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Talk OutlineTalk OutlineTalk OutlineTalk Outline

MotivationMotivationMotivationMotivation
Technology overviewTechnology overviewgygy
Design of highDesign of high--throughput pinthroughput pin--
constrained labconstrained lab onon chipchipconstrained labconstrained lab--onon--chipchip

Array partitioning Array partitioning 
CrossCross--referencingreferencing--based biochipbased biochip
HighHigh--throughput droplet manipulationthroughput droplet manipulationgg g p p pg p p p

ConclusionsConclusions



Applications and Advantages Applications and Advantages 
of Labof Lab onon ChipChipof Labof Lab--onon--ChipChip

ApplicationsApplications
PointPoint--ofof--care clinical diagnostics, care clinical diagnostics, 
newborn screeningnewborn screening
E i t l it iE i t l it iEnvironmental monitoringEnvironmental monitoring
MassivelyMassively--parallel DNA parallel DNA 
sequencingsequencingq gq g
Automated drug discoveryAutomated drug discovery

Conventional Biochemical Analyzer

ShrinkAdvantagesAdvantages
AutomatedAutomated

Microfluidic Lab-
on-Chip

uto ateduto ated
Small sample/reagent costSmall sample/reagent cost
High sensitivityHigh sensitivity 20nl sampleHigh sensitivityHigh sensitivity



Why Do We Care?Why Do We Care?

System Driver 
for 2009: 
“Medical”

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



Motivation for MicrofluidicsMotivation for Microfluidics

Test tubes
Automation
IntegrationTest tubes Integration
Miniaturization

Robotics Automation
IntegrationIntegration
Miniaturization

Automation
Microfluidics Integration

Miniaturization



MicrofluidicsMicrofluidics
ContinuousContinuous--flow labflow lab--onon--chip: Permanentlychip: Permanently--etched microchannels, etched microchannels, 
micropumps and microvalves, electrokinetics, etc.micropumps and microvalves, electrokinetics, etc.
Digital microfluidic labDigital microfluidic lab--onon--chip: Manipulation of liquids as discrete chip: Manipulation of liquids as discrete 
dropletsdroplets

MultiplexingMultiplexing

Mixing: Static, 
Diffusion Limited

Biosensors: 

Diffusion Limited

Optical: SPR, Fluorescence etc. 
Electrochemical: Amperometric, 

Potentiometric  etc. 



What is Digital Microfluidics?What is Digital Microfluidics?gg
Droplet actuation is Droplet actuation is 

hi d th hhi d th hachieved through achieved through an an 
effect called effect called 
electrowettingelectrowettingelectrowettingelectrowetting

⎯⎯ Electrical modulation Electrical modulation 
of the solidof the solid--liquid liquid 
interfacial tensioninterfacial tension

No Potential Applied Potential



DemonstrationsDemonstrationsDemonstrationsDemonstrations

Video source: www.ee.duke.edu/research/microfluidics



Some Basic OperationsSome Basic OperationsSome Basic OperationsSome Basic Operations

TransportTransport Splitting/MergingSplitting/Mergingpp
25 cm/s flow rates, order of magnitude 
higher than continuous-flow methods

p g g gp g g g



Current CapabilitiesCurrent Capabilities

Digital microfluidic labDigital microfluidic lab--onon--chipchip
MIXERSTRANSPORT DISPENSING REACTORS DETECTION

INTEGRATE

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

Di it l Mi fl idi

y
Highly reconfigurable system

Digital Microfluidic

Lab-on-Chip

Protein crystallization chip
(under development)(under development)



Emerging Trends and Needs for Emerging Trends and Needs for 
L bL b ChiChiLabLab--onon--ChipChip

High throughputHigh throughputHigh throughputHigh throughput
DNA sequencing, 10DNA sequencing, 1066 base pairs base pairs 
Protein crystallization, 10Protein crystallization, 103 3 candidate conditionscandidate conditionsProtein crystallization, 10Protein crystallization, 10 candidate conditionscandidate conditions

Low costLow cost
Disposable lowDisposable low--cost less than $1/chipcost less than $1/chipDisposable, lowDisposable, low cost, less than $1/chipcost, less than $1/chip
PCB designPCB design

Rapid prototyping and inexpensive massRapid prototyping and inexpensive mass--fabricationfabrication
Copper layer for electrodes (coplanar grounding rails)Copper layer for electrodes (coplanar grounding rails)
Solder mask for insulatorSolder mask for insulator
T fl AF i f h d h bi iT fl AF i f h d h bi iTeflon AF coating for hydrophobicityTeflon AF coating for hydrophobicity

Disposable PCB device plugged into controller circuit board, Disposable PCB device plugged into controller circuit board, 
programmed and powered with USB portprogrammed and powered with USB portp g p pp g p p



ElectrodeElectrode--Addressing ProblemAddressing Problem
Direct Addressing:Direct Addressing:

