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Introduction: Biofluidic Lab-on-a-chip

M E M
Sample ilution m Biofluidic Lab-on-a-chip
m Sample saving
Reagent Enzyme m Fast and parallel

analysis

m High integration and
< Mixing

. automation
«— Mixer
! | m Four subsystems
Reaction

Reactor u Mlxer
Focus Buffer m Reactor
Power i
Supply Injector m Injector

m separation system

Waste

- Separation
Separation
Waste Iglp )-System m Voltage control

m Electrokinetic driven flow

S



Introduction: Electrokinetic Micromixers

m Mixing in Microscale

m Low Reynolds number

and laminar flow Long mixing channel

m Molecular diffusion Long mixing time
dominant
m Enhancing techniques
m Focusing Focusing mixer

(Knight, J.B. et al.)

m Multi-lamination...

Sample b Sample a

Minimizec/
_____ area

High
performance

5 Complex topology
geometry/network

Extensive design
> space

Arbitrary flow ratio

Arbitrary inlet
concentration
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EK T-mixer

Multi-lamination mixer
(Koch, M. et al.)



Introduction: Electrophoretic Separation [
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m An important subsystem of lab on a chip
m Separation waste m detector
m Detection buffel _ Nl scope - waste
\ s
, , gy
Analyte band spreading and separation
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High
performance

> Band-broadening
(dispersion)
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Serpentine Skew effect
channel “ ™
Interaction among
channels

CE chip (ORNL)
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Method of Composable System Simulation

m A system decomposed into a set of behavioral models
m Parameterized

m Reusable
m Designs formed by interconnecting models
ioral ©)Buffer
B‘ra::;elsn Sample Sample ﬁ
I n-_-q--T- N 5 Sample

. : Sample waste
Behavioral o—_HH___1+—0
models

. [ ~
Feeding —rr—rﬁ:“)

channel

(; IR=— EA—

Channel wast;Q

Converging
intersection

Multi-lamination mixer (Koch, M. et al.) Serpentlne separation chip (ORNL)

m Top-down analysis and desigh methodology
m Fast and computationally robust
m Hierarchical system design
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Basic Element Models for Mixer

E
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m Basic element models  Converaing intersection ~L
[ ] 3 c{] =]
Name Description ln{ , “}ln s Y7
- A A " £
. Concentration merged and ¥ 8 £ 2
Current Converged il g OU{ Mt out (< = It _ Ut <
C_Brr_out1<@ 200 _Bm_outZ<f29%
Diverging Concentration diverged, —— ey — :
intersection current diverged out Diverging intersection
Mixing : : . ..
straight Samples mixed along width- Straight Mixing Channel
Channel wise direction V_in MIXchannel LA
. Elbow and U-turn of clockwise m{ e o }0‘“
Mixing turn or counter-clockwise flow A I
EIEPW out
Yo r N ..’_A;_\. in{ Mixt_in<@:2>
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Clockwise
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Interface Parameters

[y

o
o

m [nterface parameters
m Mixing time (t)
m Conc. coeff. (d,)
m Voltage (V)

o
o

MolH
o
IS

C (red sample)

o
N

0.2 0.4 0.6 0.8 1

Normalized width 7] = —
W

\i

m Globally determined voltage -
m Signal flow of fluidic

Interface parameters User input
p \ Component geometry (w, h, L)
m Starts from upstream-most mobility and diffusivity D

sample reservoirs -~

t.. =1 +Af Lo
m Simultaneous simulation of L 00 _ g0t p oy 41, E) 4o
two or more samples in the . V.. V. Kirchhoff's law

buffer solvent

[#7734

Behavioral Model Structure
of Mixing Channel
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Model for Mixing Channels

