543 U6970/AM5019 F % % & 5 ¥

ut‘/‘ﬁ:l-'gg‘/‘wa B@'/F }7%‘?‘?, /"_ %’L %iﬁﬁ-?

Design of micro-mixers/micro-reactors &
the applications

*;ﬁﬁ & .E/;}é,-g%‘?/{&
M2 gt f i ag
Mz s@4 g Appem s s sy
R o828 1 RAF8ea 1 #88  S5KKE

PEAR-FE- L4




WE L R R AR
" A
3 Fluid Mechanics + Thermodynamics (. ;)
Energy and Combustion a979~) + 57 5 5 1
Bio-microfluidics & Lab on a Chip (zeoz2~) + 2 3 4
Biophysics and Blomlmetlcs (2004~) + 2 -

TSN
Flow Visualization
i .

Flow Visualization

H,+CO+C,H,

________

Demand

Water
Demand

i
i
|
|
!
f

(a) water i llel
origami

Control release
cell culture

‘ Offshore Wind Turbines |

. . . %des
B =
Desalination Plants Water Storage Tank




WEE < B A TR
i
RA: Wz oL E PRIASEL 8 LRRE
A2 SR ABHEELY s LT
Ao oA F AELESAREE L AT
oA R P - BEER
TRl ¢ B7F2 X P A TRE T (B0
7 Fcleae R 2 BRLTES :%’._ - WAL
FRARMEFI ] BpHRIEELI(NAE
B == < F 1 4224
B8 @gh1iEgd
PRIy RS ST @4 BT~ Science/Nature® 3 &3F %(2014, 2011)
2016# L ~ fF (/5 B /TR BAESR) ~ 2018# 7 0L £ 4 BB 54%
2007# ¥ W1 ARFFH ¢ L < B AR IR~ W RETA] B (2018, 2015, 2014, 2008)
@ﬂ 73F P A~ Green Tech K ~ # H LI ATHEFF & F (2018, 2014, 2012) ~ 150 ¢ § ik 38
CH R FTE A 55, 8950) > Bk o b3k s R

o
o

et



Micro-reactor/Lab on a chip
" NN
* High surface to volume ratio : improve heat and mass transfer
* Need only small quantities of reagents and sample

Potentially portable

High resolution and sensitivity

Suitable for biological assay

Extracted on 20121212 http://www.condenaststore.com/-sp/I-see-
by-the-current-issue-of-Lab-News-Ridgeway-that-you-ve-been-work-
New-Yorker-Cartoon-Prints_i8562947 .htm
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Scientific Aspects
g
< Miniaturization Approach (1980s ~ mid-1990s)

silicon microfluidic devices:

size effect
power effect

<+ Exploration of New Effects (mid-1990s~ )

actuators with no moving parts and nonmechanical pumping principles
electrokinetic pumping, surface-tension-driven flows,
electromagnetic forces, acoustic streaming
new effects which mimic nature > nanotechnology

<+ Application Developments

biomedical diagnostics, drug discovery, flow control, chemical analysis
distributed energy supply and thermal management
chemical production with microreactors



What is mixing ?

A -
(2
#ed Fhor B AU )A Pende ~ A RNE B
- 42T 5 o ~from Wikipedia

m
X

SN
Ry & by Rai\
‘3‘ ‘3‘ ‘3‘ ‘3‘ Iav
N N N N N
. P N N X
Y- Y- - -
[ (g [ [t

N

3
™ I I I I

~.
<.
(g

{
t=8
St :\E\:ﬁfj ~ iy

3

™
1
eI

CRIET N G=EI e

Ex. Diffusion (Brownian Motion), convection,
turbulence, stir, etc.

.o"-

o':' 7".’0 el o .

feg*°




Mixing phenomena in our daily life

40 T O 10
%9F%AS%E7%9A%84%ES%A5%BDY%E8%99%95-
46561.html

Mixing Is closely related to our daily life






Fluids may be mixed by purely non-zero concentration gradient
and or enhanced by external agitation.



@ How does mixing happen?
" -=EE
Flow

—

Initial condition
(Ottino et al., 1989)

stretching | diffusion 4

-a'o-o.e o0 o ; "o %

—

Ref. :http://www.tj.xinhuanet.com/ztbd/2005-06/09/content_4420148_10.htm ; www.micronics.net ; http://physicsweb.orgs



http://www.micronics.net/
file:///F:/2006 Power Play/2006 Conference/20061212 崑山科大機械系專題演講/t-sensor_ud.mpeg
file:///F:/2006 Power Play/2006 Conference/20061212 崑山科大機械系專題演講/t-sensor_ud.mpeg

Three Types of Fluid Mixing
" -=EEENNN

(a) Mixing of two miscible fluids

->




Fluid Mixing by Stretching and Folding

—

) [

s> | Stretching

< Folding and
Breaking

Mixing is promoted by periodic motion of the fluid. It is conducted

by iterated stretching and folding of the interface here.
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The importance of mixing

iochemical / medical science Chemical engineering

Chow, AIChE J., 2002

|
http://research.che.tamu.edu/groups/Froment/ >
Website/Images/0il%20refinery%201.jpg .
= i p
Up o fill line Transfes 300ul Insart the swsb Remawe the Place the test
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E fombonkioa  theswsbstless test mube
ezt uba five times,

http://jolex.web66.com.tw/web/NMD?postld=300539

Used Fuel Recirculates < om
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Reactions are crucially dominated by mixing



Jdhnisch et al., 2004,
Angew. Chem. Int. Ed.

Engineering

Research Motive— Application

Mechanical

Combutsion

13,200Hyd rrrrr bons Fuel Processing
Whrik
- Reaction
Fuel |mp L - \ b 3, [ PEM
u W\
r Y Fuel Cell|
MeOH | 100kw \ 2(0) ¢
\ Reforming
\ Hzlco, ... Purification
Engine 4
50 kW B .
Battery [ solid oxide Fuel cell (SOFC) |
|~"2200 Whr/Kg

Jensen K. F., 2002

Chemical Engineering BN
Organic synthesis xS s
Hazardous chemical reactions
Nanopowder production

F»

\ *»
g d -

u—mixing,
reaction

Xi'an Huian Chemical

—

CHEMICAL

& Engineering News

Johnson and Prud'’hémme,
2003, AIChE

Bio-Chemistry
) Manz, 1990,
Lab-on-a-chip ~ sNa-g

Quench-flow analysis

E 50 pm Pt wire
r| 140 pm inner

:] capillary ‘«———— 20 pm posts
LI 200 pm

Flow-cell

Pt sphere
I
lixer
Filter
ns i

=t

Arc lamp Mﬂ“m“mmam"cy'::::w at ~ 250 pm channel
Cell holder and =2
Roder et al., 2004, towcstassemary 13171035 Methods
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Size Evolution

