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Microfluidic chemostat
..static chemical environment used as bioreactor...
fresh medium is continuously added, cul’rure liquid is continuously removed

i ; e e : = 5 : .

Device provided single-cell resolution to study microbial population growth.

Balagaddé, Frederick K., Lingchong You, Carl L. Hansen, Frances H. Arnold, and Stephen R. Quake. "Long-term monitoring of bacteria undergoing
programmed population control in a microchemostat.” Science 309, no. 5731 (2005): 137-140. B O S TON

Whitesides, George M. "The origins and the future of microfluidics." Nature 442, no. 7101 (2006): 368-373. UNIVERSITY
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Protein cystallization

2 ) — PR V— - g — :.'.__ - — L e », //‘
O KR | TR T
a - 3 - £ o = 5 !
! Y -‘ ‘ ~-:F1 '-\‘... N 1 l 2
‘ [ lt%%ié s/
==l , .
e SRR o . Droplets containing
=SSR =T : . .
TSk '\_ i proirems are trapped in
= wjl!ﬁn:‘ k microchannel wells.
==TE T SSIENRN
=== .
=== =R
oo LF-p b )
u:_x_’))f;r’{} - \\
e g 2R
‘.Fdhi' :‘.§—‘>_ ' \\.
Q} ; 5 min,

Dyed droplets in the wells
of the device.

Proteins crystallized within
droplets in a glass capillary.

Device used to efficiently screen for optimal protein crystallization conditions

Zheng, Bo, Joshua D. Tice, L. Spencer Roach, and Rustem F. Ismagilov. "A Droplet-Based, Composite PDMS/Glass Capillary Microfluidic System for
Evaluating Protein Crystallization Conditions by Microbatch and Vapor-Diffusion Methods with On-Chip X-Ray Diffraction."” Angewandte chemie
infernational edition 43, no. 19 (2004): 2508-2511.

Whitesides, George M. "The origins and the future of microfluidics." Nature 442, no. 7101 (2006): 368-373. UNIVERSITY

BOSTON
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Bubble generation with tunable, monodisperse sizes

Garstecki, Piotr, Irina Gitlin, Willow DiLuzio, George M. Whitesides, Eugenia Kumacheva, and Howard A. Stone. "Formation of monodisperse bubbles in a
microfluidic flow-focusing device." Applied Physics Letters 85, no. 13 (2004): 2649-2651. B O S TON

Whitesides, George M. "The origins and the future of microfluidics." Nature 442, no. 7101 (2006): 368-373. UNIVERSITY
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Capillary origami

(

Using surface tension to deform thin structures

Py, Charlotte, Paul Reverdy, Lionel Doppler, José Bico, Benoit Roman, and Charles N. Baroud. "Capillary origami: spontaneous wrapping of a droplet with
an elastic sheet." Physical Review Letters 98, no. 15 (2007): 156103. B O S TON

UNIVERSITY
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Cellular and developmental biology

Study effect of temperature on the development of a fruitfly embryo.
Immobilized embryo has water with cold (left) and warm (right) flow over it.

Lucchetta, Elena M., Ji Hwan Lee, Lydia A. Fu, Nipam H. Patel, and Rustem F. Ismagilov. "Dynamics of Drosophila embryonic patterning network perturbed
in space and time using microfluidics." Nature 434, no. 7037 (2005): 1134-1138. B O S TON

Whitesides, George M. "The origins and the future of microfluidics." Nature 442, no. 7101 (2006): 368-373. UNIVERSITY
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Inexpensive diagnostics

e O Wy
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r

C 1) device withreagents D yax
cholesterol

protein

2) negative control

3) positive control

Costs as low as
$0.001 per device
(€0.00089)

Low-cost, simple paper-based microfluidics for diagnostics

Carrilho, Emanuel, Andres W. Martinez, and George M. Whitesides. "Understanding wax printing: a simple micropatterning process for paper-based
microfluidics." Analytical chemistry 81, no. 16 (2009): 7091-7095.
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Why Smalle

MICROFLUIDIC DEVICES Micropumps/ valves/ flow sensors
—_—A
Microfilters/ microreactors

A
e ™~

Nanotechnology/ Nanodevices? Microneedles Microanalysis systems

ot =~ —— /—‘;ﬂ

1A 1nm 1um 1mm 1m Length scale
., + + + + + 4 + + t e
1aL 1fL 1pL 1nt 1yt 1mL 1L 1000 L Volume scale
1 ;S v - % ) \_’J
Molecules Smoke particles Human hair Man
— o
Viruses - —~ — Y

OTHER OBJECTS Bacteria Conventional fluidic devices

How much sample volume do we need?

Carbamazepine

|
Theophylline
DNA finger-printing/ genetic

{1
disorder predisposition Creatinine  Cholesterol

Cancer detection  Estrogens Digoxin  Cortisol |Uric Acid Glucose Sodium

10 10° 1*03 107 10‘“1 10" 11012 10‘5 13‘% 10" ﬁm 10" 10%°
l l n M ‘l M P Y
) ]_' o Ll L )) v T L Ll ‘*
Typical molecules or copies/ mL

L L

HIV in blood
Biothreat agents in air {after concentration)

Volume goes as L3

+ Small decrease in size = large
reduction of sample volume.

Detection of biomolecules:

Digoxin — heart stimulating drug

Cortisol - stress hormone from adrenal gland

Creatinine - level in blood is measure of kidney
function

Theophylline — drug used to treat respiratory
diseases, e.g. asthma

http://homes.nano.aau.dk/Ig/Lab-on-Chip2008_files/Lab-on-chip2008_1.pdf

BOSTON

UNIVERSITY
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Published items in each year... Citations in each year...
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ISI Web of Knowledge: Citation Report “Topic: Microfluidics”, 1990-2009.

BOSTON

UNIVERSITY
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Confmed Fluid Flow:
Microfluidics and Capillarity

Reynolds Number: Inertia vs. Viscous effects
« Review of characteristic flows...

Péclet Number: Transport phenomena in a continuum
 Diffusion, separation, and mixing...

Geometric confinement: Controlling and manipulating fluid flow
« Microfluidic fabrication, valving, pumping...

Capillary Number: Viscosity vs. Surface tension
« Droplet formation, capillary rise, elasticity...

BOSTON
UNIVERSITY
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Navier-Stokes Equations (momentum conservation)

Inertial acceleration

[P Forces
e e
0 (a“ u-vu> — _Vp+ uViu -+ f
Ot  ~—— ——  ——

—~ convection pressure diffusion body
variation forces

Continvuity Equation (mass conservation)
Op
ot

-V - (pu) =0

BOSTON
UNIVERSITY



?: Fluid Behavior

Inertial Forces Viscous Forces

Trailing airplane vortices Coiling honey

Reynolds Number: inertial/viscous

Airplane: http://eis.bris.ac.uk/~glhmm/gfd/Airplane-ChrisWillcox.jpg
Honey: http://www.honeyassociation.com/webimages/honey-dipper.jog
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Inerfial Forces Reynolds Number: inertial/viscous
(b)
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Viscous Forces :
pi=0
X
W
Fluid element accelerating around curve. Fluid element in a channel of
* During a turn time: contracting length.
10 ~ w/Up « By mass conservation,
* Loss of momentum density: velocity increases as:
pUo UNU()(l—I—Z/l)
* By exerting an inertial centrifugal + Gain momentum at arate:
/ force density:
( 5 du I du  pU§
= fiN,OUo/T():pUO/’LU szpa—p O&N—l

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
Airplane: http://eis.bris.ac.uk/~glhmm/gfd/Airplane-ChrisWillcox.jpg
Honey: http://www.honeyassociation.com/webimages/honey-dipper.jog
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Inerfial Forces Reynolds Number: inertial/viscous

(b)
- >
[
\' f
i
G_T)Mi 4_@_07&'(”;_'
-
PZ. = pUO
pi=0
W
2
Inertial Forces fi ~ pUs /0 = pUg /w fir~ Pi—? = onj—: ~ %

Viscous Forces
. Viscous force densities result from gradients in viscous stress: f, ~ uUs /L

/ Ratio of these two fz o ,OUO LO o
- force densitiesis the —— — =%
——mee Reynolds number: fv v

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
Airplane: http://eis.bris.ac.uk/~glhmm/gfd/Airplane-ChrisWillcox.jpg

Honey: http://www.honeyassociation.com/webimages/honey-dipper.jog
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Reynolds Number: inertial/viscous %= : =7

Estimation of Reynolds numbers for common microfluidic devices.
« Typical fluid — water

* Viscosity: 1.025 cP @ 25°C

* Density: 1 g/mL
« Typical channel dimensions

« Radius/height (smaller than width): 1 — 100 um
« Typical velocities

« Average velocity: 1 um/s—-1cm/s

Inertial Forces

Typical Reynolds number:

X ~ O(107°%) — O(10%)

Low Reynolds number: viscous forces > inertial forces
* Flows are linear.

,, « Nonlinear terms in Navier-Stokes disappear
- « Linear, predictable Stokes flow

— TS

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.

