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Abstract.  This paper presents an approach to coordinate the motions of droplets
in digital micro uidic systems used for biochemical analys is. A digital micro uidic
system typically consists of a planar array of cells with ele ctrodes that control the
droplets. The primary challenge in using droplet based systems is that they require
the simultaneous coordination of a potentially large numbe r of droplets on the array
as the droplets move, mix, and split. This paper describes a general-purpose system
that uses simple algorithms and yet is versatile. First, a semi-automated approach
to generate the array layout in terms of components is explained. Next, simple
algorithms to select destination components for the droplets and a decentralized
scheme for components to route the droplets on the array are discussed. These are
then combined into a recon gurable system that has been simulated in software to
perform DNA polymerase chain reaction and other analyses. The algorithms have
been able to successfully coordinate hundreds of droplets énultaneously and per-
form one or more chemical analyses in parallel. Since it is challenging to analytically
characterize the behavior of such systems, methods to detet potential instabilities
are proposed.

1 Introduction

The eld of micro uidics has been revolutionized recently by the creation
of miniature biochemical analysis systems using microfabcation technology.
These systems are often termednicro total analysis systemsor \lab on a
chip" systems. These systems o er a number of advantages, oluding size
reduction, power reduction, and increased reliability. Hovever, current sys-
tems are typically tailored to a speci c task. Therefore an important goal is
to create recon gurable and reprogrammable systems capabl of handling a
variety of analysis tasks.

Digital micro uidics systems (DMFS) that use techniques such as elec-
trowetting and dielectrophoresis are promising candidats for recon gurable
systems ([21], [14],[19], [7]). We focus on micro uidic syems that manipu-
late discrete droplets by electrowetting, where the interfcial tension of the
droplets is modulated with a voltage [19]. Droplets are micpliters in volume,
and have been moved at 12{25 cm/sec on planar arrays of 0.15 cmide elec-
trodes. (See [10] and [7] for details.) The ability to contrd individual droplets
on a planar array enables complex analysis operations to begsformed in bio-
chemical \lab-on-a-chip" systems (Figure 1). For example,they can be used
to perform polymerase chain reactions for DNA sequence angsis. For many
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biochemical analysis operations, no special purpose des are required aside
from the array itself. These systems have the potential to pocess hundreds
of samples quickly. The primary challenge of using droplet bsed systems
is developing algorithms for the simultaneous coordinatio of a potentially
large number of droplets. Planning optimal paths through the array for each
droplet would be computationally intractable for a large number of droplets.
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Fig.1. Droplets on an electrowetting array (side and top views). Dr oplet motion
is controlled by turning the control electrodes on and o. Ba sed on [19].

This paper describes an approach to creating a general-pugse DMFS.
First, a semi-automated approach to design the array layoutin terms of
modular components is explained, along with the motivating design choices.
Next, simple algorithms to select destination componentsdr the droplets and
a decentralized scheme for components to route the dropletare discussed.
These are then combined into a recon gurable system that hadeen simulated
in software to perform DNA polymerase chain reaction and otter analyses.
The algorithms have been able to successfully coordinate madreds of droplets
simultaneously and perform one or more chemical analyses iparallel. Since
it is challenging to analytically characterize the behavia of such systems,
methods to detect potential instabilities due to congestio are proposed.

2 Related Work

Digital Micro uidic Systems: Pollack, Fair, and Shenderov [21] demon-
strated rapid manipulation of discrete microdroplets by electrowetting-based
actuation. Ding, Chakrabarty, and Fair [8] described an arditectural de-
sign and optimization methodology for scheduling biochental reactions us-
ing electrowetting arrays. They identi ed a basic set of droplet operations
and used an integer linear programming formulation to minimize completion
time. Droplet paths and areas on the array for storage, mixirg and splitting
operations are prede ned by a human. Fair et al. [10] descrike experiments
on injection, dispensing, dilution, and mixing of samples n an electrowetting
DMFS. Cho, Moon, and Kim [7] demonstrated creating, merging splitting,
and move operations using electrodes covered with dielegts, and identi ed
conditions under which these operations can be performed imn air envi-
ronment. Fan, Hashi, and Kim [11] developed a cross-referee grid of single
layer electrodes to manipulate droplets with limited row-column addressing.
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Paik, Pamula, and Fair [19] studied the e ects of droplet aspect ratios and
mixing strategies on the rate of droplet mixing. Jones et al[14] demonstrated
dielectrophoresis based liquid actuation and nanodropleformation.

