air (B0

F)

Rate of shearing strain, 'Jh'

Fluids for which shearing stress is not linearly related to the rate of shearing

Shearing stress, T

Bingham plastic

Shear thinning
e.g. paint)

Newtonian

~— Shear thickening

(e.qa..auicksand)
At - U
du

Rate of shearing strain, ]

strain are designated as non-Newtonian fluids.
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Non-Newtonian Fluids

A mixture of water and corn starch, when placed on a flat surface, flows as a thick, viscous fluid.
However, when the mixture is rapidly disturbed, it appears to fracture and behave more like a
solid. The mixture is a non-Newtonian shear thickening fluid which becomes more viscous as the
shearing rate is suddenly increased through the rapid action of the spoon.

Vapour pressure

» Pressure of liquid vapour in
equilibrium with liquid is called
saturated vapour pressure
(depends on T!)

» Boiling occurs when the total
pressure is equal to the vapour
pressure.

Water at 20C: p,=1.77 103 N/m2

11



Physics of wetting

Approsimate interd

» molecules on the interface .‘\/ .

interact to one half with the o 00,20 06 o o

molecules of the same material 000800 %0 00 o o

and to the other half with the opre o letpslooy 0 o o

molecules of other liquid or gas. S sttt 930 55 S %
« therefore surface possesses %0 e % 00 % 0% O 000

extra energy per unit of surface ses s sess eatosn0 0

called surface tension (units
N/m)

E=»S

Table 2.1 Typical Values of Surface Tensions at Room Temperature

_Type of Components | Water/Air__Water/Oil GlycerolfAir Ethanol/Air Cyclobexan/Air Mercury/Air
Surface tension [mN/m/| 72 50 63 23 25 485

Physics of wetting

» Surface tension can be treated as force per unit length N/m
» Force on a free boundary:

oW = Fdx = 2yLdx

/ 0 B
e/ A

12



Capillary rise

Surface tension causes liquid rise (or depression, depending on wetting) in a thin
capillary
2nRo

R

}f:rth

— 2R —
(a) ) (c)

20 C0sSH

pgrR*h=27Rocos@ = h=
PIR

Microdrops in microfluidics

Why microdrops are important?

—» P Waste
Flow inlet

* Microdrops can be used directly Microdispenser
to deliver sample to an array

* Microdrops can be used to
transport and manipulate small
samples in microfluidics
systems:

Advantages:
— nonspecific adsorption to the walls
is minimized
— very small sample volumes (as low
as 50 nl) can be used without
diluting the sample

— sample can be transported along
the chosen trajectory




Physics of wetting

» Liquid droplet on solid surface:

partial wetting total wetting S =7 _(73L + 7LG) >0

LSS ST

* In case of partial wetting a triple line is formed. Equilibrium
along the triple line is described by Young's law

Y16 C0SO =7y — Vs

]
\
\
L]

FI.G

r77/ f;?—?s;/"f" . /7 L
[T 17777

Hydrophilic contact, < 90° Hydrophabic contact, #> 90°

Physics of wetting

* in case of liquid drop on solid vertical force is
balanced by the reaction of solid. In case of liquid
drop on liquid balance in X and Y direction should be
obtained

14



Equilibrium shape of a droplet

» assuming a spherical droplet (no gravity):

———

.

V = 2R (E_SCOSG_ cossej
3 4 12

» the shape can be determined by minimizing energy
with constant volume

E :(7’Ls _7GS)SLS +7606 =
= 7R [ (715 — 75 )SIN* 0+ 27,5 (1-cos 0) |

dE = E (R 0)dr+E (R, 0)d0 =0
R 20

* minimization will lead to Young’s law

Droplet on rough surface: Wenzel's law

« assumption: roughness on a microscopic scale

Liquid

» work along the contact line:
dE =dW = Fdx = (y5. — 755 )rdX+ 7, COS OdX

Y16 COSO = (ys = Vsc )T
(Yo = 7sa)¥
Ve

6 > 6" for hydrophobic surface (6" > 90°)
6 < @ for hydrophilic surface (8" < 90°)

on smooth surface

cosé = =rcosd’ Wenzel's law
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Cassie-Baxter law

 droplet on an inhomogeneous surface:

Solid surface dx
chemically heterogeneous

dE =dW =D FdX = (y; — 7ser) FiOX+ (7, — ¥s2) F0X + 7,5 COS X
coséd = f cosé + f,cosé,

Superhydrophobicity and Superhydrophilicity

» Wenzel's law: hydrophobocity or hydrophilicity is
enhanced by an increase in surface roughness