Airplane: http://eis.bris.ac.uk/~glhmm/gfd/Airplane-ChrisWillcox.jog B O S TO N
Honey: http://www.honeyassociation.com/webimages/honey-dipper.jog UNIVERSITY
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Inertial Forces Reynolds Number: inertial/viscous
Inertial acceleration
p A ~ Forces
au ' 7 N\
p|l —4+u-Vu| =—-Vp+uViu+f
ot o
\."'/ diffusion
variation
Reynolds number is focused on steady inertial .
forcing due to the convective derivative: IOu vu

«  Almost always unimportant in microfluidic flows.
+ Time dependence arises from U,

Linear unsteady term sets the inerfial time
scale to establish steady flows: IO a]‘]'/ at
Time scale estimated by balancing unsteady IOL2
inertial force density with viscous force density T~ 0
2 1
fu ~ pUo/T;i fo ~ uUo/Lg v
g3

Time required for a vorticity to diffuse a distance L,, with a diffusivity v=u/p, t;~10ms

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
Airplane: http://eis.bris.ac.uk/~glhmm/gfd/Airplane-ChrisWillcox.jpg

Honey: http://www.honeyassociation.com/webimages/honey-dipper.jog
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Pressure-driven flow in a network of parallel Electrical circuit with resistances in parallel.
channels. » First elementary rule of circuit design
« Flow rates Q;in three parallel channels. is Ohm’'s law
« Totalflowrate: Q = Q1 + Q2 + Q3 + Relates electrical potential to
« Pressure drop and flow rate related by: current:

APZQRH AV =1R

Stone, Howard A. "Intfroduction to fluid dynamics for microfluidic flows." In CMOS Biotechnology, pp. 5-30. Springer US, 2007. B O S TON
UNIVERSITY
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Flow: Cylindrical Tube

|« Ap, L >| . | o
/7772772777777 7777 Continuity Equation (cylindrical coords):
> 1O(ru,) 10(rug) Ou, 0
| r Or r 00 0z
ou
T Flow only in z direction: —= = ()
S aZ
|
/7777777777777 77777 Navier-Stokes equations:
P()iseuille ﬂOW Inertial ajc\celeration Forces

Assumptions:

1. Neglect gravity: g =0

2. Steady state: %:o
. . L90)
3. Axisymmetric: 55 =0

I N\

p(({;—?—l—u-Vu)

Reduces to the following:

7\

r—Vp + puViu + £

Op 1d du.,
V="5." m(r dr)
Pressure driven flow — linear change
Op _p2—p1 _ Ap
0z L L

Stone, Howard A. "Introduction to fluid dynamics for microfluidic flows." In CMOS Biotechnology, pp. 5-30. Springer US, 2007.

BOSTON
UNIVERSITY
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Flow: Cylindrical Tube

| < AP, L > Navier-Stokes equations - cylindrical pipe:
LLLLLLLLYLLL L2222 227/
RN Op 1d [/ du,
0= ——+pu- r
—> 0z rdr dr
| /T ( duz) 1Ap [T
L 5 d(r = —— r dr
0 dr pwLoJo
—>
|
777777777777 7777777 :
, ) ...Integrate once...
Poiseuille flow >
du, 1Apr L C
Boundary conditions: & T UL 2 !
1. Velocity is at a maximum at the / du, = / (l%f 1+ &) dr
center of the piper: 0 o \u L 2 r
du.,
3 =0 @ r=g0 ...Integrate twice...
2. No-slip along the walls. 1 Ap r?
= ——— 4+ (41 C
=0 @ r=R u:= gt +C

Stone, Howard A. "Introduction to fluid dynamics for microfluidic flows." In CMOS Biotechnology, pp. 5-30. Springer US, 2007. B O STON
UNIVERSITY
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Flow: Cylindrical Tube

|« Ap,L >| . e
2L L L2220 2727272227777 Parabolic velocity distribution:
—
1 |d
—> u(r) = b (a2 - rz)
4 | dz
I axial pressure gradient
|
777777777777 7777777
Poiseuille flow Flow rate (volume/time)
a 4
ma® |d
Q:27T/ u(r) rdr = v
0 8,& dZ

The flow rate depends on the fourth power of the radius: important in small systems
« e.g. For the same pressure gradient, reducing the radius by a factor of two causes
a 16-fold reduction in flow rate.
« e.g. Consider a blood vessel — a 10% decrease in radius produces more than @
40% decrease in the flow rate of blood (PSA: Eat more kalel)

Stone, Howard A. "Introduction to fluid dynamics for microfluidic flows." In CMOS Biotechnology, pp. 5-30. Springer US, 2007. B O STON
UNIVERSITY
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| AP, L »|  Average velocity
LLLLLLLLLLLLLLL L L L
L3> Q) a’® |dp
‘ U p— —2 p—
’ Ta S8u |dz
——
a Recall the Reynolds number:
|
777777777777 7777777 oUa
Poiseuille flow K =

L4

For a fixed pressure gradient, &7 ~ a3 and so a factor of two change in radius produces
a factor of eight change in Reynolds number.

The average velocity is proportional to the pressure gradient, writing the flow field in
vector form gives Darcy’s law:

- k is the permeability (dimensions lengthA2)
ILLU - linear relation between pressure and velocity
- = VP is due to lack of inertia effects
k. - order-of-magnitude of permeability is
typically the square of smallest dimension.

Stone, Howard A. "Introduction to fluid dynamics for microfluidic flows." In CMOS Biotechnology, pp. 5-30. Springer US, 2007. B O STON
UNIVERSITY
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| AP, L »|  Hydrodynamic resistance
LLLLLLLLYLLLLLLLLLZLLZS A ’
| i RH = —p = SL recall: —@:%
| 3 Q 7TCL4 dz L
L 5 Electrical analogy: resistance in fluid
> channels depends on the fourth power of

| the radius rather than the second power
FOLLL0LLL LSS 777 in the electrical case.

Poiseuille flow small matters!

Scaling on physical & dimensional arguments...

« Can arrive at: u ~ a®*Ap/(uL) and Q ~ ua® ~ a*Ap/(uL) from
dimensional analysis.

» Fluid motion arises as a balance between the pressure drop driving
motion and the frictional (viscous) resistance from the bounding walls.
This balance applies independent of the cross-sectional channel shape.

Stone, Howard A. "Introduction to fluid dynamics for microfluidic flows." In CMOS Biotechnology, pp. 5-30. Springer US, 2007. B O STON
UNIVERSITY
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/M3 Flow: Rectangular

Parabolic velocity distribution:

Y
" 2
-/ u(y) == 115] —
w h2
Average velocity:  f = 19 Approximate flow rate (channel of width w)
h 3
Hydrodynamic R — 12pL Q = w/ u(y)dy = wh”Bp
Resistance: H = wh3 0 12ulL

Parabolic velocity distribution (known analytically in tferms of a Fourier series):

Ap | ([h] L) & Ay A
— i _ N cng |
u(z,y) 2L [2] Y nz::Oa cos(h/2>cos (h/2>

2n+1)w
2

h2(—1)"

and, from the no-slip boundary conditions: a,, = A3 cosh (Anw/h)

where: \, =

Stone, Howard A. "Introduction to fluid dynamics for microfluidic flows." In CMOS Biotechnology, pp. 5-30. Springer US, 2007. B O STON
UNIVERSITY
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Parabolic velocity distribution:

Y
4 2
hI — X Ap h 2
z/ — & _ _
: ; uy) =91 (2) Y }
w h2
Average velocity: k= E Approximate flow rate (channel of width w)
h 3
Hydrodynamic Ry = 12ML Q = w/ u(y)dy — wh”Ap
Resistance:  wh3 0 12
Corresponding flow rate 2n+ 1)
w /2 h/2 where: A, = 5
Q= 4/ / u(x, y)dydx
Flow rate is nearly
whSAp linear in aspect ratio
S A, ° tanh h
“= oL ( ) Z ( h )} "

Stone, Howard A. "Introduction to fluid dynamics for microfluidic flows." In CMOS Biotechnology, pp. 5-30. Springer US, 2007. B O STON
UNIVERSITY
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(@ 1 . v
Flow in a rectangular channel
y % 1k
, g
< DBf
I A 5
” ; £ ool
Flow rate in a rectangular channel -
< 02 Increasing w/h =1, 1.2, 1.6, 2. 4. 10, 20
wh3Ap hY — ApW 0
= — |1 -6{— A° tanh
© 12pL (w Z " h B
n=0
° ° ° (b) 1
Approximate dimensionless flow rate
o 09k
121, LQ 6(2°) h
% 1 - g 07k
3 5 E sk Numerical |
wh>Ap T w g :
H/_/ v E T Approximate result: —— >
dimensionless aspect ratio S | 1-0.6274(h/w) ~3
flow rate o
0 0.2 04 06 08 1

h/w

Stone, Howard A. "Introduction to fluid dynamics for microfluidic flows." In CMOS Biotechnology, pp. 5-30. Springer US, 2007. B O STON
UNIVERSITY
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Workout Problem

While developing a microfluidic chip for your research, you decide a scale model would
help you gain infuition about flow characteristics at the microscale. While most scale
models are smaller that the original, your model will be 100 times larger (so that you can
see it without a microscope).

Viscosity Density
Honey 8750 cP 1.42 g/mL
Olive oll 81 cP 0.92 g/mL
Water 1.025 cP @ 25°C 1 g/mL
Molasses 50,000 cP 1.50 g/mL

For the microfluidic chip, the flow conditions are: fluid velocity 1 mm/s, channel diameter
100 um, and the liquid is water at T = 25°C. The Reynolds number for both systems is to be

duplicated, and the microchannel is hemicylindrical (use the hydraulic diameter). For the
scale model, which of the condiments listed above from your kitchen would you choose

as the flow liquid, if the velocity in the model is:

a.) 1 mm/s

Recall: hydraulic diameter, Dy, 4 A
b) 60 mm/s relates flow in noncircular chonneTs Dy = —
C.) 340 mm/s to those in a circular channel: P

http://www-bsac.eecs.berkeley.edu/projects/ee245/Homework/ B O STON
UNIVERSITY
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Workout Problem

Hydraulic diameter of hemicylindrical channel:

4A 27r?
DH:?:W—W:61.1,um
Reynold’s number of microfluidic chip:
A = prH — (1000 kg/m®) (0.001 m/s) (61.1 x 10~m) (1.025 x 10® Pa-s) '
% = 0.0596

a. Fluid flowing at T mm/s in scaled up model

Use Olive Oil. % = (920 kg/m?) (0.001 m/s) (6.11 x 10~°m) (81 x 10~* Pa - s,)‘1 = 0.0694

\ 7
~"

100 times larger

b. Fluid flowing at 60 mm/s in scaled up model

Use Honey. % = (1420 kg/m?®) (0.06 m/s) (6.11 x 10~°m) (8750 x 10~° Pa- s)‘1 = 0.0595
e

60 times larger

c. Fluid flowing at 340 mm/s in scaled up model

Use Molasses. % = (1500 kg/m®) (0.34 m/s) (6.11 x 10~3m) (50 Pa-s)~" = 0.0620
——

340 times larger

http://www-bsac.eecs.berkeley.edu/projects/ee245/Homework/ B O STON
UNIVERSITY
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Confmed Fluid Flow:
Microfluidics and Capillarity

Reynolds Number: Inertia vs. Viscous effects
« Review of characteristic flows...

Péclet Number: Transport phenomena in a continuum
 Diffusion, separation, and mixing...

Geometric confinement: Controlling and manipulating fluid flow
« Microfluidic fabrication, valving, pumping...