Multiple robot coordination: The coordination of droplets in a DMFS
is closely related to multiple robot motion coordination. However very few
motion planning algorithms can guaranteeably coordinate nore than 10 or 20
robots. Each droplet in a DMFS can be viewed as a simple robotthat moves
on a 4-connected array (Bohringer [4,5]). Bohringer outlires an approach for
moving droplets from start to goal locations, subject to droplet separation
constraints, obstacles, and control circuitry limitation s. He uses an A* search
algorithm to generate optimal plans for droplets. To overcane the exponential
complexity of this approach, he plans the droplet motions inprioritized order
([9])- However note that in a DMFS, the droplets must additio nally sometimes
combine for di erent durations to mix, and then be split.

Hopcroft, Schwartz, and Sharir [13] showed that even a simpled two-
dimensional case of motion planning for multiple robots is FSPACE-hard.
Reif and Sharir [22] and Kant and Zucker [15] developed techiques to plan
motions of a single robot among moving obstacles. This can bgeneralized to
obtain a heuristic solution for planning the motions of multiple robots. Erd-
mann and Lozano-Perez [9] order robots by assigned prioritand sequentially
search for collision-free paths. Recent e orts have focusk on probabilistic
approaches. Svestka and Overmars [26] developed a PRM plaanfor path
coordination of multiple car-like robots. Sanchez and Latanbe [23] use lazy
PRM variants for coordinated path planning of multiple robot arms.

When the paths of the robots are specied, a path coordination prob-
lem, rst studied by O'Donnell and Lozano-Perez [18] for two robots, arises.
LaValle and Hutchinson addressed a similar problem in [16] Wwere each robot
was constrained to a C-space roadmap during its motion. Sinan, Leroy, and
Laumond [25] coordinate over 100 car-like robots, where rafits with inter-
secting paths are partitioned into smaller sets. Akella andHutchinson [1]
developed a mixed integer linear programming (MILP) formulation for the
trajectory coordination of 10{20 robots by changing robot gart times. Peng
and Akella [20] developed an MILP formulation to coordinate many robots
with simple double integrator dynamics along speci ed paths. Conict res-
olution among multiple aircraft in a shared airspace (Tomlin, Pappas, and
Sastry [28], Bicchi and Pallottino [3], Schouwenaars et al[24]) is also closely
related to multiple robot coordination.

3 Components for Array Layout

Many common operations for biochemical analyses can be perfmed on an
array without additional special purpose hardware. These perations include:
dispensing droplets onto the array, collecting droplets fom the array, trans-
porting droplets around the array, mixing droplets together, and splitting
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droplets apart. The array layout design presented here usea system of \vir-
tual" components. Each component type is responsible for pgorming one or
more types of operation. Multiple instances of the same typeof component
can be present, and each component instance is allotted an @a of the array
to perform its operations in. By linking components that can perform all the
operations in an analysis, a DMFS can be created to perform tat analysis.
In our system, we have de ned six component types. Thestreet, connec-
tor, and intersection components transport droplets around the array. The
source component adds droplets to the array, and thesink component re-
moves droplets from the array. The work area component manages mixing
and splitting of droplets. New component types can be de nedand integrated
into the system for operations that do not require special pupose hardware.

3.1 The Components

This section provides an overview of the functionality of ee@h component
type. Each component is responsible for managing all of the mbplets that
are in its portion of the array. At each clock cycle, componeis attempt to
move all droplets in their section of the array. Each componat maintains
connections with its neighboring components, which are use to pass con-
trol of droplets when they move between components. The corgctions are
entrance/exit pairs where the exit from one component is theentrance into
another. Components may have to wait to move their droplets wntil the com-
ponents they are connected to have moved theirs. Figure 2 sk an example
system with each of the component types present. The detail®f the layout
itself are presented in Section 5. Figure 3 depicts the indiual components.
The Street Component: The street component is the general-purpose
droplet transportation component. It moves droplets in onedirection through
at least two array cells. Streets are one-way to prevent two doplets from
moving in opposite directions through the component. A street attempts to
advance all droplets within it in synchrony at each clock cyde. If moving any
droplet would cause it to be adjacent to another, it is not allowed to move.
The Connector Component: The connector component is similar to a
street component, except that a droplet only moves through asingle cell in
it. The distinction is made because droplets in the connectoare adjacent to
two components simultaneously. Thus, when a droplet attemps to enter a
connector, the connector must ensure that there is no other tbplet adjacent
to the connector.