 In addition inclusion of air pores contributes to the

superhydrophobicity  cos¢=f,cosg,—f, as 6,, =180°

Microfabricated grooves

16



The effect of surfactants

* in the presence of surfactants the surface tension will be
reduced (e.g. for water from 72 mN/m down to 30 mN/m)

Surfactant cancentration

£
o)
v
¢
. - p
- T
] o~
- = jv
Fz5
FEE
208
-
Surface tension

‘_-‘ T A B A A A A
L A A A A A A TV AN
L LA MC
Critical micellar concentration
(b}

Shape of drops on solid surface

» large drops are not spherical as the gravity flattens the drop.
Equilibrium shape can be found by minimization of energy

E =(ys —7es ) 7R*sin® 0+ 27R%y,; (1-c0s0) + R* pg 2?ﬂ(3+c050)sin6 [g)

% R,0)dR+E (R,0)do =0
R 00

cos¢ cos26 1 _0
3 12 4

_ 2
COSH_?’LS Ves +,09R [
Ve Vi
* Bond number represents the ration of gravitational forces and

surface tension ,
Bo= 29"

V4T

Typically: p=1000 kg/m3, =72 mN/m, R=1mm, so Bo=0.15
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Pressure inside the droplet

Pressure inside the drop is higher than outside

27Ro = AprR* = Ap=% o

A pJTRZ

Laplace equation

* Let's consider an
infinitesimal change in
droplet size:

dE = —PdV, - P,dV, + ydA =
= —47(P, - P,)R’dR +87yRdR

Pl—PO:ZK

R
PO
Generally: o
R-P=yl=+=
1~ o 7(R R'j
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Motion of drops under action of hydrophilic/Hydrophobic forces

 droplet deposited on a border between

hydrophilic/hydrophobic region will move towards
hydrophilic region

i contact . Il Region of
Region of Hydrophobic contact
hydrophilic contact
ho

~,

T

Hydrophilic region

e droplet running uphill

Marangoni effect

» surface tension depends on temperature as
7 =70-pT-T,))

for water/air interface: ,=72mN/m and (5=0.1 mN/(m K)

» surface tension distribution induces tangentional force
distribution on the interface and convective motion inside the
droplet

e

Tangential constraint
and interface motion

Motion induced in the drop\'

Y2

19



Marangoni effect

» Marangoni effect due to temperature in a microwell

Continuous line:
free surface

ofliquid |\ \ _o-m====o
(Marangoni effect)

Dotted line
free surface

of liquid

(no thermal effect)

Electrowetting

Electrowetting on Dielectric film is a phenomenon where the surface property of a dielectric
film can be modified between hydrophobic and hydrophilic states using an electric field.
This process can cause a droplet of liquid to bead or spread out on the surface depending
upon its surface state.

dielectric-coated
electrodes of
7 thickness d &

dielectric constant i

initial droplet shape  gialectric coating:
at Varop = 0 thickness = d
dielectric constant = &' Pevon

Vdrop

j conductive droplet
[ ewrode S %j:

Applications l

A\ 4 A\ 4 \4

[ electronic paper}

liquid dispensers j [Iaboratory-on-a-chip } [focused liquid lenses j displays

voltage-controlled Optoelectronics

20



Electrowetting

« redistribution of charges

Hydrophobic

under applied electric field layer (Teony O)
causes change in wetting N
properties o - =

Y T
Electrode
potential V

Dielectric layer SizN,

1
Vst =Vsot ECV > Lippmann's law

cos @ =cos b, BENCRVE
27

=

Electrowetting

Ty — covered EWOD (Electro-Wetting
R = v On Dielectric) system
)
Drop \ Electrodes
//‘ Catena
WW open EWOD System
SR sl T
| | |

« Experimentally observed a saturation of contact angle vs. applied potential

120
11
1 ~~
90
<
L —— Theoretical ~ Saturation
70l -
= == Measurement
60.
L 50. \
40.
0 20 40 60 80 100

21



Electrowetting devices

Electrowetting devices

 drop division

S

S 5

 drop formation by electrowetting

Extracted drop

22



Problems

Estimate the minimum size of air and water
volume where the fluctuation of
thermodynamics be less than 0.5%. Assume
that air is an ideal gas at atmospheric
pressure and fluctuations go as VN/N

Munson1.92 Find the minimum length of the
interface necessary to support a water strider.
Assume the bug weighs 104 N and surface
tension acts vertically upward.

Surface tension of water c=7.3 102 N/m.

Munson1.41 The kinematic viscosity can
measured in a capillary-tube viscometer as
v=KR4t, where K is constant. Glycerin
(calibration liquid) passed the tube in 1430s.
A liquid with density 970 kg/m? did it for 900s.
Find the dynamic viscosity of the liquid.
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