Each electrode connected to an independent pinEach electrode connected to an independent pin

F l ( 100 100 l d )F l ( 100 100 l d )For larger arrays (e.g., > 100 x 100 electrodes)For larger arrays (e.g., > 100 x 100 electrodes)
Too many control pins Too many control pins high fabrication costhigh fabrication cost
Complicated wiring, too many PCB layers, high costComplicated wiring, too many PCB layers, high cost

PCB design 250 m ia hole 500 m 500 m electrodePCB design 250 m ia hole 500 m 500 m electrodePCB design: 250 um via hole, 500 um x 500 um electrodePCB design: 250 um via hole, 500 um x 500 um electrode

Via HolesVia Holes WiresWires



Solution Based on Array Partitioningy g
PinPin--constrained array designconstrained array design

AdAd R d b f i d d i fR d b f i d d i fAdvantageAdvantage: Reduce number of independent pins for : Reduce number of independent pins for nn x x m m array array 
from from n x mn x m to to k ≤ n x mk ≤ n x m

kk = 5 is fewest # of control pins to control single droplet= 5 is fewest # of control pins to control single dropletkk = 5 is fewest # of control pins to control single droplet = 5 is fewest # of control pins to control single droplet 

DisadvantageDisadvantage: Potential for unintentional interference between : Potential for unintentional interference between 
multiple droplets: no way to concurrently move multiple droplets: no way to concurrently move DDii to position to position multiple droplets: no way to concurrently movemultiple droplets: no way to concurrently move DDii to positionto position
(1,2) and (1,2) and DDjj to position (4,4)to position (4,4)

SolutionSolutionSolutionSolution
Single droplet: Single droplet: Addressing each electrode Addressing each electrode 
and its neighbors with distinct pinsand its neighbors with distinct pinsg pg p

Multiple droplets: Multiple droplets: Partition the chipPartition the chip

Need for stall cycles?Need for stall cycles?Need for stall cycles?Need for stall cycles?



Partitioning for PinPartitioning for Pin--Constrained Constrained 
DesignsDesigns

Droplet TraceDroplet Trace
all the cells traversed by a all the cells traversed by a 

droplet in its lifetimedroplet in its lifetimedroplet in its lifetimedroplet in its lifetime

Scheduling and placement Scheduling and placement 
information needed information needed 
Partitioning rulesPartitioning rules

nonnon--overlapping partitionsoverlapping partitions
spatially overlapping partitionsspatially overlapping partitions
temporally overlapping temporally overlapping 
partitionspartitionspartitionspartitions



Pin Assignment in Each PartitionPin Assignment in Each Partitiongg

Goal Goal 
Addressing each electrode and Addressing each electrode and 
its neighbors with distinct pinsits neighbors with distinct pins

Problem formulationProblem formulation
Vertex coloring problem from Vertex coloring problem from 
graph theorygraph theory

5 pins (colors) are sufficient for 5 pins (colors) are sufficient for 
h i i !h i i !each partition!each partition!

ConnectConnect--5 5 algorithm algorithm 
Bagua structureBagua structure
Tiling the Bagua structureTiling the Bagua structure



An ExampleAn Example
Schedule for a multiplexed bioassaySchedule for a multiplexed bioassay

A 15×15 array used for multiplexed bioassays

Partition and pin assignment results 
for the multiplexed bioassay



CrossCross--ReferencingReferencing--Based Based 
D iD iDesignDesign

Orthogonally placed pins on top and bottom platesOrthogonally placed pins on top and bottom platesOrthogonally placed pins on top and bottom plates Orthogonally placed pins on top and bottom plates 

AdvantageAdvantage
k = n x m k = n x m n + m  for a n by m microfluidic arrayn + m  for a n by m microfluidic array

DisadvantageDisadvantageDisadvantageDisadvantage
Suffers from Suffers from electrode interferenceelectrode interference



Electrode Interference Electrode Interference 
Unintentional Electrode Actuation Unintentional Electrode Actuation 
Selected column and row pins may intersect at multiple Selected column and row pins may intersect at multiple 
electrodeselectrodes

Unintentional Droplet ManipulationUnintentional Droplet Manipulation
1  
2  
3  1
4  
5  
6  

3
1

Unintentional Unintentional 
destination cellsdestination cells

7   
8  
9 2

destination cellsdestination cells

1  2  3  4  5  6  7  8  9  10
10



Efficient Droplet Manipulation Efficient Droplet Manipulation 
Method Method 

G lG lGoalGoal
Improve droplet manipulation concurrency on crossImprove droplet manipulation concurrency on cross--

f if i b d bi hib d bi hireferencingreferencing--based biochips. based biochips. 