The Intersection Component: The intersection component is vital to the
droplet routing system. Droplets enter an intersection andthen move into its
middle cell. Once there, the intersection routes the dropléto the appropriate
exit based on the algorithm described in Section 4.3.

The Work Area Component: The work area component is where mixing
and splitting take place. Each work area has a transit area ad multiple work
units. Each work unit may function as a mixer and/or as a splitter. Mixers
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Fig. 2. Array layout for the PCR reaction described in Section 7. On t he left side
of the array are (a) eight sources, which supply the input sample droplets to the
system. There are (b) four work areas on the array, in which droplets are (c) mixed
together and (d) split apart. In the lower right corner of the array is a (e) sink,
which collects the droplets of the nal products and moves th em o the array.

@) (b) (©) (d) (e) )
Fig. 3. The components. (a) A street component. Droplets move through the dark
blue squares.(b) A connector component. (¢) An intersection component with two
entrances and two exits. The arrowheads indicate the exits. (d) A source component
connected to an intersection component. (e) An intersection component connected
to a sink component. (f) An active work area, showing several work units with
droplets. Each work unit can function as a mixer and as a split ter.

merge two droplets into a new droplet. The mixer moves the drplet around
to speed up mixing, as in [19]. Splitters split the mixed droget into two
droplets. A work unit may be used as a mixer until a mixing opemation is
completed, and then part of that same area may be used as a stir. A
work area can mix and split multiple droplets at the same time. When a
droplet gets to a work area, the work area sends it to a speci cwork unit.
The work units manage the droplets assigned to them. Once a miand split
operation is complete, the resulting droplets are sent out bthe work area.
The Source Component: The source component represents droplet en-
try points into the array. Each source introduces speci ed doplet types at
speci ed intervals. Droplets entering the array are assigred a goal operation.
The Sink Component: The sink component represents droplet exit points
from the array. Each sink removes speci ed droplet types fran the array.
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4 Droplet Destination Selection and Routing
Algorithms

To be practical, a DMFS should be able to handle a large numbeof droplets
simultaneously. Ideally, it should do this in a way that opti mizes some quan-
tity, such as throughput or completion time. We signi cantl y reduce the com-
putational cost of planning the droplet motions at the expense of optimality.
By dividing the array into components, restrictions are placed on where op-
erations can take place on the array. The interconnection othe components
can be viewed as a network with the intersections as the routig devices and
the streets and connectors as the \wires." This reduces the mtion planning
problem to a network routing problem on a directed graph.

Selecting destinations for droplets is a two-fold procesdg=irst, the droplet
must be assigned an operation to perform. Once the droplet lean assigned
operation, a component for that operation may be selected. fie methods for
these processes, as well as the droplet routing, are disceskin this section.

4.1 Assumptions
We assume the following when modeling the operations of the BIFS:

1. Individual cells of the array are addressable, permittirg direct control of
individual droplets.

. No two droplets can occupy adjacent cells unless they areotbe mixed.

. Droplets in the array have identical volumes, except durhg mixing.

Every mix operation is followed by a split operation.

Mixing operations take longer to perform than transport operations.

All the operations can be performed on the array without adlitional

special purpose hardware.

Ou A wN

4.2 Droplet Destination Selection

The system is supplied with parameters, described in Sectio5, which it uses
to maintain a list of components available for certain operdions. Work areas
can perform a mixing operation with any droplet type, and sinks remove
speci c types of droplets. Each work area and sink adds itsélto a sorted list
of components accepting droplets for operations. There islao a sorted list
of higher priority containing requests from components forspeci c droplet
types required to complete an operation. Currently, only wak areas needing
one of two droplet types for a mixing operation place request in this list.
When a new droplet enters the system, or is created through a ming
operation, the corresponding source or work area assigns &n operation to
perform. When the droplet enters an intersection, the intersection tries to
nd a component to send the droplet to. First, it checks the higher priority
list for existing requests for the droplet's type and operafon to perform. If



Coordinating Multiple Droplets 7

any exist, then the droplet is assigned to the rst requesting component and
that request is removed from the list. Failing that, it is assigned to the rst
component that can accept droplets of its type, and that compnent is sent to
the end of the list (if it is a sink or is a work area with work units available).
If no components are available, then the next intersection he droplet enters
attempts to assign it a destination. In the worst case scena, this operation
takesO(w+ s) time for one droplet at one intersection, wherew is the number
of work areas ands is the number of sinks in the system.

