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Talk Outline

 Motivation

Technology Overview

— Microarrays

— Continuous-flow microfluidics: channel-based biochips
— “Digital” microfluidics: droplet-based biochips

Overview of Fabrication Method

Design Automation Methods

— Synthesis and module placement
— Droplet Routing

— Pin-Constrained Design

— Testing and Reconfiguration

Conclusions
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Motivation for Biochips

« Clinical diagnostics, e.g., healthcare for
premature infants, point-of-care diagnosis of
diseases

« “Bio-smoke alarm”. environmental monitoring

* Massive parallel DNA analysis, automated
drug discovery, protein crystallization

CLINICAL DIAGNOSTIC Lab-on-a-chip for
APPLICATION CLINICAL DIAGNOSTICS
Shrink
Microfluidic Lab-
on-a-Chip
SR

20nl sample

Higher throughput, minimal human intervention,
smaller sample/reagent consumption, higher

Conventional Biochemical Analyzer Sensitivity, increased productivity
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The Futility of Predicting Applications

Kroemer’s Lemma of New Technology:

The principal applications of any sufficiently new and
innovative technology have always been—and will
continue to be—applications created by that technology.

Herbert Kroemer, Department of Electrical and Computer
Engineering, University of California at Santa Barbara
Nobel Prize winner for Physics, 2000
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Tubes to Chips: Integrated Circuits

. Drlven by Informatlon Processing needs

IBM Power 5 IC
(2004)

IBM 701 calculator (1952)



Tubes to Chips: BioChips

* Driven by biomolecular analysis needs

Agilent DNA analysis
Lab on a Chip (1997)

Test tube analysis



\
sy the way, WHat's a biochip?

It’s a miniature disposable for an
HTS - High-Throughput Screening -
? (bio)analytical instrument

what does it do?

Essentially the same operations you did in hlgh school
chemistry class:
dispensing,
mixing,
detecting,
discarding,- —_——

just a lot cheaper and a lot faster than you did
10




'*pWhy do chips have to be small?

High-Throughput is why. If you do 10° assays in 10ul format,

cach time you do a reaction you’ll need 10 liters of reagents.
With the typical cost of biological reagents, even Big Pharma
can’t afford this.

V
By the way, Why High-Throughput?

» Because you need a lot of raw data for many applications

* Because, with the currently available technology, to produce
raw data that would keep a CPU busy for a few minutes
($0.1), you need a Ph.D. scientist and a couple of technicians
for a month ($10,000)
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Whyv Do We Care?

Functional Diversification (More than Moore

Sensors e
' ’

Interacting with people
and environment

Non-digital content
System-in-package
(SiP)

Scaling (More Moore)
[Geometrical & Equivalent scaling]

Baseline CMOS: CPU, Memory, Logic

'nformation
45nm Processing .

il omin System Driver for
32nm || System-on-chip Beyond 2009:

(SoC)

“Medical”

Intel Research Day 2007: Biochip prototype
2007 demonstrated for point-of-care diagnostics and
lab testing




Press Releases and News Items

NOVEMBER 10, 2005

Intel Takes Step Into Home Health Care

\)
By DON CLARK @Y’
. O6
Article Comments &,\
| emall 2] printer Friendly  Snare: |y YahooBuzz ¥ - | TetSze +| ng
O
Intel Corp. is taking #s next step in building a business n health care, introducing techrology to @Yy
help homebound patients with chronic medical problems. &,\2&

The Siicon Valley company, at 3@ medical
confiererce in New Orleans, announced a
series of trials with health-care organzatiors
of specialized hardware and software
developed by the chip maker. The tests are
designed to show whether the naw tools
oring improved resufts in treating cordtions
such as diabetes, hypertension and heart

disease.
VW Pl image | — A team of scientists at the Lawrence Berkeley National Laboratory won the SBronze for their

work in developing a microchip that, by analyzing DNA, is able to identify thousands of different
varieties of bacteria that might be present in air, water, soil, blood or tissue samples. The
PhyloChip can detect potentially disease-causing bacteria without the lengthy process of
growing cuttures, And unlike other genetic-testing methods, 1t can distinguish thousands of
different pathogens simutaneously.




Classification of Biochips

i

EEII -~ Biochips

]
Microfluidic biochi

[ T — ] icrofluidic biochips J

Digital ) Conti
igita ontinuous-

[ DNAarray Protein array microfluidic flow biochips

A// S j\
Chemical Thermal Acoustical Electrical
methods methods methods methods
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What are the main types of biochips?

Passive (array):

all liquid handling functions are performed by
the instrument. The disposable is simply a
patterned substrate.

Active (lab-on-chip, u-TAS):
some active functions are performed by the
chip itself. These may include flow control,

pumping, separations where necessary, and
even detection.

15



Microarrays

« DNA (or protein) microarray: piece of glass, plastic or silicon
substrate

« Pieces of DNA (or antibodies) are affixed on a microscopic array
« Affixed DNA (or antibodies) are known as probes Hybridized array

* Only implement hybridization reaction .
A ¢ T|A

g <T3 - DNA C|G| |C|G| |¢
Sample ClG| |A|[T] |G|C

C T T G[C| |A|T| |A|T

T A A Optical Scan AITIITIAITIA

A C G T (o8 TIA|l |G|C| [C|G

substrate substrate

ooooo

Unhybridized array .
aser

ovvuve
QQQQQ
Q0
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Types of Assays

1 Sample 2 Dilution 3 Chemical

Vinput ~ Ybuffer Y reagent rSample
@ @ O channel
f : ' Reaction

|

chamber

Separation channel

Separation
buffer

DNA Probe Assays “— Immunoassays — > Clinical Chemistry

Cancer detection Estrogens Cortisol Uric acid (Glucose
10 l 104 107 1010 l 1013l 1016l 10"  molecules/mL
) f
T T T Sodium
HIV in blood and concentrated airborne bioagents Creatinine Cholestrol

17



Fluidic Steps in Immunoassays

« Bind probe (antibody) to a substrate

» Wash substrate (removes unbound antibody)

« Add target solution to bind target (antigen) to probe (antibody)
« Wash substrate (removes unbound antigen)

« Add tagged antibody for detection

E

[L+0+[L £ ‘LC;)%}—- COLOR

Band Ab Erayme Ab
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Why is Biochemistry-on-a-Chip Difficult?