S Carne

Fluidic Modeling
L

< »
< »
A

tin t°“t - tin +Al tout
in (out) _ (in) os oa-
" 4, = func(d,", D, w. w1, L, E) o0 ¢ 7 w) c:;i><
Vis I V., Z = v

n T Flow (u) T

Model Structure

c= Zd " cos (nzn)
n=Q

m Electric resistance and current Convection-diffusion equation

/ E-conductivity 2
R=—C o 1=2Y T
Z W
wh, R 7
Channel depth Boundary conditions:
m Mixing Time x|
Sampl 0
At = L/U ‘_elect?;nk?neetlc tout = tin + At 01
velocity (in)
m Concentration coefficients - Zd cos(nz7)

dr(]out) _ d(in)e—(nﬂ')zf ’ 7= At-D/w?
” foooA

Dimensionless Sample diffusivity
diffusion time



Model for Converging Intersections
= |
Model Structure Fluidic Modeling
; fo = maxX 0.1, ) t 6 (1) —',— . (n)
) ™~ func(dy . dn'.9) g & T
Vi Vi G (n)=3 4" cos(mn) v C, ()= d® cos(mm)

tout d rEOUt)V

out

m Electric resistance and current
R=R =R,,=0 .. =1 +1,
m Mixing Time
At=0 t,, = max( )

out

t( ) t(r)

In ! ~In
m Concentration coefficients
dg"‘“) dis+d{” (1-s)

l

1
m=ns

d (out)

n=0

m=0

f))/h.f,

+d's(fsm )+ f,sin(

" I lowt

0<n<s

Cout (77) =

mz (n—-5)

} s<n<l

Interface position S= I,/(II +1,)

(m-ns)z f,=(m+ns)z
(m+n-ns)z F,=(m-n+ns)z

_2{2( 1)"d{ (1-s)(cos(F,/2)sin(F,/2)/F, +cos(F,/2)sin(F,/2)/F,)

}+z( )s+d) )(1_5))



Model for Diverging Intersections

Model Structure
. diy

d") = func(d("
t, =t,

m Electric resistance and current

RI:Rr:Rout:0 Iinzll_i_lr

m Mixing Time

Left
stream 3

At=0 } 1:Iztr:tin
m Concentration coefficients
dd

—d™ + 4" sin(4)/4
m=1
m=n/s
_ZZd'“ 1) gsin(4)/ 1,1,
m= n/s

+ Z d (1+S|n(2¢1) (24,))

Right
stream

la0)

LE ._

=] -
el
M

Fluidic Modeling

ivd -cos(mszz) ¢, (n Zd cos(m;r(l S)(THLD

1—
Splitting position s=1,/(1,+1,)

f,=(m-ns)z f,=(m+ns)z
F=(m+n-ns)z F,=(m-n+ns)x

¢ =msz ¢, =m(1-s)x

di=di —Zdr‘n‘” sin(¢,)/¢,

m=n/(1-s)

=2 % d‘”>¢2sin(¢1)/F1F2

m=n/(1-s)
+ di" (¢, cos(g)—sin(4))/ ¢,

m=0
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Basic Models for Separation System
m Basic behavioral models
Name Description . Straight channe\! -

Channel Straight Channel i { e Cl\;ﬁggl e
elbow_1 Elbow of clockwise flow T e
elbow_2 Elbow of anti-clockwise flow >
U turn_1 Turn of clockwise flow Signal flow direction
U turn_2 Turn of anti-clockwise flow

_in L1=8
ar_in<gEs
toin<E 1y
ak_In< @28
amp_in =
Elbow_1 R1=1
angle = @
Clockwise

U turn
AL

=&

_in L1

ar_in<@
im0
Sh_in<di g
arnp_in<iz1=

U_bend_ 1 riz1m

angle = &

AMp_CU 1
sk_out<@ 28>
t_out=@{d

ar_out-<Pe >

ot | L2 =@

Elbow
AL
N
WY _out L2 =&
WV Or_oUT<EL]
B oout<B
OUt W sk_out <@ e
B amp_ou 1>
Elbow_2 R1=1
angle = @
=
= 1
LS O
s L 8 AN PN
\:;"Q:q@ @ ‘EEQ
S 0 5 Y
Gizvz | Anti-Clockwise [|:s¢
Eldods SlJE e
= Jed Jga
U
out i