4.3 Droplet Routing

After a droplet is assigned a destination component, the drplet must be
routed to the component. The routing method we use can be vieed as a
de ection routing variant of the Open Shortest Path First (O SPF) network
protocol ([6], [27]). The routing method relies on each inteésection maintain-
ing shortest path information to the other components, computed from the
component graph. Thecomponent graphis a directed graph where each node
is a component and each edge is a connection between adjace@mponents.
The directed edge points from the component with the exit to the component
with the entrance. The distance along an edge is, genericall taken to be the
length of the component containing the exit for the edge.

When the system is initialized, each intersection computesand stores
its routing table, which maps the shortest path to each compment to a
corresponding exit to take from the intersection. The specied exit is the
rst leg of the shortest path to the component in question. Each intersection
constructs its routing table by running Dijkstra's algorit hm on the component
graph to compute shortest paths from the intersection. The me restriction is
that a shortest path should not travel through work areas, saurces, or sinks,
unless those components are the destination. Dijkstra's glorithm on a sparse
graph using a standard implementation has a runtime ofO(nlogn) where n
is the number of nodes in the graph. Since Dijkstra's algorihm must be run
from each of the intersections, the routing system has an inial overhead of
O(i nlogn) wherei is the number of intersections in the array.

At each clock cycle, the intersections are processed in a > (random)
order to select their droplet routing moves. Subsequently,synchronous mo-
tion of droplets is executed. The droplet routing is straightforward once the
routing table has been constructed. If a droplet entering tte intersection has
no destination, then the intersection attempts to assign it one. If that fails,
then the droplet is sent to a random, valid exit. Otherwise, the intersection
nds the destination component in its routing table and selects the exit that
is the best choice for the droplet. If the droplet is able to mare toward that
exit, it does so. Otherwise, the intersection randomly choses a valid exit for
the droplet. If no viable exit is available, then the droplet waits. The amount
of time required for selecting an exit for a droplet is O(1) because the in-
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tersection must check at most three possible exits and the nating table has
constant access time.

5 A General-Purpose Digital Micro uidics System

A general-purpose DMFS can be created by combining the compent based
layout design approach (Section 3) with the accompanying aorithms (Sec-
tion 4). A general-purpose layout must be capable of handlig arbitrary anal-

yses that require the movement, mixing, and splitting of di erent types of
droplets. Further, the layout should contain a su cient num ber of work areas
and be able to e ciently transport droplets around the array .

E cient droplet transportation is crucial because the usage of the sys-
tem is not known in advance. Therefore, all parts of the arrayshould be
accessible. We group street components in pairs to simulatevo-way streets,
allowing droplets to closely follow the same path between tw locations in
both directions. To allow for intersections between these wo-way streets, we
group four intersections together in a rotary-like arrangement. See Figure 4.

@) (b)

Fig. 4. Simulating two-way transportation: (a) Two-way street (b) Rotary.

We group these two-way streets and rotaries with a work area ¢ form
a pattern of components. This pattern, shown in Figure 5, is dsigned to
provide a balance between number of work areas and ease of ass. The
array layout itself is a periodic tiling of this pattern, com pleted with an
alternating sequence of rotaries and streets along its uppeand right edges.
The extra intersection components in the two-way streets ae for connecting
sources and sinks around the perimeter of the layout. The inérsections in
the vertical streets are connected to provide shorter pathso and from work
areas.

To generate the layout, the user must specify a set of paramets de-
pendent on the hardware. These are the physical size of the eay and the
locations of sources and sinks. To fully de ne the system, tle user species
parameters based on the chemical analyses to be performedcluding the
types of droplets introduced at sources, when and how oftenhey are pro-
duced, the types of droplets to send to the sinks, and informaon about the
various intermediate operations to perform with the droplets on the array.