- L
; { 4] \

Synthesis

A+B

Analysis

Reaction Separation

Wy jolyon.co.uk
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Why is Biochemistry-on-a-Chip
Difficult?

why do 900
keep showing M@ |
that Stupid duck again
AL Yoo,




Motivation for Microfluidics

= 1 Automation
W /;]Test tubes O Integration

1 Miniaturization

. Sf Automation
Robotics M Integration

1 Miniaturization

E/ Automation

Microfluidics ~ # Integration
Miniaturization

21



Microfluidics
« Continuous-flow lab-on-chip: Permanently etched microchannels,
micropumps and microvalves

» Digital microfluidic lab-on-chip: Manipulation of liquids as discrete
droplets

Multiplexing

Photodiode Mixed Droplet (D uke Univers Ity)

\."% -~ . Electrical Pad

/ LED / % \ Mixing Sample
Electrowetting Electrode & Reagent
Biosensors:

/ Control \

electronics
(shown) are
suitable for
handheld or
benchtop

- \ applications /

Mixing: Static,

Diffusion Limited

Optical: SPR, Fluorescence etc.

Electrochemical: Amperometric,
Potentiometric etc.

/
Printed circuit board I
lab-on-a-chip —
inexpensive and
readily manufacturable
K s T R
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Electrowetting

* Novel microfluidic platform invented at Duke University
* Droplet actuation is achieved through an effect called

electrowetting
Electrical modulation of the solid-liquid interfacial tension

Insulation
Electrode - [

No Potential Applied Potential

A droplet on a hydrophobic The droplet’s surface energy

surface originally has a increases, which results in a

large contact angle. reduced contact angle. The

droplet now wets the surface.

23



Electrowetting: Physical Principles (l)

e Motion of droplets is based on the differences between
contact angles in the advancing and receding lines of a
droplet.

e When a droplet rests on a non-wetting solid surface, the
forces acting at the solid-liquid-vapor interface equilibrate
and result in a contact angle 6 between the droplet and
solid, as described by Young’s equation,

Y.y €08(0) =Yg, =V

Viv, YSV and Y gz are the liquid-vapor,
solid-vapor and solid-liquid surface
energies

24



Electrowetting: Physical Principles (ll)

e When an imbalance in these surface energies occurs (as in
the case of a droplet resting on a surface with a gradient
surface energy), a net force is induced

— Initiate droplet motion

e Imbalance can be induced by chemical, thermal, or
electrostatic means

— In the case of thermally-induced droplet motion, a surface
tension gradient can be induced by differentially heating the

ends of a droplet, since the surface tension of a liquid decreases
with temperature.

25



Electrowetting: Physical Principles (lll)

 Electrowetting-based actuation of droplets: electrical fields used
to induce surface tension gradients.
— Electrowetting effect =the surface energy can be directly modified
by the application of an electric field
 Consider a droplet resting on a electrode separated by a
hydrophobic insulator

— A potential is applied between the droplet and the electrode,
resulting in a capacitive energy E stored in the insulator. The
resulting energy is:

£,€,.4

E="0rp?
2d y
£,€,.4 |
= Vg (V) =74(0)- ; V - VT
2d Insulation : o
Contact angle change: Flectrod. I

£, A : ,
_ 0€ 2 Reference: P. Y. Paik, V. K. Pamula and K. Chakrabarty,
COS H(V) = COS 0(0) 4 “Adaptive Cooling of Integrated Circuits using Digital
Vv Microfluidics”, Artech House, Norwood, MA, 2007.
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What is Digital Microfluidics?

» Discretizing the bottom electrode into multiple electrodes, we can
achieve lateral droplet movement

PN

Continuous Electrode

Top Plate

=

I A !

& —

Note: oil is typically used to fill between the top and bottom

Discrete Electrodes

Droplet Transport (Side View)

plates to prevent evaporation, cross-contamination Pitch ~ 100 pm, Gap ~ 50 pm

27



What is Digital Microfluidics?

Transport
25 cm/s flow rates,
order of magnitude
higher than
continuous-flow
methods

For videos, go to www.ee.duke.edu/research /microfluidics
http:/ /www.liquid-logic.com/technology.html

28



What is Digital Microfluidics?

Splitting/Merqging

29



Demonstrations of Digital Microfluidics

Synchronization of many droplets

Power Supply

30



What is Digital Microfluidics?

“ Droplet Formation

.~ 8droplets in 3.6s

|
i
(ST
i~
A I
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What is Digital Microfluidics?

Mixing

32



Advantages

* No bulky liquid pumps are required
— Electrowetting uses microwatts of power

— Can be easily battery powered

« Standard low-cost
fabrication methods can be
used

— Continuous-flow systems
use expensive
lithographic
techniques to create
channels

— Digital microfluidic chips

are possible using solely
PCB processes

Droplet Transport on PCB (Isometric View)

33



Capabilities

 Digital microfluidic lab-on-chip

TRANSPORT DISPENSING MIXERS REACTORS DETECTION

= Basic microfluidic functions (transport,
splitting, merging, and mixing) have already
INTEGRATE been demonstrated on a 2-D array

— = - Highly reconfigurable system

Digital Microfluidic

|pH Buffer| |Prote1n| |pH Bufferl

Biochip
L .
e

Protein crystallization chip
(under development)




Controller

PCB-based
microfluidic
biochip

ic Debugger/Controller

DropletTAS - Digital Microfluidic Debugger/Controller Last Updated: May 31, 2006

User Mode | Port Address A
Programming Mode v Counts: [ 1 P

Load Chip Design

a.dsn 3
[m] [} =
d
g O v
H Dooo M3abaseline(RD).dsn is loaded. 10:0n(9)
o o o [m] O O O O 1t:on(12)
] ] ] )
] ] (] o a = = Electrode Information

Element Type: Electrode Invert
Electrical Pin #: 8 Output

[ show Busses [ Drag &Droplet [ Ground

Ooooo

[
oooo
[

[

Programming Window

@ loop-R2-R3.

[
oo

=

=

o = =
oo o o o 0og DO000EOCOO0O0O000EOOOO 5]
(] O Select electrodes to be ON, then "Enter”
a
[m] O Set Frequency at Hz
o g

Wait for ms

Select electrodes to be always ON

Loop from step to for v

Mouse Info:  Client (raw): x=756/y=9  Desktop: x=882/y=210 Logical: x=756/y=9 Adjusted: x=741/y=-56 - times. [ Repeat Program

Set Voltage at v |£| lﬂ B
Electrode Status

T | T o] [ (i oo s [ = T Runtime Wind
[l i et i) (i) [t it (ol lisffts] @ LED On uneme Window

(=]

e T () ) () ) (S S o) o off Program paused.
ooooojooooofiooooojoooooficoooojoooooooooolooooo) [ High Speed Mode
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An Example

« Detection of lactate, glutamate and pyruvate has also been
demonstrated.