Capillary Number: Viscosity vs. Surface tension
« Droplet formation, capillary rise, elasticity...

BOSTON
UNIVERSITY



| Fluid Behavior

Convection Diffusion

Convection current as hot water Diffusion of salt ions while curing pork
mixes with cold water

Péclet Number: convection/diffusion

http://quarkyscience.ca/project-of-the-month/convection-demonstration/
http://www.genuineideas.com/Articlesindex/diffusion.html
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Fluid Behavior

Convection

Diffusion

100F

. 5 4
&l
i C?E.K: b m*xfﬁé

Péclet Number: convection/diffusion

High Reynolds: eddies chaotically stretch and fold fluid elements.
« Turbulent mixing & thermal convection move fluids.

Low Reynolds: mixing occurs by diffusion only
« Diffusion is remarkably slow — long mixing times.

@),

: = B T-Junction in which two
:f <« fluids are injected and flow
: alongside each other

How far down the channel must the
fluids flow before the channel is

Interdiffusion homogenized?

zone

]

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
http://quarkyscience.ca/project-of-the-month/convection-demonstration/ B O S TO N
http://www.genuineideas.com/Articlesindex/diffusion.html UNIVERSITY
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Convection Péclet Number: convection/diffusion
(a) , =
3 _—
k
E How far down the channel must the
E fluids flow before the channel is
- : homogenized?e
E Time for particles/molecules to diffuse across channel:
Diffusion I
iy Interdiffusion I ™D ~ W / D
g€ zone y
l ‘ During this time, the stripe moves down the channel:

Z ~ Uyw? /D

Number of channel widths required for complete mixing:

=

ot ), w D

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
http://quarkyscience.ca/project-of-the-month/convection-demonstration/
http://www.genuineideas.com/Articlesindex/diffusion.html
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Convection Péclet Number: convection/diffusion

—
- B
P

Relative importance: convection to diffusion:

Diffusion

100F
y S 1%

Interdiffusion
zone

y

Consider a small protein flowing with liquid:

+  Typical size: 5 nm P ~ 250 channel widths
»  Diffusion constant: 40 um?2/s Lo ~ 2.5 cm

« e.g. Channel width: 100 um .

« e.g. Flow velocity: 100 um/s Tp ~ 4 min

-v 3 j . -
¢ ;m!waﬂd

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
http://quarkyscience.ca/project-of-the-month/convection-demonstration/
http://www.genuineideas.com/Articlesindex/diffusion.html
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@ 4 wog » ""*’\':' C"j’* Parallel Laminar Flows
¥ ’

Pressure-driven laminar flow of two adjacent

rd
miscible streames.
» Solution on left contains calcium.
fluorescent + Solution on right contains calcium-dependent
T complex fluorophore, Fluo-3.

 In water, Fluo-3 and calcium form a fluorescent
complex at a diffusion limited rate.

(b)

Convective-diffusion equation:
0 0
Pu-Ve=Vic= +
oxr Oy

For high Péclet number flows, & > z/H > 1

» Diffusive broadening down the channel depends
on bothy & x

C

Away from boundaries, the interfacial region:

1/2

Oc Dz

U,, a— = DV2C —_— 5y(2) ~ U

o ' ~~0z —
10 um | Maximum velocity Average velocity

Ismagilov, Rustem F., Abraham D. Stroock, Paul JA Kenis, George Whitesides, and Howard A. Stone. "Experimental and theoretical scaling laws for
fransverse diffusive broadening in two-phase laminar flows in microchannels." Applied Physics Letters 76, no. 17 (2000): 2376-2378.

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
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a X (0,0,0 fluo-3 cacCl .
Ll Gl 2 N 7y Parallel Laminar Flows
¥ Bk :
4 : Pressure-driven laminar flow of two adjacent
miscible stream:s.
« Solution on left contains calcium.
fluorescent « Solution on right contains calcium-dependent
T complex fluorophore, Fluo-3.

 In water, Fluo-3 and calcium form a fluorescent
complex at a diffusion limited rate.

(b)

Away from boundaries, the interfacial region:
1/2 1/2
0y ~ 1 /2~ Z1/

Lévéque Problem: Near from boundaries, velocity
varies linearly with distance into the channel.

Diffusion across a linear flow field

1/2
8y ~ (Dit)'? t(z) ~ 2/(GS,)
Thiglgﬁfﬁa‘s}ff (liggfion Shear rate: G = %@;Z

Diffusion is the only time scale in both x & v:

. Dm 1/3
1(ﬁm 5y ~ 590 ~ (z )
! ! G

Ismagilov, Rustem F., Abraham D. Stroock, Paul JA Kenis, George Whitesides, and Howard A. Stone. "Experimental and theoretical scaling laws for
fransverse diffusive broadening in two-phase laminar flows in microchannels." Applied Physics Letters 76, no. 17 (2000): 2376-2378.

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
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(a) * (0,0, 0)

¥

- "“°\':’ °“}" Parallel Laminar Flows

Pressure-driven laminar flow of two adjacent

miscible streames.
» Solution on left contains calcium.
fluorescent « Solution on right contains calcium-dependent
complex fluorophore, Fluo-3.
* Inwater, Fluo-3 and calcium form a fluorescent
complex at a diffusion limited rate.

el

log(8(2) / pm) ==

slope =0.34

Edge of channel

Away from boundaries, the interfacial region:
1/2 1/2
0y ~ 1 /2~ Z1/

Lévéque Problem: Near from boundaries, velocity
varies linearly with distance into the channel.

Diffusion across a linear flow field

1/2
Center of channel §x ~ (Dmt) ) t(z) ~ z/(G(Sx)
SIO pe = 0.49 Thickness of diffusion Shear rate: (¢ — Oou,

boundary layer or

T T T Diffusion is the only time scale in both x & v:
2.0 3.0 4.0 oD\
log(z/ um) 5y”5$”< G )

Ismagilov, Rustem F., Abraham D. Stroock, Paul JA Kenis, George Whitesides, and Howard A. Stone. "Experimental and theoretical scaling laws for
fransverse diffusive broadening in two-phase laminar flows in microchannels." Applied Physics Letters 76, no. 17 (2000): 2376-2378.

Stone, Howard A., Abraham D. Stroock, and Armand Ajdari. "Engineering flows in small devices: microfluidics toward a lab-on-a-chip." Annu. Rev. Fluid
Mech. 36 (2004): 381-411.
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Sensing & Filtering

H Filter

N

Parallel Laminar Flows

© ® .
e solution

S Filter particles by size without a membrane.

» Pressure-driven laminar flow of two adjacent
miscible stream:s.
* One stream is a dilute solution of different sized
particles.
[ « Each particle has its own diffusivity and Péclet
number.

Péclet number determines the channel
length required for each component to

@
extractedg_ J : .‘\» .

particles ¢ i e¥ o

° o :pargcles diffuse across the channel width.

@®
® =p Wwaste

H filter works best when one Péclet number
is large and the otheris small.
« e.g.small particles diffuse across
channel, large ones do not.

A)

Brody, James P., Paul Yager, Raymond E. Goldstein, and Robert H. Austin. "Biotechnology at low Reynolds numbers." Biophysical journal 71, no. 6 (1996):

3430-3441.

Brody, James P., and Paul Yager. "Diffusion-based extraction in a microfabricated device." Sensors and Actuators A: Physical 58, no. 1 (1997): 13-18.
Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
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At R Sensing & Filtering
H Filter - Variant

(a) (b)

—

[ | " Separation by Péclet number
‘ « Components to be separated spread across
channel at different rates.

R + e.9. Separation of motile vs. nonmotile sperm.
) ‘I ""é‘ kS
AR TR ——— i
P oD e T eV ew¥ _° v
Ve — =5 7' Ll e

A : \ Motile sperm swim rapidly and randomly to
non-métile A K{ \ Ki fill the channel, as compared fo nonmotile
sperm  motile B sperm.

sperm ) R . . .
00 - « Nonmotile sperm spread by diffusion alone.

T
e W
% 60 Motile sperm purity at inlet (blue) vs. motile
e o - sperm purity at outlet (purple)
g 20 1 = ==

: B3

Sample 1 Sample 2 Sample 3

Cho, Brenda S., Timothy G. Schuster, Xiaoyue Zhu, David Chang, Gary D. Smith, and Shuichi Takayama. "Passively driven integrated microfluidic system for
separation of mofile sperm.” Analytical Chemistry 75, no. 7 (2003): 1671-1675.

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
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Fabrication using multiple laminar streams
..beating diffusion...

(a) (b) Au etch (C)
\l V HZO\I |V M0 Agx\ i |/ reductant Fabrication of a three electrode system
: :/ \\ , / « Multiple streams & large Péclet number.
. ' « Minimal mixing over large distances.
u
/ / «—H20 \*\’
: '-! 7 .. . p .
[ Etch Au | Depos,tAg Ho | Nonmixing, high Ifec;let flows can fabricate/
S n efch structures within microchannels.
N
,,'/ etched Ag/wire
J / °
e.qg. Parallel streams selectively etch a gold
electrode
A silverwire is formed by a precipitation reaction
b Wogl‘é%%!gggg L :;%2?832 L between the two s’rreomys. Preel
B8 { _ - Tt |‘_— * Result: three-electrode system.

Kenis, Paul JA, Rustem F. Ismagilov, and George M. Whitesides. "Microfabrication inside capillaries using multiphase laminar flow patterning." Science 285,
no. 5424 (1999): 83-85.

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
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Rapid mixing means doing better than diffusion.

Why mix? r e
« Study chemical reaction kineftics... |
« Probe protein folding...

Fluid stirring will stretch and fold inhomogenous fluid elements until mixing occurs.
«  Mixing: diffusive migration across streamlines.
« Stirring motions reduce distance over which mixing must occur.

General design principles for mixing:

Dispersion of tracers occurs first by convective siretching
with the fluid, followed by diffusive homogenization.

Tracers: an object transported by and diffuses into the fluid,
e.g. dyes, analyte molecules, proteins, cells, salt, or heat.

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977. B O STON
UNIVERSITY
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MIXING

(a)

(b)

(c)

(d)

=0

<< w?/D

]
>

AW~ U, 1

t~w2/D

AW ~ W~ U,w*/D

Z

~Upt o

t ~ Nw?/D

- >
AW ~ N "W~ (U ;w7/D)t""?