The size of the array is limited to be of width 9+ 22i and height 9 + 16j,
where the layout isi tiles wide and j tiles tall. The pattern tile is 22 cells
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Fig.5. The layout pattern tile that is a modular building block for t he array.

wide and and 16 cells tall. The sequence of two-way streets @nrotaries
that completes the layout adds an additional 7 units. The souces and sinks
must be placed around the perimeter of the array such that the can be
connected to an intersection. The remaining 2 units come frm setting aside
one square around all sides of the perimeter of the pattern fosources and
sinks. A complete example layout with eight sources and oneiigk can be seen
in Figure 2.

5.1 DMFS Operation

The DMFS can be operated in two modes:

1. Batch mode: Here all the droplets necessary for a reaction are input

at the source components in one batch. The droplets are coondated to
complete the reaction, and then the next batch of droplets isprocessed.
The droplets are input in a synchronized manner based on whethey are
required for the reactions. After each mix and split operation, one of the
two resulting droplets is sent to a waste output. A reaction performed in
batch mode will typically require a smaller number of tiles in the array
since the number of droplets in the system is small.
One advantage of batch mode is that the droplet routing is alrost entirely
deterministic, and we can easily analyze the system behavioOnly when
no work units are available for a droplet will an intersection component
route the droplet randomly.

2. Continuous mode: Here the source components input the droplets at
a xed rate. (The rate for each droplet type is specied by the human
designer.) One advantage of this mode is that it produces a lger volume
of product droplets than the batch mode in the same amount of ime,
especially when no droplets are discarded as waste droplet&\nother
advantage is that multiple reactions yielding di erent pro ducts can be
processed in parallel to better utilize the array. A potential disadvantage
is that system behavior is harder to analyze. We explore thisissue, and
in particular, the likelihood of system instability, in Section 6.
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6 Stability Analysis

The behavior of a general-purpose system changes with the emical analysis
it performs. A system operating in continuous mode may or maynot be stable
depending on its parameters. In an unstable system, dropletenter the system
faster than the system is able to process them, and a steadytate ow cannot
be guaranteed ([12]). If a system is not stable, in time it wil become heavily
congested and may nally become deadlocked. Hence instality is to be
avoided.

We have identi ed a set of conditions for a system to be classed as un-
stable. At least one of the following two conditions must hol for a system
to become congested due to instability. The rst is for some doplets to be
unable to follow the shortest paths to their destinations. The second condi-
tion is for droplets to be unable to be assigned a destinationWhen either
condition is met, it is an indication that the system is not pr ocessing droplets
fast enough. A system is deadlocked when droplets are unabte reach their
destination. Deadlock is a su cient condition for a system to be unstable.

We treat congestion as an indicator of instability and try to identify con-
ditions that lead to or result from congestion. By selectingsystem parameters
such as input droplet rates and source and sink locations to\wid these con-
ditions, the resulting system will likely be stable. We use wvo methods to
identify these conditions. At the operation level, we analyze a graph of the
operations to be performed based on the system parameters.tAhe compo-
nent level, we model droplet ow in the system using the compament graph.

6.1 Analysis Graph

The (biochemical) analysis graph provides an organized representation of
the behavior of the system. It is a directed graph, with an input node for
each droplet type entering the system, an output node for edt droplet type
leaving the system, and a mix node for each mixing operation erformed
in the system. The nodes are connected based on the droplet s they
require and produce, and the edges represent transport opations. Each node
stores the duration of its operation, and the analysis graphs augmented with
additional information (Figure 6).

The rst augmentation is the rate at which droplets will ente r and leave
each node. Droplet rate can be most intuitively described interms of a source.
If a source introduces a particular droplet type once everyk cycles, then the
rate would be % droplets per cycle. Also, there would bek 1 empty cells
between each introduced droplet. This rate is propagated though the graph.
If these droplets perform a mixing operation, then, on averge and assuming
no unusual delays, one of these droplets would begin its mirg operation
every k cycles. Similarly, one droplet would complete the mixing operation
every k cycles.
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Fig.6. A simple analysis graph with four nodes: two input nodes, one mix node,
and one output node. Droplet types, rates, and expected distances traveled are
indicated along the edges. Expected arrival time, duration , and departure time (in

units of clock cycles) are indicated at the nodes.