« Biochip used for multiplexed in-vitro diagnostics on human
physiological fluids

- N ‘\
P \ e
A - . N
— i § —
. b
‘ . nu“m‘

Pipelining of fluidic operations in fabricated microfluidic array

36



Glass Chip Platform Development

— Chip Assembly

Top plate is either glued or fixed in place
by pressure

Contacts are made either through the
top or bottom

Droplets are either dispensed by hand or
formed from on-chip reservoirs

37

e Top Plate (Optional) (i.e. glass or plastic)

— Gasket Layer (100 to 600 um) (proprietary)
1 «<— Hydrophobic Layer (50 nm) (i.e. Teflon dip coated)

T Insulator Layer (1 to 25 ym) (i.e. parylene)

T~ Patterned Metal on Substrate
(i.e. chrome on glass via lift-off
process)




PCB Chip Platform Development

Fabrication Process

Gasket Layer

(Dry Soldermask) Flash Plating
\ (Copper)

Hydrophobic Layer
(Teflon AF) —» A —

Dielectric .—" |

(LPI Soldermask)

Top Metal Layer

(Copper) & :
Bottom Metal Layer / T
(Copper)

Via Hole Filling
(Non Conductive Epoxy)

« PCB Material — Mitsui BN300 — 64 mil

« Top Metal Layer (Electrodes) — Cu — 15um

« Bottom Metal Layer (Contacts) — Cu — 15um

* Dielectric — LPI Soldermask — 25 um

« Via Hole Filling — Non-conductive Epoxy

*  Hydrophobic Layer — Teflon AF — 0.05 to 1.0 ym

» Gasket (spacer) — Dry Film Soldermask (Vacrel 8140) — 4 mils (~95um after processing)

38



Computer-Aided Design: Vision

* Automate labor-intensive tasks, reduce burden on chip users

- Map bioassays to a fabricated chip: schedule fluidic operations,
determine droplet flow pathways, configure fluidic modules
dynamically, etc.

— Monitor the chip for defects that require remapping of bioassays

* Role of computer-aided de51g to rences
!iiuéeteé m O%Et diﬁg

But, configuration of a faulty chip and remap the

remaining steps of bioassay.
- Develop capabilities that mirror compiler and operating system support
provided to software programmers

- Obviate the need for tedious remapping of assays to the chip by hand for
each target application.

+ Similar to an FPGA? Logic 4mmmpInterconnects

39



Manageable Design Approach

« Diverse biotechnology functions major source of requirements for
microfluidic architecture _
* Agent Detection
* Precision Dispensing
* Enzyme Analysis
* Electrochromatography
* Capillary Electrophoresis
* Molecular/Protein Analysis
* [sotachophoretic Separation

Biomedical Fluidic
Functions: Func.1, Func.2,......,Func.n

n .

Elemental Set of « Transport
Operations: * Mixing

* Flushing

* Filtering

* Analysis

* Detection
* Monitoring

Elemental Set of

Components Comp. 1, Comp. 2,...,Comp. n Buffers
* Bu
- Leverage CAD techniques *Channels
» Current CAD techniques do not consider unique constraints :\l\fle‘il;:rss

* Cross-contamination between different bio-molecules

* Limited availability of stock solutions f% use in assay protocols



Similar to Concurrency in a PC!

Moazillz Firefox Start Page hrpswww._google.com/firefox?client=firefox-adrls=org. mozilla:en-US:...

Firefox Start

Goc -SIC Web |mages Groups News Maps

| Advanced Search

Google Search

for ch: E \ br r from Mozilla. Find
e abo

Call for Papers for January-February 2007
Special lssue on Biochips
Krishnendu Chakrabarty, Du
and Roland Thewes, Infineon Technologies (roland. thewes@infineon.com)

[EEEDesign & u test fault modeling.
a special issue on Bicchips, scheduled for January-  and reconfiguration),
February 2007

Biochips and bi Industrial ences and cass studies are espe-
ingly popular for DNA analysis, clinical diagnostics,  cially welcome.
and detection and manipulation of biomolscules.  To submit a manuscript, pleass access
Biosensor systems automate highly repatitive labo-  Manuscript Central, httpu/cs e manuscriptoentral
ratory tasks by com. and Issue on Bicchips. If you
with miniaturized and integrated devices, and they  wish 1o participate as er, please contact

nanoliters) of fluids. Thus, they are able to provide
ultra dtection at significantly lower costs per assay  The submissions schedule s as follows:

= 9 October 2006: Final copy du o dtma@
computer.org

a cover page with author contact information

fon do (name. postal address. phone, fax, and email

FoJ G, The 2006 DATE confer-  address) and a 150-word abstract Submitied manu-

W1l o>-host a workshop on biochips CAD. scripts must not have been previously publishad or

DST's spacial issus on biochips will focus on ~ currently submitted for publication elsewhere, and
dsign, inegration, and testissuss related 1o bicchips.  all manuseripts must be cleared f

Acceptad articles will b
arity, and readability
ines at htp://www. computer.org/

Testauthor gui
dvauthor htm.

cs, di
ion me =
¥ -
' design automation metheds (simulation, synthe-
of Compulen

sis, and layout); and.

DEPARTMENT OF ELECTRICAL & COMPUTER ENGINEERING TELEPHONE (919) 660-5252
BOX 90291 FAX (919) 660-5293
HTTPU/WWW.EE.DUKE. EDU

January 28, 2007

Prof. Radu Marculescu

Attn: Outstanding Ph.D. Dissertation Award
Carnegie Mellon University

Department of Electrical and Computer Engineering

5000 Forbes Avenue
CE ei Su for the At
(3 ign Automation.

Pittsburgh PA 15213-3890
sity 1n May 2006 and his thesis w

Dear Prof. Marculescu:

disSertation is titled “Synthesis, Testing, and Reconfigura
liques f or Digital Microf luidic Biochips”It is focused on design automat
and test methods for emerging lab-on-a-chip devices that rely on the principle
electrowetting-on-dielectric. By exploiting the reconfigurability inherent
droplet-based “digital” microfluidics, these devices are revolutionizing a w

ranoe of annlicatinone  ench  ac hich_thronchmit  ceaniencine  para

-

s f

Regyacbin

1 client

Addr
Compose Message
Profile Manager

Create Shortcut

The operating system manages complexity, allows multi-tasking!