B —
Static Mixers
water, Ap =2 bar

Classically manufactured; macro

100,000
10,000+
1,000+
<= 100
T 10
- 1_
2 g4 =
0.011 ]

0.001 T ' '
0.01 .1 1 10

precision engineered,
meso-micro

r——gn

‘*i!-’“-”ﬁ-‘!."-"ﬁ ‘?-"" T v

~

TN
‘ [ !‘ g }l!; o “ >

Bayer et al., 2003., Chem.



e General flow chart of a chemical analysis
(Manz et al., Sens. Actuators, 1990)

sampling Ideal chemical sensor

Magnetic sample preparation

Transport

Sample
pretreatment

Transport

Detection

PCR-ready DN/

Transport

Ref. : http://www.ost.gov.uk/link/news/images/9903chip.jpg
http://w4.siemens.de/en2/html/press/newsdesk archivgfindex.html ; www.genpoint.com/ Files/illustration.html
http://www.ost.gov.uk/link/news/images/9903chip.jpg ; http://www.giannigiorgetti.com/pcr/



http://www.ost.gov.uk/link/news/images/9903chip.jpg
http://w4.siemens.de/en2/html/press/newsdesk_archive/index.html
http://www.genpoint.com/Files/illustration.html
http://www.ost.gov.uk/link/news/images/9903chip.jpg
http://www.giannigiorgetti.com/pcr/

Merits of microfluidic mixing/reaction

" -=EE

m-TAS/Lab-on-a-chip

Microreaction technology

Substrate  Enzyme
inlet inlet

Fluorescence 7 =
detector @

Separation channel

High selectivity

X -
Residual Products
substrate

High safety

@ @
¢
b e Mo ™ ye // .
N Mot N N 7
N F i o

) I
Jahnisch, et al., Angew. Chem. Int. Ed., 2004 @ Controllable

Flash reaction

GEL CHANNELS
PHOTODETECTORS
WIRE BONDS
HEATERS
TEMPERATURE

DETECTORS

FLUIDIC CHANNELS

AIR VENTS
Burns et al., Science, 1998

&

® Low sample/reagent consumption . VIicroreactors ;
d ‘ | v Hogan,jNature, 2006
® Parallel process Energy & g
® Rapid detection Environment Ejector Plate
® Green fabrication

® Eco-friendly usage

pezocectic @ Portable

arand Kothare, IMEMS, 2004



Mixing via Separated Flow and Vortex

g

d represents the hydraulic diameter, and R is the radius of fturning
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Micromixer Types

g

Passive

A 4

_ Nozzle injection in flow

Micromixer £

parallel
— lamination < -
serial

— Chaotic mixing

— Collision of jets

» Coanda-effect

Acoustic

A 4

A 4

Electrokinetic

Pressure disturbance

> Active

A 4

What else?

A 4

Electrowetting induced droplet shaking

A 4

Ultrasound/Piezoelectrically vibrating membrane

v

Magneto-hydrodynamic action

Thermal

v

A 4

Small impellers

23




Micromixer

Micromixer Types

=B

—Passive——

&0

Lamination —

Injection

Chaotic advection =—

Droplet

—  Parallel

> | Serial
— Re »100
—1 10 < Re < 100

Pressure disturbance
Electro-hydrodynamic
Dielectrophoretic
Electrokinetic

Magneto hydrodynamic

Ref. Nam-Trung Nguyen and Zhigang Wu, Micromixer - A Review, 2005, TMM

—N Re < 10

24



Various Micromixers

' W ﬁ Z
e e o T v__ =
(@ (b) (c)
- HW Nguyen and Wu, JMM, 2005
e} ()

(d)

//m
D) /

o
(e

sl

(b fe) (d)

(a)
W [gy %

Chem. Eng. & Tech.



e oy o

Duke University
Department of Electrical Engineering

*Electrowetting
(Paik et al., Lab Chip, 2003)

Ultrasonic

Air bubble

VO)N'(\(@" Micrjtrcaming

¥

[ IR T
S

=

*Pressure Perturbations
(Niu and Lee, JMM, 2003)

Fluid
Propulsion

=

Mgh voltage [ l '

relay T
ﬁ—., ‘ High voltage
. E power supply
L

T-form micromixer chip

*Electroosmosis
(Lin et al., Anal. Chem., 2004)

Liguid sample 1 from
syringe pump

Liquid sample 2 from

*Pressure l
(Hong et al., Lab Chip, 2003)
b ) Biofuid Mixing Region () cross secton A

Outlet

Embedded
Conductors

Substrate
J

*Magnetic (Suzuki and Ho, J.
LsCentrifuge Microelectromech. Syst., 2004)

J
(Steigert et al., Sensor and Actuator, 2006 )

(Yang & Maeda, J. Chromatogr. A,
2003)



file:///F:/2006 Power Play/2006 Conference/20061212 崑山科大機械系專題演講/mixing2.WMV
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o analyte |

interdiffusion
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reOpening sections

ri 500 pm

Kamholz et al.,
Anal. Chem., 1999

Liu et al., IMEMS, 2000

Knight et al.,
Phys. Rev. Lett., 1998
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Historical Development

'__
E B g me o

B § 4

i&@ﬁ ’{ f'@’}r a8 ;E
Aref, H., JFM, 1982 ; Ottino, J. M., 1989

1] > Chaotic advection

Veenstra et al., IMM., 1999 ; Kockmann et al., 2003 ﬂﬂ:> T type

Kochetal., JMM, 1998 IEZ>  lamellae

Branebjerg et al., 1996 ; Jensen K., uu:> hydrodynamic focusing
1998
Branebjerg et al., 1996 ; Hessel et al., AIChE J., 2003 HD::> interdigital

Branebjerg et al., 1996 ; Schonfeld et al., Lab Chip, 2004 HD:} split - recombine

Liu etal., IMEMS, 2000; Stroock et al., Science, 200 ﬁ» chaotic
Citated No.: 170 242 (2005/12/2 9

B
1980 1990 2000 2010,



Deficiencies of microfluidic mixing

Low Reynolds number (Re <1)
® Viscosity-dominated system

Re = pVD,/ u

® Diffusion-driven mixing

Fick’s law

J=-DV¢ J=—DL

L R— sc 5%

- PV F=Dg

x
 t) = n(0)erf w

n (@t = )Em Diffusion length

EX. Mixing of fluids in a straight microchannel | - (Dt)°s t=L_/U Pe=UIID
L, > L., ~ Ux(l?/D)

----_-.e-.-.--.-.-..-.-__-_-_:_::__'_'ggf__'_'__ L, ~ Pexl

U=1mm/s, D =101 m?s, | =100 um
L,=10cm !