=]

Clockwise

o

" out /|\

L2=a

Y
out{
118

o]

ar_out-<EE -
t_out<Ey
sk_outaai=
L 21

U_bend_2
angle = @

R1 = 1@

amp_in<dig >
ak_In<@Il>
t_in<@:1 ‘E
ar_in<fi8

_in L1=@

Anti-Clockwise



Interface Parameters and Model Structure |

E ._
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M

m [nterface parameters _
m Variance (o9 <

Separation time (t)

Skew coefficients (B,,)

Amplitude (A) Skew

Voltage (V)

m Globally determined voltage User input

Component geometry (w, L, R,)

m Signal flow of fluidic mobility 4 and diffusivity D
Interface parameters

C,,: Transversely
averaged concentration

Flow direction

m Starts from injector . 1 Ly =1, + A1 [
. . . B8 B = func(B™, D.w, u, L. E) F*B
= Simultaneous simulation of | %+ TG Do BB T
. . c,—»N ot ~ “in M0,
two or more SpPecCles In the . _ Jol o
an al te A;’. out //lm - i/ Oous HA@M
y , V. V., Kirchhoffs law
m_' '_V;uz

Behavioral Model Structure



Model: Separation Channels of Turn Geometry

_ _ Non-uniform velocity
m Electrophoretic velocity

E = AV/OR. % U = 4E pu=U-(L+(w-2y)/R.)"

Flow direction

Species mobility

m Variance
Input from upstream
A
N\
Ac? =2wW'r, £ Iw* ) ( (1 e Wt) J (ﬂ,mrt +g " —1)/% )/Z,f]
m=1,3,5...
m Skew coefficients Input from upstream
A
'4 \
(out) _ - 2 (in) -4, L inter-
B =+J (1-e7%) /22 + BV e e e

Small inter-
turn diffusion

2 \
J=80/r, A,=(mr)
t=R, /U 7, =t-D/W’



System Simulations

Mlxer atic Editing: Yi_Bikram_testb.. o DC an aIySIS
-, Sel: 0 3 m Electric variable (voltage/current)

Tools Design Window Edit Add Check Sheet

m Mixing performance

M -~
& N v Y g W m Microfluidic simulation
2 m Mixing time (t)

= L@ J m Conc. profile (d,)
2

Separation SyStemlﬂJ m DC and Transient Analysis

Sel: 0
Tools Design Window Edit Add cCheck Sheet | ReS O | u tl O n
M m Electropherogram
@ Transient Response
2 Species 0 Species 1 0: Species_@
G'_.‘\ . I \e@m = Species_1
@2 —> >
A Flow direction 5 9@.8m L
i Detector @.6a |

@.@ 2.8



Verification: Focusing and Multi-stream Mixers

M E M

Focusin g Width-wise concentration profile
(Knight, J.B., et al. 0.6
sample a é Samplea(® ) ¢ Eggguégl I;gg/;e\évglégtters. o5 [ Relative error 3 %
N 2 T ) | Speedup 12~250x
3 S - U AL L N
Sl % 04 i Kl " - ™.5=1/3
) . e u
= L, =8000 combiner 03 " .-
¢S LS =0 l:lm : - ¢S } Sample b U r'.-..-'"’. ."l‘..-‘.-.
Sample b Sample b channel ¢ } 02 -
° i s=0.1
§ channel 0.1 M
© b -
EATY channel . | . | . | . | .
-’ Sample b 0.0
0.0 0.2 0.4 0.6 0.8 10
n
Sampler Diverging Sample

(Koch, M. et al.)