Taylor Dispersion

Thin stripe of tracers spans circular channel
« Channel radius: w

Pressure-driven (Poiseuille) flow stretches
strip info a parabola with profile:

2
UZ:U()(l—T—z)
w

Molecular diffusion across the channel

smears the parabola into a plug of width:
2

w
AW ~ Wrp ~ Uof

Each stripe is convectively stretched then
diffusively smeared

After N time steps of ¢t ~ Nw?/D , the initial
stripe grows into a Gaussian with width:

2.9 \ 1/2
<W2>1/2 ~ N2y ~ (UOI;U t)

Taylor, Geoffrey. "Dispersion of soluble matter in solvent flowing slowly through a tube." In Proceedings of the Royal Society of London A: Mathematical,

Physical and Engineering Sciences, vol. 219, no. 1137, pp. 186-203. The Royal Society, 1953.

Taylor, Geoffrey. "Conditions under which dispersion of a solute in a stream of solvent can be used to measure molecular diffusion.” Proceedings of the
Royal Society of London. Series A. Mathematical and Physical Sciences 225, no. 1163 (1954): 473-477.

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
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MIXING

(a)

(b)

(c)

(d)

® =0

<< w?/D

- >
AW ~ N "W~ (U ,w/D)t"?

Taylor Dispersion

Initial stripe grows to a Gaussian with width:

2,2 \ 1/2
(W2~ NYV2Wpp ~ (UOI;U t)

The tracer distribution grows diffusively with
an effective long-time axial diffusivity:

U2 2

oW 2

D, ~ —— ~ 2P*D

Axial diffusivity occurs in addition to molecular diffusivity.

Relevant examples for specific geometries:

_Ugh?
210D i

Ugw?
48D

Z:

Taylor, Geoffrey. "Dispersion of soluble matter in solvent flowing slowly through a tube." In Proceedings of the Royal Society of London A: Mathematical,
Physical and Engineering Sciences, vol. 219, no. 1137, pp. 186-203. The Royal Society, 1953.

Taylor, Geoffrey. "Conditions under which dispersion of a solute in a stream of solvent can be used to measure molecular diffusion.” Proceedings of the
Royal Society of London. Series A. Mathematical and Physical Sciences 225, no. 1163 (1954): 473-477.

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
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MIXING

(@) e

(b)

° t << w?/D

(c)

(d)

- >
AW ~ N "W~ (U ,w/D)t"?

Taylor Dispersion

DZNWN@QD

Convective stretching enhances axial dispersivity

Taylor dispersivity is only valid at

+ Long fime scales: ¢ > w?/D

 Downstream lengths: [, > Pw

Taylor dispersion acts in direction of flow.
* Not observed in T sensors or H filters

Taylor, Geoffrey. "Dispersion of soluble matter in solvent flowing slowly through a tube." In Proceedings of the Royal Society of London A: Mathematical,
Physical and Engineering Sciences, vol. 219, no. 1137, pp. 186-203. The Royal Society, 1953.

Taylor, Geoffrey. "Conditions under which dispersion of a solute in a stream of solvent can be used to measure molecular diffusion.” Proceedings of the
Royal Society of London. Series A. Mathematical and Physical Sciences 225, no. 1163 (1954): 473-477.

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
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Rotary Mixer

(b) =0
| h
R
heo~h2N -1 =T Fluid pumped around a
(©) |/t ( ) _ corn circular channel:
——= * radius R
* height h
N~U,t/R - average velocity U,,.
2
(d) [ ~Teon heff /D
(i.) Diffusion-dominated (ii.) Taylor dispersion-mediated (iii.) Convectively Stirred
P =Uph/D <« 1 1< P < 2nR/h P > 21R/h
* Mixing occurs when tfracers « Axial spreading increases + At high flow rates, tracer stripes
diffuse around the circumference diffusivity with Taylor dispersivity: fold info themselves before
of the ring, at fime: ) ) molecules diffuse across channel.
2/3
(27TR2) 2T R 2 D ~ (27TR ) = D(Qﬂ-R) ~ R Teon ~ gp—2/3 (ﬁ) ™

«  Dominant when molecules diffuse

* Independent of Péclet number. .
over h before convection.

H.P. Chou, M.A. Unger, and S. Quake, Biomed. Microdevices, 3, 323, (2001).
Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
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MIXING

Blinking vortex flow

Chaotic advection

Even simple Stokes flows can have
chaotic streamlines that exponentially
stretch and fold.

Steady, incompressible two-dimensional
flows are intfegrable and cannot exhibit
chaotic trajectories.

Steady three-dimensional flows can
have chaotic streamlines (as can
unsteady two dimensional flows).

Can occur in droplets by superposing

two simple flow fields
* (e.g.sedimenting drop in a shear flow)

Aref, Hassan. "Stirring by chaotic advection." Journal of fluid mechanics 143 (1984): 1-21.
Aref, Hassan. "The development of chaotic advection." Physics of Fluids, 14,4 (2002): 1315-1325.
http://upload.wikimedia.org/wikipedia/en/b/b8/Blinking_vortex_flow.jog

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
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Continuous-flow staggered herringbone mixer CthﬁC qdvecﬁon

3cm

> m 200 um

no

Even simple Stokes flows can have
chaotic streamlines that exponentially
stretch and fold.

The staggered herringbone mixer is a
chaotic mixer for continuous flow systems

— independent of inertia.
«  Asymmetric grooves in channel walls induce

i '" 3 ﬂ T’ axially modulated secondary flow.
— e, ] | P —— «  Counter-rotating fluid rolls.
. { «  Asymmetry is periodically reversed so that
' the distance between stripes halves with
) L; 'f A each cycle — exponential stretching/folding.
i, P—
n' ‘ L |

Aref, Hassan. "Stirring by chaotic advection." Journal of fluid mechanics 143 (1984): 1-21.
Aref, Hassan. "The development of chaotic advection." Physics of Fluids, 14,4 (2002): 1315-1325.
Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
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MIXING

Continuous-flow staggered herringbone mixer
3cm

Mm 200 um

o)

it -— j r <
— .- I [ 8

Chaotic advection

Asymmetry pattern on channel causes
exponential stretching/folding.

After N cycles of time: Teye ~ N Leye /U
Stripes separated by distance: heg ~ h/2N

Time to diffuse between stripes: 7p ~ h2g/D
Mixing: Tcyc ™~ TD
Therefore, the number of cycles:

Nchaotic ~ In ¥

Time for chaotic mixing:

Leye In &
Tchaotic ™ TD
h A

Aref, Hassan. "Stirring by chaotic advection." Journal of fluid mechanics 143 (1984): 1-21.
Aref, Hassan. "The development of chaotic advection." Physics of Fluids, 14,4 (2002): 1315-1325.
Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.

BOSTON
UNIVERSITY



\ » a,
/ / N t <N e
/ / ) a o
/ e * i
J / : : - A
. oy
mechanies of slender sraclures )

Confmed Fluid Flow:
Microfluidics and Capillarity

Reynolds Number: Inertia vs. Viscous effects
« Review of characteristic flows...

Péclet Number: Transport phenomena in a continuum
 Diffusion, separation, and mixing...

Geometric confinement: Controlling and manipulating fluid flow
« Microfluidic fabrication, valving, pumping...

Capillary Number: Viscosity vs. Surface tension
« Droplet formation, capillary rise, elasticity...

BOSTON
UNIVERSITY
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Geometric Confinement:
Conftrol & Manipulation of Fluid Flow

BOSTON
UNIVERSITY



/=S A Giraffe's Jugular

mechanics r/’»’/()//(/(*r dlruclieres

P :

http://upload.wikimedia.org/wikipedia/commons/e/eé/Giraffes_at_west_midlands_safari_park.jog B O S TON
UNIVERSITY




) A Giraffe's Jugular

Blood Pressures in the Mammals 'g\

Mean Arterial Blood Pressure (mmHg)

Weight (kg)

Top giraffe: http://cdn.asiancorrespondent.com/wp-content/uploads/2011/11/Giraf2-349x248.jpg
Bottom giraffe: http://www.onekind.org/uploads/a-z/az_giraffel.jpg B O S TO N

UNIVERSITY
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A Carotid artery Jugular vein
Head lowered Head lowered 15
300 .
bD .
w2501 E Arterial and venous
E 200 £  pressure decrease upon
E 150 ; E lowering the head.
= 8
g 100 ¥
Q
=¥ 50 -
B 30; 0 E
o 250 30 &
E 200 | 20 E Rise in cranial jugular
& 150 g pressure coincides with
= 10 & i i
% 100/ : cessation of jugular flow.
=50 l“’memwww -
0 - -10
CcC | 2 F
o~ 10 2
Is 2 E s
= s E Jugular venous flow
= 1 L 6 = ceased for ~30s when
B 0 L, B lowered.
= =
11 -2
M w 0
30s 30s
Brgndum, E., et al."J | ling during | i f the head affects blood fth thetized giraffe." A i J | of
Physiology-Reguidiory. Integrafive and Comparaive Physiology 297.4 (2009): RIOSERI085, oo oo AMEean Josmere BOSTON

UNIVERSITY




/SN A Giraffe's Jugular

mechanics of dender struclures

Jugular vein's cross sectional area changes
upon lifting/lowering of the Giraffe's head.

175 Head up Head lowered
” e 150
Upright position Head lowered
g 125
S~
41 . 1 80 100
- E 754
(\Ig 3 _ >,
1 50
: %
ERY 25
.% .
df 0 T T * T 1
£ _ 0.01 0.1 1 10 100
Crosssectional area (log cm2)
oL mu— .
D & <>
& & & &

Brgndum, E., et al. "Jugular venous pooling during lowering of the head affects blood pressure of the anesthetized giraffe." American Journal of
Physiology-Regulatory, Integrative and Comparative Physiology 297.4 (2009): R1058-R1065.

BOSTON

UNIVERSITY




A Giraffe’s Jugular
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Saara Tuulia, http://factloops.blogspot.com/2012/01/short-animations-on-a-brief.html B O S TO N

UNIVERSITY
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Almost all vessels carrying fluids with the body are flexible.

Fluid-structure interactions between internal flow and tube deformation often
dictate a vessel’'s biological function or dysfunction.