Design Automation: Biochip Synthesis

* Full-custom bottom-up design - Top-down system-level design

Behavioral description of
biomedical assay

S1: Plasma, S2: Serum,

Architectural-level Synthesis

S §
Macroscopic structure of
biochip

E Plasma and Serum
i sampled and assayed for glucose,
i lactate, pyruvate and glutamate measuremen

Il

» Mixer

S3: Urine, S4: Saliva

Assay1: Glucose assay,
Assay?2: Lactate assay,
Assay3: Pyruvate assay,
Assay4: Glutamate assay

" Detedtor ™ $1, S2, S3 and S4 are

Memory

Geometry level Synthesis

Layout of biochip I #

™ Mixer

]

assayed for Assay1,
Assay2, Assay3 and
Assay4.

= Scheduling of

operations

» Binding to functional
resources

» Physical design




Sequencing Graph Model

nput
- ~ O~ b .
=T, SRS operations:

=~
,,,,,,, ) NNy TS T
,,,,, - Y N S~ Te-2 2mn Nodes
- - e N ~ -~
- - / I \ S ~ =<
\\\\\\\
..........................................
~~~~~
,,,,, ' S \ R1 \\ S~ R
\\\\\

~< N s LT Time Step

Mixing
operations:
mn Nodes

Detection
operations:
mn Nodes

)

~ AN ///
\ :
25

Sequencing graph model for multiplexed

bioassays ¥
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N

Storage unit is
required during
this time period



Mathematical Programming Model

Objective Constraints
. First define a binary = Dependency constraints
variable . St. = St,+ d(v) if there is a dependency
1 if operation v, starts /
X, = S between v, and v,
Bt otherwise L
_ timeslotj. = Resource constraints
Starting time of operation v; : = Reservoirs/dispensing ports
Sti = E Jx Xl-j Nr reservoirs/dispensing ports assigned to
j=1 each type of fluid (Nr = 1)
Completion time of operation: SX, =1, SXx; =<1
ivel lsvE,l,

C=max {St,+d(v):v.€D,,...,D }
= Reconfigurable mixers and
storage units

minimize C Nmixer(j) + 0.25 Nmemory(j)<sNa 1< j<T

Objective function:

= Optical detectors

Nd detectors are assigned to each
bioassay (Nd = 1)

] . .
Sx; <l XX;=l
iveD, [=j-d(v;) lgi%lTl=j_d(Vi)




Physical Design: Module Placement

Placement determines the locations of each module on the
microfluidic array in order to optimize some design metrics

High dynamic reconfigurability: module placement = 3-D

packing - modified 2-D packing

M

odule

3

T

M

odule

-D placement at t=t1

tr

M

odule

t2

-D placement at =tz

Madu

e 3

X Mpdule[2

(a) 3-D placement

M

pdule

(d) Modified 2-D placement

45

1

Reduction from
3_D placement
to a modified

2-D placement



Application to PCR

Tris-HCL
(pH 8.3)

\

Resource binding in PCR

Bovine serum

Beosynucleotide AmpliTag

KCL albumin Gelatin  Primer triphosphate DNA  LambdaDNA

@MZ M4

Protocol of PCR (mixing phase)

Operation

M1
M2
M3
M4
M5
M6
M7

Hardware

2x2 electrode array
4—-electrode linear array
2x3 electrode array
4—electrode linear array
4—-electrode linear array
2x2 electrode array
2x4 electrode array
46

aa
S QO0ONOUMAWN=0

Na2aaaaaa
QOUONOIUNDWN

7N\ 7\ 7\
[\ \ [\
A Y=y
M1 —~ N AL N/
[\ [\
\ M2] [ \
\ S\ /
/7?\ M6
\&f‘/
(M7 ]
Schedule of PCR
Module Mixing time
4x4 cells 10s
3x6 cells 5s
4x5 cells 6S
3x6 cells 5s
3x6 cells 58
4x4 cells 10s
4x6 cells 38



Application to PCR (Cont.)

Baseline: 84 cells (189mm=< ) from greedy algorithm Placement from the

M5 M2 simulated
"4 annealing-based
M1 —> 6 procedure
Time: 0~5s Time: 5~10s Modified 2-D placement Area: 7x9=63 cells
e o .
— 1 FTI: 0.1270
[ mEEE 10.5mm
---=:=---
BeReREaES
Time: 10~16s Time: 16~19s | 13.5mm |
Placement from M5
enhanced module M4 »
placement procedure
Time: 0~5s

Area: 7x11=77 cells

FTI: 0.8052 .

Time: 10~16s Time: 16~19s




Unified Synthesis Methodology

Input: Sequencing graph
of bioassay

Digital microfluidic
module library

Mixing components| Area | Time
2x2-array mixer |4 cells| 10s
2x3-array mixer |6 cells| 6s
2x4-array mixer |8 cells| 3s
1x4-array mixer |4 cells| 5s

Detectors
LED+Photodiode |1 cell | 30s

( Urired Syn

Output: \

. T

ified Synthesis of Digital Microf

Resource binding

Operation| Resource
01 2x3-array mixer
02 Storage unit (1 cell)
03 2x4-array mixer
04 Storage unit (1 cell)
05 | 1x4-array mixer
O6 | LED+Photodiode

Design
specifications

Maximum array area
Amax: 20x20 array

Maximum number of
optical detectors: 4

Number of reservoirs: 3

Maximum bioassay
completion time Tmax:

\50 seconds

v Schedule Placement
o
in_@f ¥
~
{03 04
\/ D
\/

~NO OOhs WN =0

Biochip design results: | Array area:

8x8 array ~ Bioassay completion time: 25 seconds

48




Protein Assay

Sequencing graph model

Sample dilution:

49

(Dlt32~39)

(DsR1~8)

Maximum array area:
10x10

Maximum number of
optical detectors: 4

Reservoir number:

1 for sample; 2
for buffer; 2
for reagent; 1
for waste

Maximum bioassay
time: 400 s



Protein Assay (Cont.)

« Microfluidic module library for synthesis

Operation
DsS; DsB; DsR

Dlt

Mix

Opt
Storage

Resource

On-chip reservoir/dispensing port
2x2-array dilutor

2x3-array dilutor

2x4-array dilutor

4-electrode linear array dilutor
2x2-array mixer

2x3-array mixer

2x4-array mixer

4-electrode linear array mixer
LED+Photodiode

Single cell

50

Operation Time (s)
7

12

8

5

7

10

30
N/A



Synthesis Results

Bioassay
:> completion time
T: 363 seconds

Biochip array:
9x9 array

Transparent cells (locations Top glass plate
of optical detection)

X < Bottom glass plate




Experimental Evaluation (Cont.)

 Results of the unified synthesis method

Reservoirs/dispensing

Reservoir/dispensing Optical detectors ports for buffer droplets
port for sample droplet N A
T AN 7
e =
- '/"4-‘?A> e
N2 ~=2— =
- ""A'Av" \ ﬁ.
ez /y - /} 4"47‘ S S
- B A W > - ’
/,/// : : M/Q/ I/‘/Q/I M/t} I 1/‘ L :E:l 1 =
e LA A A A A A A
= =

Reservoir for waste

Reservoirs/dispensing droplets

ports for reagent droplets (c)
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Experimental Evaluation (Cont.)

e Defect tolerance

Defective cells

Top glass plate

53

\
locations of optical detection

Defective cells are not

)

Bottom glass plate

Bioassay
completion time
T 385 seconds

(6% increase)



\( de3|gn problem fc

Droplet Routlng
1 &
w nt:

E“ ey
| O
JA\ plet pathways using t7

TRAC

—N rK 5&? aY; these routes are -
. Bl ~—r<es, or between mod

j.on- chlp reservoirs)

. 4 S outes with minim |

O %he minimization of tf / n - VLS|