n  Viueesy intersection Relative error 3%
w=800 pm JMM. 1998, 8, 123-126
e ) Speedup 12~250x
z L0 g
oy ” Je LA
08 |\ T ¢ P I 4
Y t i '
______ (34 i \ | * i 1
I [ [y zELr Lo
| 06 - i $o%% 1 Late i fore i
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c ! » ! Ve
S I | I - I ¥ ¥ y
2 | Converging I 0.0 | | | | | | L | L
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Verification: Serial Mixing Network

Concentration comparison

waste-2

Complete mixing Partial Mixing
it Channel Sche. Exper. Sche. Num. Error
g A, 1.0 1.0 1.0 1.0
A, 0.37 0.36 0.48 051 | 5.9%
J A, 0.22 0.21 0.186 | 0.195 4.6%
A, 0.125 0.13 0.081 | 0.086 5.8%
D> D3 D4 Ds A 0.052 0.059 | 0.029 | 0.0315 | 7.9%
lB1 B2 |Bs |[Bs |Bs |
— T S Caused by
U J L_ L_ . Buffer D=3.0x10"m?/s transitional field
Sz | S || Sa | Ss 1=2 x108m?/sV (assumed) at junction region
S1 _ _
- — -*—L — 1
behavioral
modil
At |Az |As A4 A .
simulation
schematic
iyt :':’Eﬁ i

(Jacobson, S.C. et al. Anal. Chem. 1999, 71, 4455-4459)




Verification: Double Complimentary Turns |

3.0

2.5

2.0

1.5

o2(x10* cm?)

1.0
0.5
0.0

. 4 Experiment :;

7] —s— Schematic k"“"'

i Numerical

10

— a
1 U

I I I I E:I I I I I I I I I
0 2 4 6 8 10 12
Separation time (s)

(C.T. Culbertson, S.C. Jacobson, J.M. Ramsey. Anal. Chem. 1998,
70, 3781-3789)

Schematic
simulations

14 16 18

}W

43,

360, ¢
Eopw. |

1096, [

S
orst relative Speedup
error 5%  500~10,000x
Transient Analysis
Before the 1st turn
T 3 ' B 9

70
K@
i After the 2nd turn
a b
@,@@-......M.
7.8 16, 13, 16, 1%,

Separation time (s)



Verification: Multiple Turns
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m Behavioral models used in complex EP system
m Good agreement and tremendous speedup

Serpentine of six turns Spiral of five turns
?Buffer £

uffer I'::hill'll'lﬂl

Sample b

Sample e

aste
Sample -

Sample ﬁ\ sample Wi’!ii Sm‘?ﬁl#

I.\.I_-_Ilj,_. F
Waste j tj H AHI
S g

. Waste Worst relative error 12% compared
Worst relative error 9.5% compared with experimental results

with numerical simulation
(C.T. Culbertson, S.C. Jacobson, J.M.
Speedup 600~15,000x Ramsey. Anal. Chem. 2000, 72, 5814-5819)



Simulation Framework of Lab on a Chip

Th Th' Ab
Buffer Th Th® Waste beh ) | O :
@ (2) £5) (6) ) enaviora "

model
n

Mixing ° ; B
Coils . Si mulataple _T_I
v . schematic =

Mixer —q
[eacion

Sample Waste
Chiem, Clin. Chem., 44, 591-598, 1998
(Chiem, Clin. Chem ) Bufferc—{

Injector

m First simulation on complete on Lab-on-a-chip
m Verilog-A simulated by Cadence/Spectre

m Two simulation phases
m Loading (Mixing, reaction and injector loading)
m Dispensing (injector dispensing, separation,detection)

|
] _=_=*

Sample
) waste

gieMellor

S

E M

Separation

waste
o

mMixing/Dilution
mReaction
minjection
mSeparation
=Detection



Conclusion

=y CarnegicMellon

E

m A composable system simulation framework built for
biofluidic lab-on-a-chip

m Behavioral Models implemented in analog hardware
description language (Verilog-A)

m Simulation results verified numerically and
experimentally (relative error ~< 10%)

m A tremendous speedup (10~15,000X) achieved

Acknowledgements

m DARPA
m NSF