Tunica intima:
endothelium
that lines the
lumen of all
vessels

Tunica
adventitia:
collagen
fibers

Tunica media:
smooth muscle
cells and elastic \ |
fibers

FADAM.

Grotberg, James B., and Oliver E. Jensen. "Biofluid mechanics in flexible tubes." Annual Review of Fluid Mechanics 36.1 (2004): 121.
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Pe

Starling Resistor n_o— pn  »—Lp P

Figure 1 A Starling Resistor: a collapsible tube is mounted between two
rigid tubes and is enclosed in a chamber held at pressure p.. Flow with volume
flux Q is driven by the imposed pressure drop py — pq.

A
pPr,
-
o
ad
C—
B
Cc—

Grotberg, James B., and Oliver E. Jensen. "Biofluid mechanics in flexible tubes." Annual Review of Fluid Mechanics 36.1 (2004): 121.

BOSTON

UNIVERSITY
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mechanics of dender Structures
Starling Resistor (1D Model)

D,
P, t a 17l l’2 Py
-4 - - o P
Ll L L2
Mass conservation:
Oa O(ua)
ot + o =0 (Very) Reduced model
a = tube cross Saéctional area «  "“Bench-top” model for a deformable airway
« Consider airways as single, compliant tube
Momentum conservation: « Prone to instabilities — best with low Reynolds
ou ou 0
pl| = tu— |~ ——p—R(u,a)
ot ox 0 ~——
p?exsg{l-;e viscous resistance ) . '
, per unit length Compliance of tube gives rise to
Pressure-area relation: 20 9o 520 fluid-structure interactions
p—pe=Pla)-T—5+D—+M—_——
N——~ ox ot ot
compliance S = \“/_/
longitudinal viscous inertia

tension damping

O.E. Jensen, "Flows through deformable airways” (2002), see: http://www.biomatematica.it/urbino2002/programmi/oejnotes.pdf
Grotberg, James B., and Oliver E. Jensen. "Biofluid mechanics in flexible tubes." Annual Review of Fluid Mechanics 36.1 (2004): 121. B O STON
UNIVERSITY



How do we franslate these ideas
to microfluidic devicese
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Fabrication

A Fabricate master
by rapid prototyping

206 um

B Place posts to
define reservoirs

A

C Cast prepolymer
and cure

D Remove PDMS
replica from master

E Oxidize PDMS
replica and flat in
plasma and seal

H s
i I e
replica e
plica —, 4
flat — L=
Duffy, David C., et al. "Rapid prototyping of microfluidic systems in poly(dimethylsiloxane)." Analytical chemistry 70.23 (1998): 4974-4984. B O S TO N

UNIVERSITY




/M L= S Fabrication

mechanics r/"o’/()//(/(‘r slruclires

A Fabricate master
by rapid prototyping

GLASS

200 um

define reservoirs

B Place posts to '

GEL CHANNELS
PHOTODETECTCORS
WIRE BONDS

HEATERS

L2

C Cast prepolymer TEMPERATURE
and cure DETECTORS
_ FLUIDIC CHANNELS
¢ VA / AIR VENTS
¥
AIR LINES
D Remove PDMS
replica from master SAMPLE DROP v ING THERMAL GEL GEL
LOADING METERING REACTION LOADING ELECTROPHORESIS

R T— 1 I 1 1T ! 1

v uss el soen v

T
il

Sy ) ]

: I

SR RRRRRRT ]
|

E Oxidize PDMS
replica and flat in
plasma and seal

...............................

. g o
replica —___ e ' —'5 —— Fugg %ssrnv SSOTEOETEETORS RUNN%% %JFFER

flat — -~

Duffy, David C., et al. "Rapid prototyping of microfluidic systems in poly(dimethylsiloxane)." Analytical chemistry 70.23 (1998): 4974-4984.
M.A. Burns, C.H. Mastrangelo, T.S. Sammarco, F.P. Man, J.R. Webster, et al., “Microfabricated structures for integrated DNA analysis.” Proc. Natl. Acad. Sci. B O STON

USA, 93:5556-5561, (1996). UNIVERSITY
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brication

A Fabricate master
by rapid prototyping

200 um

B Place posts to
define reservoirs

A

C Cast prepolymer
and cure

V

D Remove PDMS
replica from master

E Oxidize PDMS
replica and flat in
plasma and seal

replica —___ /.

flat — L~

A Purge input
Sample out r——-—' S —— Sample;1
'ﬂ———“’_‘“‘"“ T — ‘ ‘ =¥
wane T e e B a- e s e are v s e
ii = ;h == === =0 {
" | i = || = | |
Substrate ! ! { = = - @
o - } T‘ = | ": Sub§trate
= o in
o
: b -
- . |
# | | : |
{ AL
(el i il
_ - Tl T
Sample Mt Vi |
ample . 4 i
x { ' | Sample
I L 4 | 2
co|e1c o 7'1 1 " 11 collection
P . i I b 4
| d i T #
' | 1Y i I]
h‘ ‘ If ! ,-J ‘ i ’ rre .
. i |
B i . 4 ‘ ultiplexar
l ’ o | - Multip!
| £ | Barrier2 || Sandwich || Barrier4 | control
' 1 Seuviop Barrier 3 |
{7
P i
= , Mixer
3 ,"‘: Barrier 1 barrier
bl 2 Sample
‘"'._“ Multiplexor collection
_’J- control 2and 3 5 mm

Duffy, David C., et al. "Rapid prototyping of microfluidic systems in poly(dimethylsiloxane)." Analytical chemistry 70.23 (1998): 4974-4984.

T. Thorsen, S.J. Maerkl, S.R. Quake, "Microfluidic large-scale integration.” Science, 298:580-584, (2002).

UNIVERSITY

BOSTON
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/3N Pneumatic Valves

“"Quake” valve

« Bilayer microfluidic chip.
I -

« Thin film separating two
flow channels.
« One channel: Fluid
« One channel: Air

A

(controlling)
L, iy mold
: : | flat
 Pressurized air deflects ¥ substrate
the thin film and closes
the fluid channel.
B
R 7

Unger, Marc A., Hou-Pu Chou, Todd Thorsen, Axel Scherer, and Stephen R. Quake. "Monolithic microfabricated valves and pumps by multilayer soft
lithography." Science 288, no. 5463 (2000): 113-116. B O STON
UNIVERSITY
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' PUSH-DOWN PUSH-UP
"Quake" valve
. . o . <«———+—— Fluid Channel ——F+—»
« Bilayer microfluidic chip.
« Thin film separating two > P
flow channels. ™ Control Channel =~
« One channel: Fluid
« One channel: Air
(controlling) _— Thick Layer~___
« Pressurized air deflects I | N\
the thin film and closes N - Thin Layer — =l .
the fluid channel.
\ Substrate /

N
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“"Quake" valve

Flow Flow Blocked

l

Control
Channel —»
O psi

Control
<+—— (Channel
Pressurized

Unger, Marc A., Hou-Pu Chou, Todd Thorsen, Axel Scherer, and Stephen R. Quake. "Monolithic microfabricated valves and pumps by multilayer soft
lithography." Science 288, no. 5463 (2000): 113-116. B O S TON
UNIVERSITY
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“"Quake” valve

Push-down Valves
« Control lines above flow channels. o e e s
Actuation Channel
» Pressure flattens membrane valve down to seal.
« Suitable for low aspect ratio (1:10) & shallow (~10um)
channels. Fluidic channe
+ Flow geometry: 100um x 13um
+ Control geometry: 100um x 10-25um Glass slide
+ Applications: where fluid flow must be in contact with
substrate (spotting DNA, patterned substrate, etc.)

* Flow geometry: 100um x 13um-50um Fluidic channel

« Control geometry: 100um x 10-25um
+ Applications: suspension of large particles (eukaryofic
cells, large beads, etc.)

Actuation Channe

Push-up Valves
« Control lines belowflow channels.
* Pressure deflect membrane valve up to seal.

Glass slide

Studer, Vincent, Giao Hang, Anna Pandolfi, Michael Ortiz, W. French Anderson, and Stephen R. Quake. "Scaling properties of a low-actuation pressure
microfluidic valve." Journal of Applied Physics 95, no. 1 (2004): 393-398. B O S TON

https://sharedfacilities.stanford.edu/service_center/show_external/22/microfluidics-foundry UNIVERSITY
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Pneumatic Valves
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Unger, Marc A., Hou-Pu Chou, Todd Thorsen, Axel Scherer, and Stephen R. Quake. "Monolithic microfabricated valves and pumps by multilayer soft

BOSTON

lithography." Science 288, no. 5463 (2000): 113-116.

UNIVERSITY
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A P

Fluid Out

‘\Air In/Out

i Mulfiple confrol channels -

/FI ql vertical gap: 30 um
uid in . .
alternating pressure in/out.

B 30 Peristaltic pumping:

Q 254 « Frequency dependent
£ 20- flow rate
()

0-0 W L) ) )
0 100 200 300 400

Frequency (Hz)

Unger, Marc A., Hou-Pu Chou, Todd Thorsen, Axel Scherer, and Stephen R. Quake. "Monolithic microfabricated valves and pumps by multilayer soft
lithography." Science 288, no. 5463 (2000): 113-116. B O S TON
UNIVERSITY
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Flexible microfluidic device
with single deformable arch.

Stretching /bending the device 8 8
reduces the arch height, < >

partially opens the channel.

Douglas P. Holmes, Behrouz Tavakol, Guillaume Froehlicher, and Howard A. Stone. "Control and manipulation of microfluidic flow via elastic
deformations." Soft Matter 9, no. 29 (2013): 7049-7053. B O S TON
UNIVERSITY



30 Mechanical Valves

a. i Thin Eilm i Buckling i Outlet Inlet
£ ' € - e
[ —— —> >
\—PDMS Substrate PDMS Superstrate
iv. Stretch v. Bend
e MRS [y =a R (s )V

C.