* Need to satisfy critical constraints
— A set of fluidic constraints
— Timing constraints: (the delay for each droplet route does not

exceed some maximum value, e.g., 10% of a time-slot used in
scheduling)

s from architectu
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Fluidic Constraints

Directly

« Assume two given droplets as D, adjacent

and D;, and let X(f) and Y/(t)
denote the location of D, at time ¢

How to select the admissible locations at time t +17?

Diagonally
adjacent

[ Rule #1: |X(t+1) - X(t+1)] = 2 or [Y{(t+1) - Y(t+1)| = 2, i.e., their new J

locations are not adjacent to each other.

12 —

~
Rule #2: [X{(t+1) - X{(f)| = 2 or [Y(t+1) - Y{({)| = 2, i.e., the activated
cell for D, cannot be adjacent to D,.
L Rule #3: |X|(t) - X(t+1)| = 2 or [Y(t) - Y(t+1)| = 2. y

Static fluidic constraint Dynamic fluidic constraints
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Experimental Verification

(a) (b)
(a) Experimental verification of Rule #1: droplets begin on electrodes 1 and 4; (b) Electrodes 2
and 3 are activated, and 1 and 4 deactivated; (c) Merged droplet.

5(4)3(2)1
6 | Di D;
7

8

(b)

(a) Experimental verification of Rule #2: droplets begin on electrodes 2 and 4; (b)
Electrodes 1 and 3 are activated, and 2 and 4 deactivated.
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Experimental Verification (Cont.)

(a) Experimental verification of Rule #3: droplets begin on electrodes 4 and 7; (b) Electrodes 3
and 6 are activated, and 4 and 7 deactivated; (c) Merged droplet.
« To demonstrate that adherence to Rule #1 is not sufficient to prevent

merging. Both Rule #2 and Rule #3 must also be satisfied during droplet
routing.

* These rules are not only used for rule checking, but they can also provide
guidelines to modify droplet motion (e.g., force some droplets to remain
stationary in a time-slot) to avoid constraint violation if necessary
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Unified Synthesis

 PRSA-based unified synthesis method

— genetic algorithms using Boltzmann trials
during evolution

 (Goal:

— Carry out scheduling, resource binding, and module
placement under design specifications

* Cost function
— (axA/Amax+(1-a)x T/Tmax)
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Drawback of Unified Synthesis Method

 Routing-oblivious synthesis
— No guarantee of feasible routing pathways

e Requires powerful post-synthesis routing tool
— Time-consuming method

Route
Start

" e
y HEN
9

1, [] Guard Ring

Route
Destination

No pathway exists between M; and M,

Routing considerations needed for synthesis!
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Routing-Aware Synthesis
* Routability estimation

— Interdependent modules
— Distance between interdependent modules

Distance =0
for overlapping
interdependent
modules
Interdependent
operations

ﬁance =8

Mixer

Interdependen
Module Pair

Detector
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Routing-Aware Unified Synthesis

* Routing distance

Average distances between all the interdependent module pairs
D(G) = 2.D(M;, My) /N,
— {M, ,M,} — interdependent module pair

— N, — # of interdependent module pairs in a given design G

nt

Synthesized results with
high routing distance are
likely to have unroutable

interdependent module
pairs

Route
Start

Route
Destination

[] Guard Ring
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Routing-Aware Unified Synthesis

e Routability
R(G) = -D(G)
 Integrate into unified synthesis method

for every chromosome design (layout) do routability estimation
Add to cost function

Fitness = aArea + BTime + yRoutability

a,B,y are weights that can be fine-tuned according to different design
specifications

e Candidate designs with low routability are discarded
during evolution
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Routing-Aware Unified Synthesis

e Adjusted completion time
— Non-negligible droplet routing time
for routing algorithm from Su et al. (DATE 20006)
— Time-slack method

Interdependent module

Routing plan generated
routing time calculated

Combine with scheduling result

Conflict found?
Yes No

[ Time slack added J|:l'>[ Ziztullr;ds;(:ndent J
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Experimental Evaluation (Protein Assay)

* Routing-oblivious method versus routing-aware method

Y\ > o /v
Interdependent modules are placed closer in routing-aware synthesis
Sl S Sl S

Interdependent
Storage Modules
Units Distance = 2
Interdependent
Modules
Distance =7
O cuard Ring 0 cuard Ring
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Experimental Evaluation

 Feasible design region
— Feasibility boundary point:
no other points (7,,, A, ) such that G; is routable and T, < T;, A, < A;.

— Feasibility frontier
Feasible design region — area above the feasibility frontier

180
—&— Routing-oblivious synthesis
160 == Routing-aware synthesis
14
120¢

100 ! l\..

Qo
o

Area limit (number of electrodes)

6 [ [ [ [ [ [ ]
gZO 340 360 380 400 420 440
Time limit (s)
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Experimental Evaluation

e Adjusted completion times (includes droplet
routing time)

4307 Bl Routing-oblivious synthesis
400+ Routing-aware synthesis

371 s

W

N

e
T

336 s

N N W

) N )

o e e
T T T

Adjusted completion time (s)
n
<

[u—
()
(o)

110 120 130 140
Array size (number of electrodes)
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Direct Addressing: Problems

« Most design and CAD research for digital microfludic
biochips has focused on directly-addressable chips

— Suitable for small/medium-scale microfluidic electrode arrays
(e.g., with fewer than 10 x 10 electrodes)

« For larger arrays (e.g., > 100 x 100 electrodes), multi-
layer electrical connection structures and complicated
routing solutions are needed

— Product cost: major market driver due to disposable nature of
devices

— Multiple metal layers for PCB design: reliability problems, higher
fabrication cost

« Goal: Reduce number of independent control pins

— Reduce input bandwidth between electronic controller and
microfluidic array while minimizing any decrease in performance