Structural design of microchannels (i.e. micromixers) is urgently required.


../../2013 NTU Experimental Fluid Mechancis/Movie micromixers/CDM_herringbone-2（barrier h=0.5H）_Re1.mpg

Detail Category of the Fluidic Elements

" S

Fluidic Systems
Physical Reaction Chemical ;%eaction :
Energy (He;at transfer) Mc‘xrss Momentum l
Do;ing Tran"sport Separa:[;on Mi;<ing EXtI"l'JSion

A

Active Mixers

x

y

Passive Mixers

A 4

A 4

A 4

A 4

Agitator

Electro-hydrodynamics

Magneto-hydrodynamics

Acoustics

Others

\ 4

\ 4

A 4

A 4

\ 4

A 4

Fork-shaped

Partitioned-pipe

Laminated

Grooved channel

Chaotic Mixers

Others
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Research Targets in bio-medical diagnosis

" -«EE

transmission
mixin .
.g/ analysis
reaction
filtration /
screening )
. measuring
microreactors i
techniques
- purification
Lab on a chip
separation chemical reaction/
bioreaction
detection




Research Progress in Beam Lab.

Beam Lab, NTU

2009-2012

Drug discovery
Catalyst reaction DNA/RNA
Organic reaction Protein

Blood Confocal

. ; Cell NMR Ultrasonic

Nano-particle/material | chemical reactors o & | UF
synthesis MRI - ! B
Bio-reactors \V/Jy /& -
! ,,/,_//,‘ /

4

= fa®
Concentration field Ii‘{\t\‘h’ 2

Microreactors y po—

i 4

W | Velocity field
L i Micro-PIV

ﬁ . Measuring jy \
Microfluidic techniques '1\ —
. | mixing/reaction
: A t =
Pressure/mechanics coustic &\ Micro-PTV

Electrokinetic Multi-lamination mixing
Split and recombination (SAR)
mixin
Magnetic : IXing
Lamination mixing

Thermal ;
Magnetohydrodynamic

Chaotic mixing

Other mixing 2005-2009

Flow instability

Inner recirculation




R&D ltems
"

Drug discovery
Catalyst reaction

\ DNA/RNA
Organic reaction Blood Protein
Confocal
Cell NMR Ultrasonic
Nano-particle/ mater'a|| Chemical reactors | ' — % M} UF
nthesis < MRI N § B
i y & i
gds )
| Concentration field | il
\\T*'/ oM
Microreactors s

Velocu f' eld

— A Measuring
Microfluidic techniques \ \\W...e/
. | mixing/reaction N
Pressure/mechanics . Acoustic \ El W Micro-PTV

Electrokinetic , Multi-lamination mixing

Micromixers Split and recombination (SAR)

. m mixin,
Magnetic , &
Lamination mixing

Thermal Passive

Magnethydrodynamic

Chaotic mixing

Other mixing

Flow instability
34

Inner recirculation



R&D ltems

" -«EEENN

Catalyst reaction

Organic|

Nano-particl
synthe

Press

Electr

35

Drug discovery

DNA/RNA

—— Protein

Confocal
NMR Ultrasonic

LIF
MRI

CcT

Concentration field

oM

Velocity field

Micro-PIV

Measuring
techniques

Micro-PTV

Flow instability J )

Inner recirculation

)cal
Ultrasonic

LIF
oM
:| Micro-PIV

Micro-PTV

:ombination (SAR)
mixing



Introduction

] Beam Lab, NTU
3 | — i 3
)

= Micromixer / microreactor
I

I 5
4{ Active Passive
McQuaiﬁe
ACQUStic = = Chaotic advection
Electric | Serial lamination
Thermal (split-and-recombination, SAR)
Magnetic — — Parallel lamination
Mechanical — L Other —
Other —  _ 5
Transverse component !! N
, Contact interface !! Qm
- Pappaertetayl.,J.Chromatogr.A, 2003 I | \%%v

Chen et al., Biosens. Bioelectron., 2008
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Micromixers (chaotic advection)

\ '|_
Molecular diffusion |

~,

L. ~ Ux(12/D)=Pexl

Pe = UI/D
Chaotic advection
| ¥ stretch
‘ Stretching and folding
L., ~ A In (Pe)

Breakup

Ottino, J. M., 1989

Elongating the material interface



Micromixers (Lamination micromixers)

" -=EENN

SuperFocus interdigital micromixer Parallel lamination

- Optimized triangular (SuperFocus)

Borehole
3500 uym

; Borehole
| 500 pm

Multiamellae flow

500 ym —

Hessel et al., AIChE J., 2003a,b
Times cited > 200



MiCI’OmiXBrS (chaotic micromixers)

" -«EE

Slanted-groove mixer (SGM)

A
w/ ~ z
\\ S = S5 e
IS Cmmmmnoahe e 4 <"y A
T Xx vy
Zrclq [ g E
el
J n
B z
m B
/ \ % 200im £
/ ‘\ K ™
/ \ ¥y 1}
Cc Ay =0 v Ad =100 ~ Ad =180 >
. el
% 100um c
£
(3]
o~
Staggered herringbone mixer (SHM) s\
pw pw 5
A z i
i EE) b :
XC/I.I::& ;::1//// uc dcu
w . 7 z
kit - 5 I
T 7
ah SN < y e
N X X
\2r1/q X "
B \0 cycles \\1/2 cycle: N1 cycle
i pLEE
100 um

074 &

7 8 9 10 11 12 13 14
In(Pe)

Ay ~ A In (Pe)

Stroock et al., Science, 2002
times cited > 1620



Numerical Model and Simulation

Software : ESI CFD-GEOM, CFD-ACE+, CFD-VIEW, CRADLE <l

40



Boundary Conditions
- _—
$R 5

\+

» T R U, = constant, u, =0, u, =0, c=constant,

P = constant

- B

B kL U= O (no sllp condition)

41
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T-type

CDM

T-type
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../Movie/CDM_inclined-grooves_4T-2_Re1.mpg
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Micromixers (optimization of chaotic micromixers)
" __
\ H(200)um

Table 1 Numerical values of geometric parameters
; Left inlet @ £ P
No. Parameter 1 2 3

?I (100)um Outlet A Asymmetry index (p) 0.21 0.33 0.45
4 B Depth ratio of the groove () 0.07 0.13 0.18
f C Upstream to downstream channel 0.5 | 1.5
> width ratio (W/H)
J \ D Groove intersection angle (0) 60° 90" 120°
Right inlet Geometric parameter analysis, based on both the
simulation results and the Taguchi method,
First half-cycle Second half-cycle . g
[ ) : | A - reveal the relative effectiveness as:
] L& '> 004040 | I H  depth ratio of the groove ~ asymmetry index >
¥ T groove intersection angle > Upstream to
p

[ lLonger section of the groove (right-heading)
Shorter section of the grovoe (left-heading)
Front edge of the groove

downstream channel width ratio.