Douglas P. Holmes, Behrouz Tavakol, Guillaume Froehlicher, and Howard A. Stone. "Control and manipulation of microfluidic flow via elastic
deformations." Soft Matter 9, no. 29 (2013): 7049-7053. B O S TO N

UNIVERSITY
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tost Buckled arch in microfluidic chamber.
< Arch shape obtained from buckling
T [ b analysis of elastica. Apex:

2
004/ ’U)(O) = ;\/ALO (LO + ALO)
00

|

Douglas P. Holmes, Behrouz Tavakol, Guillaume Froehlicher, and Howard A. Stone. "Control and manipulation of microfluidic flow via elastic
deformations." Soft Matter 9, no. 29 (2013): 7049-7053. B O S TO N
UNIVERSITY



mechanics //»’/(‘////(‘/’ slruclires '

Mechanical Valves

Navier-Stokes Equations:

...conservation of momentum...

Inertial acceleration
A ~ Forces

-~

O - N ~
p(a—?Jru-Vu) = —Vp+uVZu+f

Continuity Equation:

...conservation of mass...

ap B
E—FV'(,OU)—O

Stokes Equations:

,uV2u = Vp Neglect inertia & body forces

V-u=0 Incompressible: dp/p < 1

Review: Physics of Fluids, (2015).

B. Tavakol, G. Froehlicher, D.P. Holmes, and H.A. Stone. “Extended Lubrication Theory: Estimation of Fluid Flow in Channels with Variable Geometry,” Under B O STON
UNIVERSITY
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Stokes Equations:
a. 9iLa

A

>
>
1

uViu = Vp Neglect inertia & body forces

-
V-u=0 Incompressible: dp/p < 1
<
b. . * Dimensionless Parameters:
0.8+ T
o) 0.6:— Lengths: X = L—O, Y = h%)
T 0.4
0.2 A
Y - E— Velocities: U = L7 V = v
: w )% o : qo/ho qo/ Lo
Shape of the impingement:
A Pressure: P = P _ P
H(X)=1- 5 [l +cos(mX)] Ap  pgoLo/hj

B. Tavakol, G. Froehlicher, D.P. Holmes, and H.A. Stone. “Extended Lubrication Theory: Estimation of Fluid Flow in Channels with Variable Geometry,” Under
Review: Physics of Fluids, (2015). B O S TON
UNIVERSITY
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Dimensionless Equations:

a. 3 2L; X
N : v
‘ 0X oy
@ O°U U _ 0P
< ax2 " av? ~ 9x
YL i | "oxz TV avE T gy
b X
o Boundary Conditions:
S 0.6] U=0,V=0atY =0and H(X) No slip
T 0.4] H(X) . .
0.9k )\ /0 UX,Y)dY =1 Total flow rate is prescribed
ob . N~
-1 -0.5 0 0.5 1 . .
* Perturbation Expansion:

Shape of the impingement: 9 A
UX,Y;0) =Up(X,Y)+6Usx(X,Y) + 6" Us(X,Y) + ...

HX)=1- A [1 4 cos(mX)] V(X,Y368) = Vo(X,Y) + 8Va(X,Y) + 6" Va(X,Y) + ...
P(X,Y;8) = Po(X,Y) + 8Py (X,Y) + 0*Py(X,Y) + ...

B. Tavakol, G. Froehlicher, D.P. Holmes, and H.A. Stone. “Extended Lubrication Theory: Estimation of Fluid Flow in Channels with Variable Geometry,” Under
Review: Physics of Fluids, (2015). B O S TON
UNIVERSITY
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Fluid flow through channels with variable geometry

a. (A=0)
Extended Lubrication Theory
4 64
AP = AP, (1 - 5A262 — %x&s‘l - (’)(56)>
. A=0.25 T O ~ g
: ( ) 3 Lubrication Perturbation to
b. Theory higher orders
2,000
9 --=-CLT
—— ELT (2nd Order)
1.500 | = ELT (4th Order) _
/ o Exp
1
R
<] 1,000 | .
0
500
(0 &= ° g *5&- =
0 0.2

B. Tavakol, G. Froehlicher, D.P. Holmes, and H.A. Stone. “Extended Lubrication Theory: Estimation of Fluid Flow in Channels with Variable Geometry,” Under
Review: Physics of Fluids, (2015). B O S TON
UNIVERSITY
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. .24
a 2 F T | I 1 €
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R
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b.
= L2y .- — AP, (ELT)
............ AP, (ELT)
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B. Tavakol, G. Froehlicher, D.P. Holmes, and H.A. Stone. “Extended Lubrication Theory: Estimation of Fluid Flow in Channels with Variable Geometry,” Under
Review: Physics of Fluids, (2015). B O S TON
UNIVERSITY
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Extended Lubrication

a. 4 : c. 2,000 ! ,
i ---- APy (CLT) 600
<) 1.500 AP Egig
R ,
= 7 x Sim(Re=1) 400 |-
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B. Tavakol, G. Froehlicher, D.P. Holmes, and H.A. Stone. “Extended Lubrication Theory: Estimation of Fluid Flow in Channels with Variable Geometry,” Under
Review: Physics of Fluids, (2015).
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Dilator-4

Dilator-3

Dilator-6...._
Buccal compressor
/

Plunger

" Dilator-2

_Cibarial
~  closer

_Cibarium

“Cibarial
opener

" Labrum

Dilation

“Food canal

k Galea

Stipes Dilators 3-6, Dilators 14"2
.

Buccal chamber
Salivary duct ,Buccal compressor

4
ésophageal
valve-1

e

’
Esophageal
valve-1

(.".ibarial
Compression B opener

A
Large, rapid, reversible diaphragm deformation for fluid pumping.

Davis, N. T. and J. G. Hildebrand (2006). "Neuroanatomy of the sucking pump of the moth, Manduca sexta (Sphingidae, Lepidoptera)." Arthropod
Structure & Development. B O S TO N

Eberhard, S. H. and H. W. Krenn (2005). "Anatomy of the oral valve in nymphalid butterflies and a functional model for fluid uptake in Lepidoptera.” UNIVERSITY
Zoologischer Anzeiger - A Journal of Comparative Zoology 243(4): 305-312. /
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Electrodes

Dielectric

Dielectric Elastomer

| FElectrode V— o~ A\/Buckling — Fluid Flow —>
“~Flectrode ’: o = ~
Substrate Microfluidic Device

w)

x(mm)

laser li
L Laser Lines b -
¢ 6

B. Tavakol, M. Bozlar, G. Froehlicher, H. A. Stone, I. Aksay, and D. P. Holmes, “Buckling Instabilities of Dielectric Elastomeric Plates for Flexible Microfluidic
Pumps,” Soft Matter, 10(27), 4789-4794, (2014). B O STON

UNIVERSITY
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| — Main Channel — Ramp Up

= = = Main Channel — Ramp Down
—— Controlling Channel — Ramp Up

L - - = Controlling Channel — Ramp Down

N

Flow Rate (mm 3/s)
()

|
N

-4 -
90 6.5 ¥ i)
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@ 90F
| [ o \ / '7'5§
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B. Tavakol, M. Bozlar, G. Froehlicher, H. A. Stone, I. Aksay, and D. P. Holmes, “Buckling Instabilities of Dielectric Elastomeric Plates for Flexible Microfluidic

Pumps,” Soft Matter, 10(27), 4789-4794, (2014). B O S TON

UNIVERSITY
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Fluid Electrodes
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B. Tavakol, A. Chawan, and D. P. Holmes, “Buckling Instability of Thin Films as a Means to Control or Enhance Fluid Flow within Microchannels,”
in preparation, (2015).
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BOSTON

UNIVERSITY
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1. Prepare the top substrate with the
microfluidic channel.

2. Prepare the bottom substrate with all
controlling channels.

3. Make the thin, dielectric film.

4. Bond the substrates on both sides of
the dielectric film.

Filmm will buckle at the intersection
between channels.

5. Fill the channels with conductive
fluids.

6. Apply a voltage to induce buckling

B. Tavakol, A. Chawan, and D. P. Holmes, “Buckling Instability of Thin Films as a Means to Control or Enhance Fluid Flow within Microchannels,”
in preparation, (2015). B O S TON
UNIVERSITY
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B. Tavakol, A. Chawan, and D. P. Holmes, “Buckling Instability of Thin Films as a Means to Control or Enhance Fluid Flow within Microchannels,”
in preparation, (2015). B O STON
UNIVERSITY
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B. Tavakol, A. Chawan, and D. P. Holmes, “Buckling Instability of Thin Films as a Means to Control or Enhance Fluid Flow within Microchannels,” B O S TON

in preparation, (2015).

UNIVERSITY
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Confmed Fluid Flow:
Microfluidics and Capillarity

Reynolds Number: Inertia vs. Viscous effects
« Review of characteristic flows...

Péclet Number: Transport phenomena in a continuum
 Diffusion, separation, and mixing...

Geometric confinement: Controlling and manipulating fluid flow
« Microfluidic fabrication, valving, pumping...

Capillary Number: Viscosity vs. Surface tension
« Droplet formation, capillary rise, elasticity...

BOSTON
UNIVERSITY
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Viscous Forces Interfacial Forces

Coiling honey Wetting of water on a textured surface

Capillary Number: viscous/interfacial

Honey: http://www.honeyassociation.com/webimages/honey-dipper.jog
Droplet: http://www.rycobel.be/en/technical-info/articles/1337/measuring-dynamic-absorption-and-wetting
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Viscous Forces

Capillary Number: viscous/interfacial

+  Droplet emulsions in immiscible fluids
« Injection of water into stream of oil

F—-‘—‘-‘amt-ir— \ - Monodisperse droplet generation

2 0il
" Interfacial tension prevents the fluids
from flowing alongside each other.

— SorlsF B e T |

Interfacial Forces . ) )
Surface tension acts to reduce the interfacial area.

o.~v/R
Viscous stresses act to extend and drag the interface downstream.

v~ pUo/h

Characteristic droplet size: Capillary number:

h
Reo —L_p== —
,qu C ¢

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
Thorsen, Todd, et al. "Dynamic pattern formation in a vesicle-generating microfluidic device." Physical review letters 86.18 (2001): 4163.
Honey: http://www.honeyassociation.com/webimages/honey-dipper.jog

Droplet: http://www.rycobel.be/en/technical-info/artficles/ 1337 /measuring-dynamic-absorption-and-wetting




LN Fluid Behavior

mechanics (/’J/ﬁ/l(/w' dlruclieres "h);, /

Viscous Forces Capillary Number: viscous/interfacial

Qi/Qu
1/4 1/40 1/400

Drop formation in a flow-
focusing configuration

Water drops are formed in
a silicone oil continuous
phase.