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Design of Pin-Constrained Biochips
Direct Addressing

« Each electrode connected to an independent pin

» Forlarge arrays (e.g., > 100 x 100 electrodes)

— Too many control pins = high fabrication cost
— Wiring plan not available

PCB design: 250 um via hole, 500 um x 500 um electrode

/

Via Holes <

Wires

Nevertheless, we need high-throughput and low cost:

DNA sequencing (10° base pairs), Protein crystallization (103 candidate
conditions)

Disposable, marketability, $1 per chip
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Pin-Constrained Biochip Design

* Pin-constrained array design
— Advantage: Reduce number of independent pins for n x m array
fromnxmtok<nxm
k=5 is fewest # of control pins to control single droplet

— Disadvantage: Potential for unintentional interference between
multiple droplets: no way to concurrently move D; to position (1,2)
and D; to position (4,4)

 Solution ‘
. . H 2 3
— Single droplet: Addressing each electrode D;

and its neighbors with distinct pins L 8 [ 6

— Multiple droplets: Partition the chip 5 4 9

« Need for stall cycles? 1 2 ‘/
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Pin-Constrained Biochip Design

* Pin-constrained array design
— Advantage: Reduce number of independent pins for n x m array
fromnxmtok<nxm
» k=5 is fewest # of control pins to control single droplet

— Disadvantage: Potential for unintentional interference between
multiple droplets: no way to concurrently move D; to position (1,2)
and D; to position (4,4)

« Solution
. _ L 2 3 8
— Single droplet: Addressing each electrode D; <
and its neighbors with distinct pins H 7 6 5

— Multiple droplets: Partition the chip
* Need for stall cycles?
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Pin-Constrained Biochip Design

* Pin-constrained array design
— Advantage: Reduce number of independent pins for n x m array
fromnxmtok<nxm
k=5 is fewest # of control pins to control single droplet

— Disadvantage: Potential for unintentional interference between
multiple droplets: no way to concurrently move D; to position (1,2)
and D; to position (4,4)

 Solution ‘
. . H 2 3
— Single droplet: Addressing each electrode D;

and its neighbors with distinct pins L 8 [ 6

— Multiple droplets: Partition the chip 5 4 9

« Need for stall cycles? 1 2 ‘/
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Pin-Constrained Biochip Design

* Pin-constrained array design
— Advantage: Reduce number of independent pins for n x m array
fromnxmtok<nxm
k=5 is fewest # of control pins to control single droplet

— Disadvantage: Potential for unintentional interference between
multiple droplets: no way to concurrently move D; to position (1,2)
and D; to position (4,4)

« Solution H‘ S
— Single droplet: Addressing each electrode D;
and its neighbors with distinct pins H ‘ /7 6 5
— Multiple droplets: Partition the chip 5 4 9 1 D
 Need for stall cycles? 1 T3 i '
H L H
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Partitioning for Pin-Constrained

Designs
+ Goal

Detectorl(x,y)

Detector2(x,y)

Detector3(x,y)

Each partition has exactly Droplet 1 (8, 3)

(8.9

(5. 9)

one droplet in it Droplet 2 (3.2)

_(3.9)

3. 6)

 Droplet Trace
— All the cells visited by a droplet
in its lifetime
— Can be derived from
synthesis output: scheduling,
droplet routing, and placement Partition 2

 Partition

4 Dy =) 00O

1234567289

= Droplet Trace + “Guard ring” (to avoid inadvertent mixing)

73
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Partition 1

Droplet Trace



Pin Assignment in Each Partition

« Goal
— Addressing each electrode and its
neighbors with distinct pins (“cross” constraint)
— 5 pins is minimum

—
N W

* Problem formulation
— Vertex coloring problem from graph theory

=

N

4



Pin Assignment in Each Partition

« 5 pins (colors) are sufficient for !

each partition!
« Connect-5 algorithm 1
— Bagua structure
— Tiling the Bagua structure
— Implementation

shifting a ordering by 2 Bagua structure and its
repetition in a square partition

1 12 3 51 2 3 45
1 2 3 1 2 2 3 4512

1 12 3 4 512 3 4

1 1— 1 2 3 1—» 1 2 3 4 5 1
1 3 12 3 3 45123

1 12 3 51 2 3 45
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Pin Assignment in Each Partition

. 1l
* Number of pins need 11 B
= 5xnumber of partitions EERNE
L . 1HEN
» Cross constraint is not violated I

— Not violated in Bagua repetition 1
— Not violated in the partition

« Easy for wiring
— 2 pins can be wired on one
layer of PCB without intersection
—[5/2]= 3 PCB layers
is sufficient for wiring all the pins
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An Example

Schedule for a multiplexed bioassay

Step/Time Operation

Elapsed (s)

Step 1/0 Sample 2 and Reagent 2 start to move towards the mixer.

Step2 /0.8 Sample 2 and Reagent 2 begin to mix together and turn
around in the 2x3-array mixer.

Step 3/6.0 Samplel and Reagent 1 start to move towards the mixer.
Sample 2 and Reagent 2 continue the mixing.

Step 4 /6.8 Sample 2 and Reagent 2 finish the mixing and product 2
leaves the mixer to optical detection location 2.
Sample 1 and Reagent 1 begin to mix in the 2x3-array
mixer.

Step5/128 Sample 1 and Reagent 1 finish the mixing and product 1
leaves the mixer to the optical detection location 1.
Product 2 continues the absorbance detection.

Step6/198 Product 2 finishes optical detection and leaves the array to
the waste reservoir.
Product 1 continues the absorbance detection.

Step7/258 Product 1 finishes optical detection and leaves the array to
the waste reservoir. One procedure of the multiplexed
bioassays ends.

Detec{on site 1

"

)etecn'on site 2
-

-
Sample 1 Sample 2
Test
stimult 2x3-amray
droplet mixer
[T
Droplet Droplet
source sink
Reagent 1 | Reagent2

A 15x15 array used for multiplexed bioassays

Partition and pin assignment results

for the multiplexed bioassay

Bl Partition 1
B Partition 2

Partition 3
[ Partition 4
B Partition S




Pin-Constrained Biochip Design

e Cross-referencing
Orthogonally placed pins on top and bottom plates

Advantage
k=nxm=> n+m foran by m microfluidic array

Disadvantage

Suffer from electrode interference

Bottom Top
electrode — | -\_gl:}c}rode