Yang et al., Lab Chip, 2005
times cited > 152



Design and Microfabrication

" -=EEENN
(a) ;
SU-8 photo resist (PR) Glass

Si1 substrate
J_L Lithography
(mask 1) 3

ﬂ Bonding

(a)

Process 1

J:L Lithography
" (mask 2)

(b)

PDMS
- replication

Process 2 ZN

Upper plate
(PD

Lower plate
(PDMS)

280kUV X159 160prm 938683

outlet channel

proj ect;?

zigzag
barrier

20kU X100 100Kum 930625

47

slanted grooves

Process 3

//3\
~
=

Uppcr plate

Lower plate

SAR u-reactor

20kU X108 186Km 930623

Sekm/ 830627



Micromixers (chaotic micromixers)
- ._

Circulation—disturbance micromixer (CDM)

N 1004, 030603

e M
0.9 A — sGM
¥-— BEM
D2 SHM
0.8 P =
< — cDM-2T ©
&-— CDM-4T
0.7 P CDM.-8T CDM-2T
5 e
- 0. .
g Advection
g? 0. dominate
E,
2 X
0.3
Saddle point 0.2
enlarge graph of (d)
0.1
o 1 llllllll 1 llllllll L L L L L1l
Saddic point 10—2 1o—l 1 00 1 ol

Saddlc point
enlarge graph of (f) enlarge graph of

Reynolds number

Yang et al., JIMM, 2007



Enhanced Mixing Performance by CDMs
H — Yang et al. JMM, Vol. 17, 2007

S
0.9 55 - A— SGM
e > BEM
08 \Q‘\ — < — CDM-2T
5 s — &y CDM-4T
: \ M —-€)—- CDM-8T
0.7 . \ N\
8 A\ ‘\ .
% ook i R Advection
=T § . L dominate j!
- VN ———
gk W S 7
.;‘: B X \\ o 6
2 0.4 - N QX
[= \
03
7 -
02 a Y -
: Diffusioi L
0.1 dominate =
- i ™
0-) ] 1 lllllll ] 1 |ll|lll L lllllll'l'J 1 llllll}

10” 10" 10’ 10' 10 _g o
Reynolds number

Compared with a slanted groove micromixer at Re = 10, CDM-2T increases 132%,
CDM-4T increases 183% and CDM-8T increases 280%.
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Microfluidic Oscillator

- .-m u-nozzle, p-distributor

Pyrex 7740

1 Asymmetric
: feedback channel

s
1

llllll

m

Hhigy

Sudden-expansion ! I
L=exD Micro-nozzle,

Yang et al., J. MEMS, 2006
ROC Patent, 2007
2008 National Invention Prize

US Patent, 2009



@ Device description of OCp-mixer

inlet part Wang and Yang,
‘ JMM, Vol. 16, 2006.
’ > 2006 JMM Highlight

—» mixing channel




Overlapping-Crisscross Micromixer

Wang and Yang, JMM, 2006.
2006 JMM Highlight

SEM, SOCpu-mixer slab
| OCu-mixer slab

l8o¥m B3B658

grooved pattern binding

reservoir



Various Micromixers developed by Beam Lab.

Vi qul B | ER - - 50 pm

Outlet Pyrex 7740

PDMS Inlet

Asymmetric
feedback channel

2008
R 738 PR ALY

J. MEMS, 2006;
SNA

(b)
Helical tlow with 2%/5;)57
short pitch
7
Y
X
“Sidewall
groove
Connected
groove

Connected-groove micromixer (CGM)



1CTro1IMIXEers

M

of 2006, Chemical Engineering Science (CES), 2006

I'1SSCross

ing C

Overlapp

Wang & Yang

g channel

l ~ = mixin




Micromixers (Lamination micromixers

Serial laminatic recombination (SAR)

Exponential increase In
contact interface

Suitable for melt polymer

Multiform properties of
biochemical solutions

Schwesinger et al., IMM, 1996




Micromixers (Lamination micromixers)

‘ '_ination- split & recombination (SAR)

. ,
\\ ¢ Split membranc -

Guiding wall =1}

i
nun |

(nudlng

7 \
-'\n \ \
\\_‘ Y L\
P L} \ \
| \ \\
\ \ \
| \ \\
\ \ \ \
f \\
[ \ \\
i LAY L
\ O\
"‘. -‘.\..
»

Ra.mnbmauon

-

.

\ \ \ ™~ i"‘-,:.'-.‘. |
"‘.. \ S 3 .' = \ N
\‘ { -
\5 a ’ ’ ' ’ 5
I

Lee et al., IMM, 2006

Intermediate layer
Separate channels
Lim et al., Lab Chip, 2010 Confluent channels



A Novel Microreactor with 3D Rotating Flow
iF % 1§ 4L, 2009

Sensors and Actuators B- Chemical, 2009
&---E‘ L (@)
" Halogen lam Personal computer Process 1 Process 3
‘ 5 P Upper plate
': ' Waste
(Kd S200, Kd Scienfific Inc.) |

Syringe pump

Process 2

Upper plate
(PD

CCD camera
4 (sampo VE-Cad01)
1

Lower plate
(PDMS)

Lower plate

(b)

SEM photo

1 1
-p |.>
Y =150 pm Y = 750 pum

4
<

|_> [
Y = 1950 um Y =49
6150 pm

180Kkm ©30623

c.pc Experiments

SEM photo

28kV X109

100rm 830625

/
20KV X350 seum/ 030627



Micromixers- SAR p-reactor/p-mixer

N
sesign concept (SAR p-reactor/u-mixer)

(a) e " Cross-section of the fluids
" Fluid2 — in the microchannel
- - - /
=R » pg R
~ Fluid 1 In-plane +
o dividing edge o
" ' : Combination
7 v
Y
v
ol
Flo v
E (s Rearrangement
v
F E Recombination
(b) Flow direction Fluid 1
on XZ-plane Interface
Fluid 2 l