‘ _
00 X -

4.2x10°

Q, [mL/sec]

Q, is the flow rate of water

- . Is the flow rate of all
- R

h

Characteristic droplet size: R ~ —h —
P ,LLUO cg

Stone, Howard A., Abraham D. Stroock, and Armand Ajdari. "Engineering flows in small devices: microfluidics toward a lab-on-a-chip." Annu. Rev. Fluid
Mech. 36 (2004): 381-411. BOSTON
Anna et al. 2003 UNIVERSITY




Fluid Behavior

Interfacial Forces

Capillary Number: viscous/interfacial

Seve
llltatlc‘v
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vtl"oon"q
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sea
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Iyt
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QOO0
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Sequenhcl drop breakup at T-junctions
Generally, it is difficult to form small drops at high-volume fraction.
. This “passive” route allows size reduction after fabrication.
. The ratio of two daughter droplets depends on the lengths of the arms off the T-

junction.

Stone, Howard A., Abraham D. Stroock, and Armand Ajdari. "Engineering flows in small devices: microfluidics toward a lab-on-a-chip." Annu. Rev. Fluid

Mech. 36 (2004): 381-411.
Link et al. 2003

BOSTON

UNIVERSITY
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Viscous Forces Capillary Number: viscous/interfacial

A

Upstream
(Z <5 mm)

Downstream
(Z> 30 mm)

Jiandi Wan and Howard A. Stone. "Microfluidic generation of a high volume fraction of bubbles in droplets.” Soft Matter 6, no. 19 (2010): 4677-4680.
Honey: http://www.honeyassociation.com/webimages/honey-dipper.jog B O S TO N

Droplet: http://www.rycobel.be/en/technical-info/articles/1337/measuring-dynamic-absorption-and-wetting UNIVERSITY
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Fluid Behavior

Viscous Forces

Interfacial Forces

Capillary Number: viscous/interfacial

Large surface-to-volume ratios in microfluidic devices
*  Makes surface effects increasingly important.
« Important when free fluid surfaces are present.

Surface tensions can exert significant stress

« Resultin free surface deformations.
« Can drive fluid motion.

Capillary forces tend to draw fluid into wetting
microchannels

« Occurs when solid-liquid interfacial energy is lower than
the solid-gas interfacial energy.

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
Honey: http://www.honeyassociation.com/webimages/honey-dipper.jog B O S TO N
Droplet: http://www.rycobel.be/en/technical-info/articles/ 1337 /measuring-dynamic-absorption-and-wetting UNIVERSITY
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Viscous Forces Capillary Number: viscous/interfacial

Capillary forces tend to draw fluid into wetting
microchannels

Dynamics of surface tension-driven intrusion into a pipe of
radius w occurs from balance of capillary and viscous forces.

Interfacial Forces Curved meniscus at fluid-gas interface — Laplace pressure

Ap ~ Ay/w

Difference in surface energies (solid-liquid to solid-gas)

Ay = g1 — Vsg

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977. B O STON
UNIVERSITY
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Viscous Forces Capillary Number: viscous/interfacial

Capillary forces tend to draw fluid into wetting
microchannels

Dynamics of surface tension-driven intrusion into a pipe of
radius w occurs from balance of capillary and viscous forces.

-
Interfacial Forces Stoke's flow: Scaling of the flow rate:
2.0 A Pw?
L -
From the pressure — surface tension relationship:
A~vyw
U~ —
L

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977. B O STON
UNIVERSITY
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Viscous Forces Capillary Number: viscous/interfacial

Capillary forces tend to draw fluid into wetting
microchannels

From the pressure — surface tension relationship:

A~vyw
- U~ —
. L
Inferfacial Forces Capillary number determines the dynamics:

C ~w/z

The column length changes as the fluid front moves: (u = 8;;/(‘%)
« Fluid invades the channel at an ever slowing rate:

1/2
Aryw y / Washburn

equation
7 aval

Washburn, 1921
Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977. B O S TON
UNIVERSITY
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Viscous Forces

Capillary Number: viscous/interfacial

Surface patterning can create “wall-less”
microchannels which confine fluids.

Chemically treat a surface to make some
= areas hydrophilic and others hydrophobic.

Spreading along hydrophilic stripe is similar to the Washburn
analysis, however the height of the fluid stripe:

2
h ~w*/R,
* R, is the radius of curvature of the inlet reservoir drop.
s 4\ 1/2

Interfacial Forces

« Spreading requires: € < 1

Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics at the nanoliter scale." Reviews of modern physics 77.3 (2005): 977.
Gau et al., 1999 BOSTON
Darhuber et al., 2001 UNIVERSITY
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Viscous Forces

Capillary Number: viscous/interfacial

Chemically treat walls of microfluidic channel
to make pressure-sensitive valves.

Pressure sensitive pumping
* From pressure drop across fluid channel (different from

/ Quake valve)
3 « Fluid is confined to hydrophilic region if:
Interfacial Forces Ap < fy/w

Channel is patterned with hydrophilic stripe (center), weakly hydrophobic
surface (bottom channels), and strongly hydrophobic (top channels).

Zhao et al., 2001
Squires, Todd M., and Stephen R. Quake. "Microfluidics: Fluid physics af the nanoliter scale.” Reviews of modern physics 77.3 (2005): 977. B O S TON

UNIVERSITY



Capilllary Rise

Classical Problem:

« Noted as early as 15" by Leonardo
da Vinci.

mechanics (/r}/ﬂn//ﬂr slruclures 'M;” J

« Attributed to circulation in plants in
17th century by Montanari.

1
U = 2nycosb.rz,, + 5,09777“2,2

2
m
P.

sur face energy v

E.

gravitational

| dU
— =0

" .. | dzm
=" = v cos 0,

| 2= B PN

) & pgdy

Balance: Surface Tension & Gravity

J.M. Bell and F.XK. Cameron, "The flow of liquids through capillary spaces," J. Phys. Chem. 10, 658-674, (1906). B O S TON
UNIVERSITY
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/15 Flastocapillarity

o Fluid-structure
Interaction:

| mm

 Droplet bends and folds
the sheet.

. Droplet is minimizing the
amount of ifs surface in
contact with air.

« Liquid-air surface area is
minimized at the expense

of bending the sheet.

Py, Charlotte, Paul Reverdy, Lionel Doppler, José Bico, Benoit Roman, and Charles N. Baroud. "Capillary origami: spontaneous wrapping of a droplet with
an elastic sheet." Physical Review Letters 98, no. 15 (2007): 156103. B O S TON
UNIVERSITY
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/135 Flastocapillarity

Fluid-structure
iInteraction:

| mm

Elastic energy of a plate — bending:

h/2
Z/{ = // dﬂ?dy/ O'agé‘ag)
7 h/2

Relation between in-plane strain to
out-of-plane bending:

(z) = dw _ 2
BT TR

Bending energy:

=3 [l 55 ()
Uy, ~ Eh?

Py, Charlotte, Paul Reverdy, Lionel Doppler, José Bico, Benoit Roman, and Charles N. Baroud. "Capillary origami: spontaneous wrapping of a droplet with
an elastic sheet." Physical Review Letters 98, no. 15 (2007): 156103. B O S TON
UNIVERSITY
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/15 Flastocapillarity

o Fluid-structure
Interaction:

1 mm ,
Bending energy:

U, ~ Eh°

- Surface energy:
2
~
U, ~ L
Elastocapillary length:

Eh3 B
fec ~ - —
y

Y

Elastocapillary bending of sheet:

7€ec < L < 12666

Py, Charlotte, Paul Reverdy, Lionel Doppler, José Bico, Benoit Roman, and Charles N. Baroud. "Capillary origami: spontaneous wrapping of a droplet with
an elastic sheet." Physical Review Letters 98, no. 15 (2007): 156103. B O S TON
UNIVERSITY
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# Capillary rise between flexible fibers.

B—— = Ky

8.%‘4 N~
Beam Laplace
ben ding pressure l
12 Uy
Curvature ff mMeniscus lg - |
2

—
A cos b, + ECOSHG | 7
m ¢ /ﬂ:\\, 2h(z,1)

Assume gap is much smaller
than width: dg < b

/ifI

Ps| L
 Liquid || | Z»(?

Initial gap: d(zm,t) = dy

Approximation of 1

) K¢~ — cosb
meniscus curvature: 7 T do ©

J. Bico et al (2004)

H.-Y. Kim and L. Mahadevan, "Capillary rise between elastic sheefts, " J. Fluid Mech. 548, 141-150, (2006).
J.M. Aristoff, C. Duprat, and H.A. Stone, "Elastocapillary Imbibition," Int. J Nonlinear Mech. 48, 648-656, (2011). B O STON
C. Duprat, J.M. Aristoff, and H.A. Stone, "Dynamics of elastocapillary rise," J. Fluid Mech. 679, 641-654, (2011). UNIVERSITY




Elastocapilllarity

B—— = Ky
(9.%‘4 ——
' Laplace

Beam
bending pressure

1 2’10

L 1
Approximation: k¢ ~ R O lg
0 ....y

do
Scaling: B—4 ~ L cos 0,
/4 do
P
1/4 : Liquid Z,(1)

2
Bdj
v cos 0,
. . ,,’%\ o
ysico ool (2004 Balance: Bending & Surface Tension "¢ ¥

H.-Y. Kim and L. Mahadevan, "Capillary rise between elastic sheefts, " J. Fluid Mech. 548, 141-150, (2006).
J.M. Aristoff, C. Duprat, and H.A. Stone, "Elastocapillary Imbibition," Int. J Nonlinear Mech. 48, 648-656, (2011). B O STON
C. Duprat, J.M. Aristoff, and H.A. Stone, "Dynamics of elastocapillary rise," J. Fluid Mech. 79, 641-654, (2011). UNIVERSITY




4 EERD Elastocapillarity

mechanics r/ii/(*////(‘r Stractures "

# Capillary rise between flexible fibers.

Potential energies:

Elastic energy

1 Bwh§ 1 2ho
€ 63

Gravitational potential energy

U, ~ pgwhol?