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Electrode Interference

e Unintentional Electrode Actuation

Selected column and row pins may intersect at multiple electrodes

e Unintentional Droplet Manipulation

1

2

3

4 '\ Unintentional

5 \\ destination cells
6 _—]

7 L= destination cells
8 ] «

: 21

10

12345678910
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Efficient Droplet manipulation Method
e Goal

— Improve droplet manipulation concurrency on cross-referencing-
based biochips.

= Qr
: 9> 40 9 steps needed if

9 ? moving one droplet at a
: time (Too slow)
s SRR s 2
SRR SRR

12 3 4 5 6 7 8 9 10
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Efficient Droplet Manipulation Method

e Observation

— Droplet manipulations whose destination cells belongs to the
same column/row can be carried out without electrode
interferences as long as fluidic constraints are not violated.

0=

?
$

"é 0-5-0

¢
O=

-0

123 4567 8 9 10

=

12 3 45 67 89 10
1 2 3 45 67 89 10

12 4 6§ 7 8\9 10

destination cells



Efficient Droplet Manipulation Method

e Observation

— Droplet manipulations whose destination cells belongs to the
same column/row can be carried out without electrode

interferences.
- @
N
w
wn
; (8 2
Lr]
N %
123 4567289 destination cells
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Efficient Droplet Manipulation Method

e Methodology

— Group droplet manipulations according to their
destination cells

— All manipulations in a group can be executed
simultaneously

The goal is to find the optimal grouping plan which results in
the minimum number of groups.
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Efficient Droplet Manipulation Method

* Problem formulation

Destination cells = Nodes

Destination cells in one column/row - a Clique

Grouping -> Clique partitioning

Optimal grouping -> Minimal clique-partitioning (NP-Complete)

-9 e 0

19 e

E é 0; ‘ 2.n0de
: 0 @ clique

12 3 4 5 6 7 8 9 10
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An Example

e Biochip used for multiplexed in-vitro diagnostics on human
physiological fluids

Detection site 1  Detection site 2
N /‘3
Y AR XY

Sample 1]

{4 2x3-array

: mixer
Droplet Droplet
source sink

Reagent 1 Reagent 2

Synthesized microfluidic array used for multiplexed biomedical assays
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An Example

e Significant reduction of manipulation time
Jrom 35 seconds (moving one droplet at a time) to 15 seconds !
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Broadcast Electrode-Addressing

Observation

“Don’t-Cares” in Electrode-Actuation Sequences

Electrode control inputs: 3 values
“1” — activated
“0” — deactivated

(131

x” — can be either “1” or “0”
Therefore, activation sequences
can be combined by interpreting “x”

Ez| Es| Es

Example: A droplet routed counterclockwise
on a loop of electrodes

87

N
F \ 0 { 1 0
N
E, E. Es E4
Floating electrode
Electrode 1 2 3 + 5 6 7 8
Activation 0 1 0 0 X X X X
Sequence 1 0 0 X X X X 0
0 0 X X | X | X 0 1
0 X X X | X 0 1 0
X X X X 0 1 0 0
X X X 0 1 0 0 X
X X 0 1 0 0 X X
X 0 1 0 0 X | X X

Corresponding electrode activation

sequences




Solution Based on Clique Partitioning

 |dea

— Combining compatible sequences to reduce # of control pins

« Clique partitioning based method

Electrodes - Nodes
Electrodes with compatible activation sequences - a clique
Optimal combination - Minimal clique-partitioning

Electrode
Activation
Sequence

O = o XK KRR
=S e sR el
= e =)

—_ O A A KO O|w
M o o= o
oA A o o = o Ao

O KA AR AL O =

MK H Koo~ o
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Solution Based on Clique Partitioning

Bioassay synthesis Reduced number

results of control pins

Extract Combine

Scheduling &
droplet routing plan

Clique partitioning
Result

Calculate Generate

Activation sequence Map

Undirected graph

for each electrode
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Application to a Multiplexed Bioassay

Detection site 1 Detection site 2
N i

Sample T T Sample 2

Test
stimuli

- 3x3-array

dl'op]et mixer
€:c K
Droplet I < Droplet
source sink

Reagent 1 l_{eagent

A biochip target execution of a Sequencing graph model of the
multiplexed assay multiplexed assay

 Aglucose assay and a lactate assay based on colorimetric enzymatic reactions

* 4 pairs of droplets — {S1, R1}, {S1, R2}, {S2, R1}, {S2, R2}, are mixed in the mixer in
the middle of the chip, the mixed droplets are routed to the detector for analysis
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Bioassay completion time (s)

Broadcast
addressing
method

Cross-referencing-
based method

Array-partitioning-
based method

NN

Comparison of bioassay completion time using different addressing methods

Addressing Broadcast Array-partitioning- Cross-referencing-
methods addressing based method based method
# of control pins 25 35 30
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Application to Multi-functional
Chip
* Multi-functional Chip

— biochips targeting the execution of a set of (multiple) predetermined
bioassays

« Application of Broadcast Addressing to Multi-functional Chips

Key idea: treat the union of the target bioassays as a single
bioassay

— Collect droplet routing and schedule information for each target
bioassay

— Calculate activation sequences for each bioassay

— Merge the activation sequences from the different assays and obtain a
collective activation sequence for each electrode

— Note that merging of activation sequences can be carried out in any
arbitrarily-chosen order
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Addressing Results

DsS () () DsBr Sample dilution:

o8: Q) on Qo :

t
-------------------- '-‘--,-"------—‘-- o

(DsB4~7)

"""""""""""" oney
QO O (0sBe1) /g
‘ ‘ (Dltg~15)
) | QD _(DsBre-3)  opq6
" (Dhtte~23)
M(ESEE G2
(Dlt24~31)
. ] OO 1 |y ™ | @ (DsB3z~39) .
Sequencing graph model of the SR AR L AW El (K "‘{(52553'255)‘ Cc/64
multiplexed assa W @ ® @ 6 s
y , W W @ W W ORY - cpag
Tris-HCL Bovine serum Beosynucleotide AmpliTag (Mix1~8)
(PHS8.3) KcL albumin  Gelatin Primer triphoshate  DNA LamdaDNA B s b e e e s S e ; Opn 8)

Sequencing graph model of protein
dilution

Sequencing graph model of