Y

I'/

Parallel flow

\“\
P

Interface
\-t

Overlapping flow

Dividing edge T / Q
g . ==
0 : Confluent angle Mixing unit /

e MIXINg unit
tm

100 ;lm Upper tlow

Upper layer

300 pum l
100 pm . 100 pm _ i
>, L2 7100 um _ NS
50 iy ——— /[ S—
B /\\ -

T// -/Ln\\ er flow

L e

P N
"X 100 pm
50 um

SAR + Chaotic advection

Strong transverse
advection and stretching

Fang & Yang, Sensors & Actuators B: Chemical, 2009



Micromixers- SAR pi-reactor/p-mixer

u EF Sensors & Actuators B: chemical, 2009
ow Tle
;‘::"

L
=

Flow direction

\
N\
Fluid 2




Performance Test of a SAR p-Reactor

. .— Fang & Yang, Sensors and Actuactors B, 2009

3D-image reconstruction: SAR m-reactor

XY section

Mixing of protein solutions,
C-PC and R-PE, in a

novel SAR p-reactor
Con-focal microscopy f




Micromixers- SAR p-reactor/u-mixer

Sensors & Actuators B: chemical, 2009

Reaction experiments (ascorbic acid and diiodine)

(a) | Lodine (0.35 M) SAR p-reactor
v4 12 mm

v

P <2 < <>

Tmmmmw

(b)ilLIodine (0.35 M)

SAR p-reactor

~

T Ascorbic acid (0.25 M)

(€) } Todine (035 M) SAR preactor
N/ \/ BV T Y s Vo 2V N ] - n

T Ascorbic acid (0.5 M)

(d) l Todine (0.35 M) SAR p-reactor
T Ascorbic acid (1.0 M) |

(e);l Todine (0.35 M) SGM
TAS'corbib acid (0.5 M)

(f) l Todme (0.35 M) SGM

T Ascorbic acid (1.0 M)



Analysis of chaos & FRET reaction in split-and-recombine

microreactors, Chen et al.,

" =N

b;type:
C1, C2, C3 etc. Oc-SAR
N-type: N-type: C5

C1, C3, C5 etc.

C2, C4, C6 etc.

Nc-SAR
C5

. (&) O-SAR

Oc-SAR

Reflection
mirror

THN

_A—

Nc-SAR
Galvo mirror

Galvo mirror

unit: ym

Microfluidics and Nanofluidics, 2011

o’ (b) Oc-SAR

y

LE

. @

T
120

T T T 1
140 160 180 200
Y.(wm).

Inflows from
syringe pump .-~ oytflow
. icroreactor
icroscope
objective
/ Prism
Plnhole i ;
ichr0|c
mirror

PMT array

5uM
2.67 pL/min

5 M
2.67 pL/min

o)

v 5'-FAM-CAGGTCAGGT-3’
ool 5-TAMRA-ACCTGACCTG-3’

FAM, 521 nm

TAMRA, 583 nm

Fluorescence
intensity
Fluorescence
intensity

Wavelength (nm) Wavelength (nm)

Through analysis of the chaos, we revealed numerically the dynamic mixing governed by multi-
lamination and chaotic mechanisms in the devices. How the devices affected the rate of
hybridization was thereby assessed, verifying that FRET is a technique capable of estimating the

practical applicability of these devices.

Beam Lab



Characterization of microfluidic mixing and reaction in
microchannels via analysis of cross-sectional patterns

l.— Fang et al., Biomicrofluidics, 2011

N
Reaction quantification
FRET-DNA, Excitation light FRET-DNA,

S ‘ ""J‘ Up-

Mixing quantification

stream g

A quantification approach based on a confocal-fluorescence microscope is proposed
to characterize fluid mixing precisely in microchannel devices. The approach is
qualified for use to inspect microfluidic mixing, to disclose flow behavior, and to
diagnose biochemical and chemical reactions in microfluidic devices.
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Microreactors

MICROREACTOR NETWORKS

_» RNHCOOR!

RNHCOOR?
’¢'~ /.,&
RNHCOQR3

Wwaste azide

Two-phase inlet

<=
us outleP tegrated
eaZoHSepa rator

Separator

Organic
outlet

sahoo et al., Angew. Chem. Int. Ed., 2007
N

(4 5]




Microreactors (Oxidation reaction)

] Swern-Moffatt oxidation c

DMSQO ey

w (J—

(CF;C0),0 =t

DMSO
1 mL min*

TFAA
1 mL min‘!

R-CH,0H
2 mL min*

Et;N
4 mL min*t

in microreactors

Table 1. Swern-Moffatt oxidation of cyclohexanol using a microreactor

Hazard, explosible !!

30°C

and a flask.
0 Method Residence T[°C] Selectivity of
— M3D& L | time fy, [s] cyclohexanone [% ]
R R micro- 24 —20 88
reactor 0.01 0 89
= 0.01 20 59
‘ cooling bath | flask o0 19
Lz0 3
Ml 'h]' - tube reactor
il [r]
el ) | e
stainless tube
Kawaguchi et al., Angew. Chem., 2005



Microreactors (Competitive Consecutive Reactions)
H

Friedel-Crafts reaction of cyclohexanol in microreactors

i diffusion

CO,Me OMe
Bu: N =0 /@\/\N,COzMe
Bu
MeO OMe
OMe OMe

MeOQC\N N,COZ,Me
Bu Bu

monoalkylation product  dialkylation product
microreactor 92% 4%

flask 37% 32%

l
I
U
TN
U

(a)

(b)

Nagak et al., JACS, 2005



Microreactors (Synthesis of gold nanoparticles)

" =N

22000 um
IPHT-TENA ]
HAUC, (+ PVP)— =
Ascorbic acid—— =

Gold 5ol +——&; 8

2.0

— 10 nm
— 20 nm

400 500 600 700 800
18 24 60 9 150m Wave]ength (nm)
http://www.nanocomposix.com/kb/gold/optical-properties

http://www.malvern.com/LabEng/industry/nanotechnology/gold_silver_nanoparticles.htm

Ia) 164
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- 12}
7 2
% g
3 |
. ® § ol
- |
£ 64
§ a] I I

Lo

¢ | (Mlanllll
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diameter / nm

(5 )3 ' c.o.o

IPHT SEI 15.0kV X170,000 100nm WD 8.4mm

b)