Surface energy

U. ~ wlry

H.-Y. Kim and L. Mahadevan, "Capillary rise between elastic sheefts, " J. Fluid Mech. 548, 141-150, (2006).
J.M. Aristoff, C. Duprat, and H.A. Stone, "Elastocapillary Imbibition," Int. J Nonlinear Mech. 48, 648-656, (2011). B O STON
C. Duprat, J.M. Aristoff, and H.A. Stone, "Dynamics of elastocapillary rise," J. Fluid Mech. 679, 641-654, (2011). UNIVERSITY



Elastocapilllarity

- Capilllary rise between flexible fibers.

Characteristic length scales:

Elastocapillary length

U, [ Bh2

éec — >, — |\ — lg [

1/4 1 2’10

[ —
Capillary gravity length e ,'-"'43%\_1.2/1(2,0
U, y

éc - -
9

U,  pgho ore
Elastogravity length

[, = e — <Bh0> %ﬂi@b

z/[g Py

H.-Y. Kim and L. Mahadevan, "Capillary rise between elastic shee T " J. Fluid Mech. 548, 141-150, (2006).
J.M. Aristoff, C. Duprat, an dHA S’ro ne, Elos’rocoplloylmbbto "In T JNo linear Mech. 48, 648-656, (2011). BOSTON
C. Duprat, J.M. Aristoff, and H.A. Stone, "Dynamics of elastocapillary rise," J. Fluid Mech. 79, 641-654, (2011). UNIVERSITY
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4 EEIN Elastocaplllarity

" Capillary rise between flexible fibers.

Dimensionless parameters

Bond number:
C@ _ ’é q 2’10

Elastocapillary number
4
14
&= —
gec

Elastogravity number

R
G =RBE = | —
eg

H.-Y. Kim and L. Mahadevan, "Capillary rise between elastic sheefts, " J. Fluid Mech. 548, 141-150, (2006).
J.M. Aristoff, C. Duprat, and H.A. Stone, "Elastocapillary Imbibition," Int. J Nonlinear Mech. 48, 648-656, (2011). B O STON
C. Duprat, J.M. Aristoff, and H.A. Stone, "Dynamics of elastocapillary rise," J. Fluid Mech. 79, 641-654, (2011). UNIVERSITY



Elastocapillarity
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—~
N
~

111 u

(L/0e0)* = ye*ABhj)

& =

B =/ g = pglhy/y

H.-Y. Kim and L. Mahadevan, "Capillary rise between elastic sheets, " J. Fluid Mech. 548, 141-150, (2006).
J.M. Aristoff, C. Duprat, and H.A. Stone, "Elastocapillary Imbibition," Int. J Nonlinear Mech. 48, 648-656, (2011). B O S TON
C. Duprat, J.M. Aristoff, and H.A. Stone, "Dynamics of elastocapillary rise," J. Fluid Mech. 679, 641-654, (2011).

UNIVERSITY
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(c) Regime III

gf‘llH”uu

(a) Regime I (b) Regime 11

t t
R o ©
lOI I 10' i /‘- -
g g
E E
NE NE
10%¢
10° 10! 10? 10° 10! 10° 10° 10° 10! 10° 10°
t(s) t(s) t(s)
H.-Y. Kim and L. Mahadevan, "Capillary rise between elastic sheefts, " J. Fluid Mech. 548, 141-150, (2006).
JM. AlrisToff, C. Duprat, o\r/1d H.A. ngng“:ilos’rocvc\;pillory Imé)ibiﬁon,” Int. J ItI“onIineor Mech. 48, 648—(656, ()201 1). B O STON
UNIVERSITY

C. Duprat, J.M. Aristoff, and H.A. Stone, "Dynamics of elastocapillary rise," J. Fluid Mech. 679, 641-654, (2011).
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Elastocapilllarity
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Elastocapilllarity

S
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*
A

10! S —
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255 Capillarity & Swelling

/i M'zle AT ) " Re)

Solid: Polyvinylsiloxane
Fluid: Silicone Oil (5 cSt)

20x faster than real time

E ~1MPa(PVS)
L =20 mm
d=2mm
h =~ 0.5mm

D.P. Holmes, A. Pandey, P.-T. Brun, and S. Protiére, In Preparation, (2015).

BOSTON
UNIVERSITY
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- 4
>

do

h~>

SN 1.

I Y

D.P. Holmes, A. Pandey, P.-T. Brun, and S. Proftiére, In Preparation, (2015). B O STON
UNIVERSITY
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D.P. Holmes, A. Pandey, P.-T. Brun, and S. Profiére, In Preparation, (2015). B O STON

UNIVERSITY
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1. Elastocapillary rise between flexible fibers. t (s)
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Stationary meniscus height rises linearly with ol
elastocapillary length.

D.P. Holmes, A. Pandey, P.-T. Brun, and S. Profiére, In Preparation, (2015).
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End Groups
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Monomers

Polymer Chains

@ @ Small Molecules
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Capillarity & Swelling

2. Swelling-induced bending.

G 0.05F

0.00 : : ' : -
0 20 40 60

c. 0.8
B

__06] £
T 5 } 8 R X % e

§ 0.4 10=2 10—1 100/ ~ ,;; ;;/x

~ x & & X

0.2 HEE
2 - X Right beam
0 A Left beam
0 100 200 300 400

FEBRUARY 1901.

T T T T
XV. On the Stresses in Solid Bodies due to unequal Heating,
. and on the Double Refraction vesulting therefrom. By
N » Lord RayrLrien ™.
TE Ry, G AX
\ I — AT
Ry 3 A KA S E, hy
\\ - c b,
Hex h=0.65mm ¢
R Hex h=0.75mm
Hex h=1.3mm
» Si h=0.73mm
+ Si h=tmm
1 1 1 1
10° 1 10 10° R=
. =1/x
Time (s)

Dynamics of bending ~ Diffusion of temperature

D.P. Holmes, A. Pandey, and S. Protiere, In Preparation, (2015).

D.P. Holmes, M. Roché, T. Sinha, and H.A. Stone. “Bending and Twisting of Soft Materials by Non-homogenous Swelling” Soft Matter, 7, 5188, 2011.

BOSTON

UNIVERSITY
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AT X Caplllarity & Swelling
/ Uz N, o3 R
mechanics r/’»i/()//(/(‘r dtractures " y
;! i 0.8

— 0.6
"l‘ AAAAAAAAAAA
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2. Swelling-induced bending.

» Thermal diffusion through the beam thickness.

Em = AT
e e
« Shape obtained by minimizing the bending «— T0 + AT M,
moment in the beam. \\ / 4
« Beam curvature as temperature diffuses. }3
K1h B _ ki)t _9n?i/t _ _
» Poroelastic time scale o0x3
~ bh’
Tp X TEH

D.P. Holmes, A. Pandey, and S. Protiere, In Preparation, (2015).

D.P. Holmes, M. Roché, T. Sinha, and H.A. Stone. “Bending and Twisting of Soft Materials by Non-homogenous Swelling” Soft Matter, 7, 5188, 2011. B O S TO

UNIVERSITY
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2. Swelling-induced bending.

t)t,
00—t %

10=2 101 109 _ -~

AAADAAAANDA

X X X X X x x X xX

t(s)

BT ot
T L
= X Right beam
A Left beam
0 100 200 300 400

0 5 10 15 20

D.P. Holmes, A. Pandey, and S. Protiere, In Preparation, (2015).

D.P. Holmes, M. Roché, T. Sinha, and H.A. Stone. “Bending and Twisting of Soft Materials by Non-homogenous Swelling” Soft Matter, 7, 5188, 2011.

BOSTON

UNIVERSITY




w_J

V.

3. Bending dominates surface tension.
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Peeling occurs if the curvature
exceeds the bending capillary length.

d.

Y Capilllarity & Swelling
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Bending energy
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Uy ~ 5 BLbrk; p B\ /2
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D.P. Holmes, A. Pandey, and S. Protiere, In Preparation, (2015).

Roman, Benoit, and José Bico. "Elasto-capillarity: deforming an elastic structure with a liquid droplet." Journal of Physics: Condensed Matter 22.49

(2010): 493101.




Y Capilllarity & Swelling

v. : [
Ew_ ........................... z ,U_’—O—OO_O_O OOOU.
. iii. 00
g 10 oooooooooooofpooow><>
§ 5 #mo
QO Top meniscus
0f 0000000000000 °B°“f’mme“isc“s —
c. 0.8 T
. . . ) . 0.6
1. Elastocapillary rise between flexible fibers. - AADMAAAAAA
E 0 4 X X X X x x X xX
S
At short times, elastocapillary rise dominates the ~ 02
deformation. - x Right beam
0 A Left beam
. . . ‘
2. Swelling-induced bending.
d. 15 ‘
Bending is constrained by surface tension, as the beam el 580
bends with a lower curvature than a free swelling beam. = 101 o0 h
E 4
. . . ~ 5 oQ
3. Bending dominates surface tension. < gm000000000o s
ig eam
. 0 S O Left beam
Separation occurs as the “natural” curvature of the : :
beam exceeds the fluids ability to confine it. 0 100 200 300 400
t (s)

D.P. Holmes, A. Pandey, and S. Protiere, In Preparation, (2015).
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UNIVERSITY



/1 L5 N iﬁ; Capillarity & Swelling

mechanics of e 1 /2
S -
(L/lee)” — 1
—4
0.4 : Xlo
oo D
oo 0.3 n - 1 AA IEEI
30.2-—-”‘% Qe | : oo
<t 05| 22 deony
0.1 s D
AA A ACD Ip H
: \ 0.2 \
O 1 2 ! 1 9 3 4 5
02./L -

D.P. Holmes, A. Pandey, and S. Protiere, In Preparation, (2014). BOSTON
UNIVERSITY



_________ Baobab Flowering

mechanics o Sender stractures

BBC - Planet Earth: Seasonal Forests BOSTON
UNIVERSITY




\ » a,
/ / N t <N e
/ / ) a o
/ e * i
J / : : - A
. oy
mechanies of slender sraclures )

Confmed Fluid Flow:
Microfluidics and Capillarity

Reynolds Number: Inertia vs. Viscous effects
« Review of characteristic flows...

Péclet Number: Transport phenomena in a continuum
 Diffusion, separation, and mixing...

Geometric confinement: Controlling and manipulating fluid flow
« Microfluidic fabrication, valving, pumping...

Capillary Number: Viscosity vs. Surface tension
« Droplet formation, capillary rise, elasticity...

BOSTON
UNIVERSITY