Polymerase Chain Reaction (PCR)
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Addressing Results

18|12 |24 )
PG Chip layout and broadcast-
28 ;2 ‘5‘2 ': :: hnd I addressing result for the
36 3 24 multi-functional chip for
3512411192218 |5 |6 (25)|33|34(27|28
17 S |13|21 23
24/10{26 21|22] 8 21)37(43 1. Multiplexed assay
19 10 8
27|12| 11|23 2a|13 |18 [37[15 | 22| 28| 13[ 17 3. PCR assay
‘: 283 :ﬁ 3. Protein dilution assay
24| 8| 7 14 5|8 |24
2
4

Total number of control pins: 37

The addition of two assays to the biochip for the multiplexed assay
leads to only 13 extra control pins
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Reconfigurability

« Common microfluidic operations

— Different modules with different performance levels (e.g., several
mixers for mixing)

— Reconfiguration by changing the control voltages of the
corresponding electrodes

2x4-array mixer 1x4-array mixer  2x3-array mixer  2x2-array mixer

i

Mixing ~29s ~46s ~06.18 ~995s
time
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Reconfiguration and Graceful Degradation

« Reconfigure the faulty module
— Avoid defects (faulty cells)
» Reconfiguration: bypass faulty cells

— No spare cells; use fault-free unused cells

» Defect tolerance in design procedure (increase in design
complexity)

— Incorporate physical redundancy in the array

» Spare cells replace defective cells (local reconfiguration,
application-independent)

i i i i
(a) (b) (c) (d)
Cells used in the transportation bus 7/ Cells used in the mixer

Transparent cells available for optical detection . Faulty cells
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Testing of Digital Microfluidics Biochips

Stimuli: Test droplets; Response: Presence/absence of droplets

Cause of Defect No. | Fault Observable

defect type cells | model error

Excessive Dielectric 1 | Droplet-electrode Droplet undergoes
actuation breakdown short (short between | electrolysis; prevents
voltage the droplet and the further

applied to electrode) transportation

electrode

Electrode Irreversible 1 | Electrode-stuck-on Unintentional droplet
actuation for | charge (electrode remains operations or

excessive concentration on constantly activated) | stuck droplets

duration electrode

Excessive Misalignment of 1 | Pressure gradient (net | Droplet transportation
mechanical | parallel plates static pressure in some | without activation voltage
force applied | (electrodes and direction)

to chip ground plane)

Coating Non-uniform 1 | Dielectric islands Fragmentation of droplets
failure dielectric layer (islands of Teflon and their motion is

coating)

prevented
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More Defects in Digital Microfluidic Biochips

Cause of Defect No. | Fault Observable

defect type cells | model error

Abnormal Grounding 1 | Floating droplets | Failure of droplet

metal layer failure (droplet not transportation

deposition anchored )

anq et.ch Broken wire to 1 | Electrode open Failure to activate the

Var1.at10n Control source (actuation not electrode for droplet

durlpg , possible) transportation

fabrication
Metal connection 2 | Electrode short A droplet resides in the
between adjacent (short between middle of the two shorted
electrodes electrodes) electrodes, and its transport

cannot be achieved

Particle Particle connects 2 | Electrode short

contamination or | two adjacent

liquid residue electrodes

Protein Sample residue 1 Resistive open at Droplet transportation is

absorption on electrode electrode impeded.

during bioassay | surface Contamination Assay results are outside the

range of possible outcomes
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Electrical Detection Mechanism

Minimally invasive

Easy to implement (alleviate Electrically control and

the need for external devices) track test stimuli droplets

Fault effect should be

unambiguous Periodic square waveform

If there is a droplet, Capacitive changes reflected in electrical
output=1; otherwise, signals (Fluidic domain to electrical
output=0 domain)

Fault-free : there is a Droplet entering .
droplet between sink  ouu: ‘ ‘ Ihcglectmde E 32"&':;1‘3;‘;‘”
electrodes

Faulty: there is no -
droplet.

Z
1N5231

SV

Gnd o




Experimental Platform

« Understand the impact of certain defects on droplet flow, e.g., for
short-circuit between two electrodes

— To evaluate the effect of various defects on microfluidic behavior

l
Microscope and
CCD camera

i Chip-under-test
electronic

controller
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Topics Not Covered

« Testing and fault diagnosis (Yang, Xu and Chakrabarty, ITC
2008; Xu and Chakrabarty, TBCAS 2007)

* Droplet routing to avoid cross-contamination (zhao and
Chakrabarty, DATE 2009)

« Design and optimization of a protein crystallization
chip (Xu, Chakrabarty and Pamula, ICCAD 2008)

» Optimization of solution preparation (Xu, Pamula and
Chakrabarty, BioCAS Conf., 2008)
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Conclusions

Digital microfluidics offers a viable platform for lab-on-chip for clinical
diagnostics and biomolecular recognition

Design automation challenges

Automated synthesis: scheduling, resource binding, module placement; droplet
routing; testing and reconfiguration

Bridge between different research communities: bioMEMS, microfluidics,
electronics CAD and chip design, biochemistry

Growing interest in the electronics CADand circuits/systems communities

Special session on biochips at CODES+ISSS’2005 (appeared in CFP now)
Special issue on biochips in IEEE Transactions on CAD (Feb 2006), IEEE Design &
Test of Computers (Jan/Feb’07), invited papers in TCAD 2009, TCAS-I 2009
Workshop on biochips at DATE’06

Tutorials on digital microfluidic lab-on-chip at DATE’07, ISCAS’08, ISCAS’09,
VDAT 2007; embedded tutorials at VLSI Design’05, ISPD’08

Other notable activities in digital microfluidics: University of California at Los
Angeles, University of Toronto, Drexel University, IMEC (Belgium), Freiburg
(Germany), Philips (Netherlands), Fraunhofer Institute (Berlin, Germany),
National Taiwan Univ., Tech. Univ. Denmark, Univ. Texas, and many more....
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