TTTTVY |
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E | |

2 [ |

£ ||

o

-3 / \

7

& | | / | \ |
T I | T
- e} |
fow S ] e ]

| |
, ‘ \ ] ‘
0.010 0.018 0.026 0.034 0.042 0.050

Particle Diameter / pm

Wagner and Koéhler, Nano Lett, 2005


http://www.malvern.com/LabEng/industry/nanotechnology/gold_silver_nanoparticles.htm
http://www.nanocomposix.com/kb/gold/optical-properties

‘ Microreactors (Glucose-catalyst reactions)
'_
QNij—(ID”

—'-‘h

H;C—C

I ', Resorufin
3;mplex Red H, O2 Q2 (Fluorescent)
’l
et CH OH
Q >] Interf
Gluco\e O\nda\e perace

Gluconolactone Glucose

Amplex Red + HRP

Gluconolactone +H,0, O\

5 SEAVIA S TANVS VAN 5 ANV NVIA g
'ns 5.0 mm X 3
~ I AN ANV VAN ANV NV 0 G — Width of Interface

i 7 7 L: Glucose, AM: Amplex Red
4. Smm Interface of
......................... two fluids
<+ Resorufin
10mm [ |

x

|« 20 mm

Kim et al., Analyst, 2005



Enhanced mobile hybridization of gold nanoparticles

decorated with oligonucleotide in microchannel devices
M. H. Hsu, W. F. Fang, Y. H. Lai, J. T. Yang,* T. L. Tsai, and D. B. Shieh
Lab on a Chip, Vol. 10, pp. 2583-2587, 2010

N, FRET
FRET of two complementary oligonucleotides (short DNA) /= ™, i ™" vt

(b) N\V‘VO I:> § rv“’
. Analvtic strategy FRET “Dretance < 10 nm
| B8
100,
m %@/ O Au-NP (13 nm) {@E Au-NP probe
s

ProbeDNA ANV 3 TTTTTTTITITTTIITTITTITIT-SH-5

%3 S
g @ Target DNA /\/\/\/O 3-AAAAAAAAAAAAAAAAAAAA-FAM-5
§

Test DNA /\/\/\/. 3’-CCCCCCCCCCCCCCCCCCCC-HEX-5"

@~ Target DNA in reaction channel
-@- Test DNA in reaction channel

-9~ Target DNA in straight channel
-9~ Test DNA in straight channel

Reaction channel

K A\@ < < MN. Oy L’é F 0

i
E 0.6 A
a FAM<« 'N_J\‘i 'WV..MN o EAML 518 . 2 Fluorescence
8 Imperffect 5 ) nm HEX, 553 nm ] K
g 04 21.8 mm (~7.2s) P -] S >, s = uenchin
g ot e @ z 5 q g
s hybridigation N‘N 8= Oz
~ . PV = s

) Hybridization/reaction 38 =3

02 - ° o o—o I ef Se 3.5

HEX—1% (Ran 2 0
0.0 . . . . . @ > ‘ >
0 20 40 60 80 100 Wavelength (nm) Wavelength (nm)

Distance (mm)

The effect of the structure in the microreactor enables the reaction to attain saturation in only
7.2 s, a duration much less than for traditional static hybridization (12-20 hours). In medical
tests, one can diagnose the result in a flow channel in real time.



Analysis of chaos & FRET reaction in split-&-recombine microreactors
Microfluidics and Nanofluidics, 2011

g
' " 50- (@) O-SAR . (b) Oc-SAR LE

O;type:

C1, C2, C3 etc. Oc-SAR Nc-SAR 40+ 40
N-type: N-type: C5 C5 301 30
C1,C3,C5etc.  C2, C4, C6 etc, o A 20 -

i i 101 10
\\\ } 1AL ’E‘ E
: 2 - o 3 04 .
: e = S - 3 | ;‘/ 3 0
B | g 10
& ::7 ;it = o 3 520 20
i > it \ i : 30 30
—= S A== v -40 1 -40
f};;:, ;i » - *7 -50 T T T T ) -50 T T — T )
W /V,(-?‘H" : 100 120 180 200 100 120 140 160 180 200
N Y (um) Y (um)
Oc-SAR Inflows from . >
Reflection SYMNGe PUMP -~ oytflow 5 uM vl 5-FAM-CAGGTCAGGT-3'
mirror &/ L 2.67 pL/min ~@  5'-TAMRA-ACCTGACCTG-3'
y /=
— ]
Laser (‘ e icroreactor =\ AN\
; icroscope _ e RN gg e, | ™ e
“ obiective - - ” s -
| i 5 S Reaction channel ‘/ L
. P e s e
Pinhole e gg r N ] Y
Nc-SAR ‘ = / T . /
Galvo mirror ichroic i .
mirror e EAM. 521 o .
2.67 pL/min §§ »521 nm é%‘ L
A 5 3 TAMRA,583nm 85| v, A1
AR | sg| N\JN\
Galvo mirror ‘ A2\ 5\ ° i 2t
PMT array & ' — Wavelength (nm) Wavelength (nm)

unit: ypm

Through analysis of the chaos, we revealed numerically the dynamic mixing
governed by multi-lamination and chaotic mechanisms in the devices. How the devices
affected the rate of hybridization was thereby assessed, verifying that FRET is a
technique capable of estimating the practical applicability of these devices.



Microreactors (Flash synthesis of carbohydrate derivatives)

- Yang et al., Chemical Engineering Journal (CEJ), 2011

Applications of SAR p-reactor

Reaction duration (s)

3a I 3b | 3c |
100
i ] 100000
90
4 m
80- 10000
. = 0] 1000
2 R
o 60_ ;.:_&:4 47
i KA
g 55 & 100
50_ KX 4]
| Q@ [ oo K
=] (e RN 5%
40 £35S R N 653 10
] 5 SN 85
30 s N o
1 K63 SN m b 1
20 =N WA=
i k%A KR \ 19254
‘D) R2 10 E:i:" ::::‘0" \\ ;:E:E: 0.1
2.3-Naphthalenediamine o Residence period:t i :::::} 5:2*1 §\~ Do
Ay 0- [ 25
6h

30h 1s 10s 1s 0.1s
M T-u SAR-u

1s

HaN 0.4~4s 2 Sh_1s 10s 1s 01s 18h_1s_10s 1s
i B e T M T-u  SAR-u M T-n  SAR

= e

I Lo\ o (52 Macro flask:
Residence permd:tlf.:’ H=g5> oH O%N 6hto30h
oH ) ) Temp. above 100 °C
0 OH 2 (30)
2/ HR5>" oH O%H £ Aldo-Naphthimidazole
Po) o = SAR p-reactor :

n
H OH O n=0 (2a)
T o 0.1~10s
Eﬁgg Schiff base Temp RT



MlCI‘OI'eaCtOI'S (Microflow Synthesis of Saccharide Nucleoside Diphosphate)

.._ Chemical Engineering Journal (CEJ), 2012

Applications of SAR p-reactor

AcO

AcO o, O j N
AcO -
AcHN L ooAwYyYy |

\
oﬁl‘ 300 H1‘0'6"%107:

%f’ /7-> /_“> /:> :\/({-"> /'/:> SS °.“ Unit : pm

\\} O

wF-0 Sg/» > > > >

0
I—,>Aco o o p_ O(_N__NH
-0 #AO’F‘O’&_O il
OH AcHN -0 0

2a R = morpholine Residence time < 2 min, ’
2b R = p-MeOCgH4NH yield > 90%

(0]

~ AcO A~

® \With our microreactor technology, the enhanced reactivity of reagents is
phenomenal.