9 steps needed if 9 steps needed if 
moving one dropletmoving one dropletmoving one droplet moving one droplet 
at a time (Too slow)at a time (Too slow)



Efficient Droplet Manipulation Efficient Droplet Manipulation 
Method Method 

ObservationObservationObservationObservation
Droplet manipulations whose Droplet manipulations whose destination cellsdestination cells belongs belongs 
to the same column/row can be carried out withoutto the same column/row can be carried out withoutto the same column/row can be carried out without to the same column/row can be carried out without 
electrode interferences.electrode interferences.

94

destination cellsdestination cells



Efficient Droplet Manipulation Efficient Droplet Manipulation 
Method Method 

MethodologyMethodology
Group droplet manipulations according to their  Group droplet manipulations according to their  p p p gp p p g
destination cellsdestination cells
All manipulations in a group can be executed All manipulations in a group can be executed 
simultaneously  simultaneously  

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



Efficient Droplet Manipulation Efficient Droplet Manipulation p pp p
MethodMethod

Problem formulationProblem formulationProblem formulationProblem formulation
Destination cells Destination cells NodesNodes
D ti ti ll i l /D ti ti ll i l / CliCliDestination cells in one column/row Destination cells in one column/row a Clique a Clique 
Grouping  Grouping  Clique partitioningClique partitioning
Optimal gOptimal groupingrouping Minimal cliqueMinimal clique--partitioningpartitioningOptimal gOptimal grouping  rouping  Minimal cliqueMinimal clique--partitioningpartitioning



Broadcast ElectrodeBroadcast Electrode--AddressingAddressinggg
ObservationObservation
“Don’t“Don’t--Cares” in ElectrodeCares” in Electrode--Actuation SequencesActuation Sequences
Electrode control inputs: 3 valuesElectrode control inputs: 3 values
“1”“1” activatedactivated1  1  ––-- activated activated 
“0” “0” ––-- deactivateddeactivated
“x” “x” ––-- can be either “1” or “0”can be either “1” or “0”
Therefore, activation sequences Therefore, activation sequences 
can be combined by interpreting “x”can be combined by interpreting “x” Floating electrodeFloating electrode

Example: A droplet routed 
counterclockwise on a loop of electrodes

Corresponding electrode activation 
sequences



Electrode Addressing Based on Electrode Addressing Based on 
Clique Partitioning in GraphsClique Partitioning in Graphs

IdeaIdeaIdea Idea 
Combining compatible sequences to reduce # of control pinsCombining compatible sequences to reduce # of control pins

CliqueClique--partitioningpartitioning--based methodbased method
ElectrodesElectrodes NodesNodesElectrodes Electrodes NodesNodes
Electrodes with compatible activation sequences Electrodes with compatible activation sequences a clique a clique 
Optimal combinationOptimal combination Minimal cliqueMinimal clique--partitioningpartitioningpp qq p gp g



Addressing Results Addressing Results gg

A biochip target execution of a Comparison of bioassay 
l ti ti i diff tmultiplexed assay completion time using different 
addressing methods

Addressing Addressing 
methodsmethods

Broadcast Broadcast 
addressing addressing 

ArrayArray--partitioningpartitioning--
based methodbased method

CrossCross--referencingreferencing--
based methodbased method

# of control pins # of control pins 2525 3535 3030pp



ConclusionsConclusions
HighHigh concurrencyconcurrency cancan bebe achievedachieved onon pinpin--constrainedconstrained lablab--onon--chipchip
usingusing aa numbernumber ofof methodsmethods

PartitioningPartitioning ofof thethe arraarra basedbased onon dropletdroplet mo ementmo ement patternspatternsPartitioningPartitioning ofof thethe arrayarray basedbased onon dropletdroplet--movementmovement patternspatterns
GroupingGrouping ofof dropletdroplet movementsmovements basedbased onon cliqueclique partitioningpartitioning
ExploitingExploiting flexibilityflexibility inin electrodeelectrode--actuationactuation sequencessequences

ArrayArray partitioningpartitioning::
SpecificSpecific toto targettarget application,application, numbernumber ofof pinspins determineddetermined suchsuch thatthat therethere
isis nono impactimpact onon assayassay completioncompletion timetime

CliqueClique partitioningpartitioning inin crosscross referencingreferencing::
IndependentIndependent ofof targettarget application,application, numbernumber ofof pinspins isis fixed,fixed, andand goalgoal isis toto
minimizeminimize impactimpact onon assayassay completioncompletion timetime

BroadcastBroadcast addressingaddressing::
SpecificSpecific toto targettarget application,application, numbernumber ofof pinspins determineddetermined suchsuch thatthat therethere
isis nono impactimpact onon assayassay completioncompletion timetime

GrowingGrowing interestinterest andand ongoingongoing workwork inin CADCAD forfor digitaldigital microfluidicmicrofluidic lablab--
onon--chipchip:: UniversityUniversity ofof TexasTexas (Austin),(Austin), NationalNational TaiwanTaiwan University,University,
PennPenn StateState University,University, RennsselaerRennsselaer PolytechnicPolytechnic University,University, etcetc..y,y, yy y,y,