® 85% conversion and 94% vyield of cross-coupling reactions were achieved in
tens of seconds.

® The duration of the reactions was diminished >10-° fold.



Flash synthesis of carbohydrate derivatives in
split-and-recombine microreactors

Chemical Engineering Journal, 2011

2,3-Naphthalenediamine \y R2 The SAR-microreactor required just
Residence period:t,

qum T Rads seconds (0.1 to 10 s), which was

ot v b ~ about 103~10°%the duration for the
&) R1
Residence period: t Q macro flask
PamE N —
}'fa ))))) Q;§>36nxsa>»>
\ /

A Q’ 2 (3¢)
2 {% ‘ Aldo-Naphthimidazole
OH g n=0(2a) : '
1(20) OM image
H 2(2¢) '
0=0 (1a) Schiff base
1 (1b)
2(1¢)
Aldose

An efficient and rapid synthesis of carbohydrate derivatives was accomplished using a split-and-
recombine (SAR) microreactor. Using two steps reaction process in SAR-microreactors, the
carbohydrate derivatives, aldo-naphthimidazoles were generated by linkage of
naphthalenediamine with mono-, di- or trialdoses in less than 10 s with satisfactory yield.



Microflow Synthesis of Saccharide Nucleoside Diphosphate
with Cross-coupling Reactions of Monophosphate Components

Chemical Engineering Journal, 2012

Reaction unit

]

AcO o 0 -

AcO 0~5-0 % B

AcHN Y . ne
300 100100100

. el
1 ey NS N NS Y N— -
/:> f2 2 2 2 — gg [209] Unit : pm
\ 7

-_—— - -

\ AcO O
oMM NG TE T e e 0 9 Y
!

. . . - HO
2aR = morpholine Residence time < 2 min, 3 on
= p-Me :
o yield > 90%

With this microreactor possessing the SAR mechanism that dramatically enlarges the
material interface to promote the fluidic mixing, 85 % conversion of a cross-coupling reaction
(GIcNAc monophosphate reacting with UMP-morpholidate) to the diphosphate (acetylated
UDP-GIcNAc) was achieved in 10 s, which is a small fraction of the two days for 80 % conversion
with a conventional batch reactor; the duration of reaction is hence decreased 10° fold.



DNA diagnosisinamicro-separatorbased onparticleaggregation
Y.T. Chen, Y.C. Liu, W. F. Fang, C. J. Huang, S. K. Fan, W.J. Chen, W.T. Chang, C. H. Huang, & J.T. Yang*
Biosensors and Bioelectronics, Vol. 50, pp. 8-13, 2013

M)

PFF microseparator
) D)

B 2 2 2 0 N ) )
; . N }’ ; E E > Ny Broadening S|ng|e paI‘tICIe
o \ "Q Y iobe DNAL :ONWWO’ e SR segment (@Nowges)
) e TE o BRI urrer -

Fluorescent Biotin labeled pygpe-labeled

Target DNA ~— 4
PSbeads ProbeDNA  pS peads A ) “ ¥
o /5 ™% ProbeDNA2 . /
. - 4 o Aggregated \ /
Streptavidin O : Particles Large .

g A aggregated % Aggregated particles
Probe DNA-L:  Biotin-5-GCGCT AGAGT CGTTT-3 p_ar;]tlcles (Mediumtargetconcentration)
Probe DNA-2:  5-CCTAT CGACC ATGCT-3"Biotin (High target
Target DNA: 5-AGCAT GGTCG ATAGG AAACG ACTCT AGCGC-3' concentration)

Test DNA: 5-GAGGG ATTAT TGTTA AATAT TGATA AGGAT-3

1-mismatch DNA: 5-AGCAT GGTTG ATAGG AAACG ACTCT AGCGC-3 (@) 2-outletdesign (b) 6-outlet design

A novel aggregation-based method
to execute oligonucleotide detection
in a PFF (pinched flow fractionation) pinched segment
microseparator is proposed & developed.
The label-free target DNA hybridizes

with the probe DNA on the surface of
microspheres and causes the polymeric
aggregate, thus enlarging the average
size of the aggregated particles.

broadening segment

W,=1000 um; |

prpm—

One of the most downloaded articles (Oct. 2013)



Next-generation microfluidic system for
rapid DNA screening

Reduction
Gold nanoparticles (AuNP) reagent

Silicon oil Silicon oil
Sy ~

[:lr‘ DNA concentration or
® g Binding strength




Hybridization-mediated growth of gold nanoparticle probes for
visual and spectrophotometric screening of DNA mismatch

W. F. Fang, W. J. Chen, and J. T. Yang,* Sensors and Actuators B- Chemical, 2013

Before After Color .
e i TEM photos UV-vis spectra .
appearance =P 02 : a) Concentration (uM)
i ] ,\ ., i 003 006 008 011 014 017 0.20
Unmodlfl_e_d gold nanoparticle \ & o — ‘ Sisd & i {
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robe S \71 S _
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A novel color approach to detect rapidly and conveniently DNA samples is proposed based on
a concept of DNA hybridization-mediated growth of AUNP probes. With this method, one can
not only evaluate semi-quantitatively the target DNA but also screen mismatches of DNA
samples with a naked eye or simple spectrophotometer.
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Fig. 3 Experimental setup, microchannel and instrumented borosilicate

substrate. Hamadi et al., Lab Chip, 2012
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Figure 1. Schematic cross section of heat convection flow with (a) silicon substrate, and (b) thin-film cap.
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Cell Culture & Fractionation on a Microfluidic Chip with
Programmable Modules of Temperature & CO2

|
UTAS-2013
submitted to Lab Chip
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Origami Paper-Based Fluidic Batteries for

Portable Electrophoretic Devices

S.S. Chen, C. W. Hu, Y. C. Liao,”). T. Yang,” uTAS-2013; submitted to Lab on a Chip
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Detection of an Amphiphilic Biosample in a Paper

Microchannel Based on Length
Yu-Tzu Chen and Jing-Tang Yang,* Biomedical Microdevices, 2015
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We developed a simple method to achieve semiquantitative detection of an
amphiphilic biosample through measuring the length of flow on a microfluidic analytical

device (UPAD) based on paper.



Design & testing of a novel catalytic reactor to generate hydrogen
Int. J. Hydrogen Energy, 2014
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A catalytic reactor to generate hydrogen with a large conversion

efficiency and a stable rate of generation is based on a p-shaped design that decreases
the effect of hydrogen on the catalyst surface so as to increase the opportunities for
contact between sodium borohydride (NaBH,) and the catalyst.



Experimental Framework

Reactor
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Visual molecular diagnostics for plant disease

- a case study of Tomato yellow leaf curl virus disease
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Biodiesel Production Chip
_._

washing

droplet
generation N\ A
Scientific Reports, 2016

MNEF, 2017

reaction

» [Faster reaction characteristic
* Inputs of raw materials, outputs of available products

* Low energy consumption and easy operation

2016/11/22 EHBRESAFTLIAFAN N2 BH



A biocompatible open-surface droplet manipulation
platform for multi-nucleotide polymorphisms detection
C.J. Huang, W. F. Fang, M. S. Ko, J. T. Yang,” Transducer-2013; submitted to Lab on a Chip
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Measurement Techniques
" S

Measuring techniques

v' to comprehend
v’ to verify
v' to evolve



Measurement of Fluid Mixing

Chemical Indicator

.'.c_

olors recognition

Tracing Particles

The characteristics of fluid mixing is measured via colors recognition,
tracing particles, and chemical indicator. In this research, the mixing
degree is quantized by the computation of the standard deviation of
grayscale values which are analogous to the constitution of fluid.
Velocity field is measured via tracing particles called particles image
velocimetry.
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Measuring Techniques
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Schematic Diagram of Experimental Setup
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Node 1

Node 2
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Node 5

Node 6

Measuring Techniques (Universal index)

IXIng patterns
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Model A

Node 1
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Clockwise

Counter-clockwise

Biomicrofluidics, 2011

(top 20 most downloaded articles,
2011/04, /05, and /06)
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Micro laser-induced fluorescence (u-LIF)

Ban;rier (e)

\

Grooves

Grooves

Two fluorescent proteins — B-phycoerythrin (BPE, 0.5 uM, Far East Bio-
Tec Co., Ltd.) and Allophycocyanin alpha subunit (ApcA, 2 uM, Far East
Bio-Tec Co., Ltd.) — served to monitor the mixing performance.



Experiments — redox reaction
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Redox reaction of ascorbic
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Flow Visualization with Dyes - CGM

= _
Mixing between ighly viscous fluids with assistance of sidewall grooves

(a) g Start ¥ turn 20 turn
H I 1

CGM-1
1 puL/min

(b)
CGM-1
10 puL/min

Start 13t turn 204 turmn

| F—— |

SGM
1 pL/min | 3td turn
| | ! ~4 53t tum

We discovered that the number of turns of helical motion generated in CGM-1 are
0.5~1 more than that in SGM for Q = 1~100 uL/min.

CGM-1 possessed a highly helical intensity (transverse component) relative to SGM.
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Fluorescent Resonant Energy Transfer (FRET) in a Microreactor
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Confocal Fluorescence Microscopy
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Confocal Microscope (Nikon A1R)

Test section (light excitation on chip) | Syfig p “ 103
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Measuring Techniques (simultaneous measurement )
"
Is it possible to achieve the simultaneous measurement of species

velocities & concentrations in microdevices ?

Mass transfer & momentum transfer ? All in one ?

~ absolutely yes !




Measuring Techniques (simultaneous measurement)

" -«EEENN

Simultaneous measurement (micro-PIV & particle counting method)
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Measuring Techniques (simultaneous measurement )

L Biomicrofluidics, 2010
(Top 20 most downloaded articles, 2010/04, and /06)
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Measuring Techniques (simultaneous measurement)

g

Biomicrofluidics, 2010

3D VElOCity and concentration fields (Top 20 most downloaded articles, 2010/04, and /06)
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Results and discussion- SAR p-reactor
N _
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Performance Test of a SAR p-Reactor

N = iFiE HEE, 200

3D-Image reconstruction: SAR pu-reactor

XY section

Mixing of protein solutions,
C-PC and R-PE, in a

novel SAR p-reactor
Con-focal microscopy f




The analysis of protein binding in a CDM using

fluorescence resonance energy transfer
Tung and Yang, Microfluidics & Nanofluidics, 2008
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Fig. 9 Results of FRET in (a) SGM, (b) CDM. (c) The distribution of the FRET
factor plotted to the 10th period for SGM and CDM.
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Results and discussion- SAR u-reactor

(a) T Iaton Normalized concentration (Fluid 2)

Mixing experiments
(Proteins mixing in viscous fluids)

1 1
-p -
Y = 4950 pm

Y =150 um Y = 750 um Y = 1950 pm

&
<

v

6150 um

c.pc  LXperiments

(b) SAR p-reactor SGM
Y=150um Y=750um Y =1950 um Y =4950 um Y=150um Y=750pum Y=1950 um Y =4950 um

Simulation
1 = 0.000855 kg/m-s

Experiments
p = 0.000855 kg/m-s

Experiments
1 =0.0092 kg/m-s

Experiments
1 =0.186 kg/m-s




Mixing mechanism

Stretch

Reorient Fold
Mixing is promoted by periodic motion of the fluid. It is

conducted by iterated reorientation, stretching and
folding of the interface here.
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Mixing and Hydrodynamic Analysis of a Droplet in

- a Planar Serpentine Micromixer -
.. Microfluidics and Nanofluidics, 2009 (times cited 17) Dg]
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Department of Mechanical Engineering
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Derivation

Einstein equation for diffusion
[ t~12/D

t=L,/U
L, ~ Ux(I1%D)=Pexl

Pe = UI/D

Chaotic advection
t~ A y ’/D /\ y= Ioexp('l—m/ Z) Ottino, 1989
t=12/D o exp (-2L,,/ A)

A s a characteristic length
determined by the geometry of
trajectories in the chaotic flow.

t=L./U
L., ~AIn(Pe)

Stroock et al., 2002, Science