The second augmentation is the best case expected distance travel
between performing operations. Each node's operation canédperformed at
one or more components on the array; speci c components arehosen during
destination selection for the droplets. The expected distace is the average
of the shortest path between each possible originating comment and each
possible destination component. In a system with a source coponent intro-
ducing droplets for mixing into a system with two work areas, the distance
from the input node to the mix node would be the average of the éngths of
the shortest paths from the source to each of the two work ares.

The third augmentation is the best case expected time at whib the rst
droplets will enter each node. There is a separate arrival the from each
parent node of a given node, and it is computed as the expectedeparture
time from the parent node plus the best case expected travelitne from the
parent node to the current node. The expected departure timefrom a given
node is the average of the arrival times, plus the duration ofthe operation.

The graph is then checked to ensure that the following propeties hold:

1. Every path from every source node must lead to a sink node.
2. Droplets must enter a node at the same rate from each paremode.
3. Arrival times to a node should be about the same from each p&nt node.

If any of these properties is violated, it is likely to result in ine cient pro-
cessing of droplets. In the event that the properties are vitated, the system
parameters can be adjusted until they result in a graph withaut violations.

6.2 Droplet Flow Analysis

The analysis graph provides a reasonable estimate of the okadl system sta-
bility. However a more detailed component level analysis okystem stability
may be required. There may be certain bottleneck componentshat become
congested from too many droplets moving through them, and saslow down
droplet ow. These bottlenecks can result in an unstable sysem when they
prevent droplets from reaching their destinations. Some snple experiments
have demonstrated that this can arise in larger arrays (for @ample, arrays
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Fig. 7. A component graph for a system with the analysis graph in Figu re 6. For
clarity, the component graph uses a simpli ed layout. Each c ircular node contains
a pie chart for ow through the component. The actual ow is th e shaded portion
of the maximum ow rate of % in each node. In this example, in ow is equal to
out ow. The total ow through each component is depicted by t he fraction in the
node. The work areas receive ow from both sources and produce ow destined for
the sink. The rate of ow and droplet type (color) produced by each source and

work area is indicated by the node.

of size 295 297), where there is a lot of droplet tra ¢ around the perimet er
near the sources and sinks but relatively light tra c in the i nterior. Modeling

the droplet ow through the system is an e ective tool to iden tify unstable

systems, especially those that are unstable due to these biténeck, congested
components.

The droplet ow modeling attempts to predict the expected o w through
the component graph (described in Section 4.3) using the ra information
from the analysis graph. (See Figure 7.) The idea is to deterime the rate
at which droplets enter and leave each component on the arraywhich is the
ow rate through that component, when the system is in a steady state. To
approximate the expected ow rate through components, we deeloped an
iterative, network-style analysis. For this analysis, we make the assumption
that work areas are uniformly utilized. That is, a droplet being assigned to
a work area is equally likely to be assigned to any work area othe array.

Each component is initially assigned in ow and out ow rates of 0. Sources
generate a certain amount of ow, dictated by the analysis gaph, destined
for each work area. For example, if a source produces dropletat a rate of
% in a system with 2 work areas, it generates a ow of% to each work area.
Similarly, work areas generate a certain amount of ow desthed for each
work area and to each sink. At each iteration, the output of eah node in the
graph is de ned as a function of the input to the node. The input of a node
is the sum of the outputs, from the previous iteration, of its parent nodes
plus any ow it generates at that iteration. For intersectio ns, the input ow
is divided amongst the possible exits based on where the owsidestined. If
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a particular node becomes congested, nodes sending ow to fity to redirect
excess ow away.

Nodes in the graph are assigned a maximum in ow capacity. Forll nodes
except work areas, this is set a%, which is the maximum rate that droplets
may make a turn through an intersection without overlapping. The maximum
in ow rate to a work area is computed based on the duration of ts opera-
tions in the analysis graph. For example, consider a system khere mixing
operations take 100 cycles to complete. Each mixing operath requires two
droplets and each work area can support 8 simultaneous mixip operations.
If the droplets entered a work area at a rate of 1 droplet every7 cycles,
the rst mixing operation should complete shortly after, or even before, the
eighth operation begins. Droplets would likely not be able b enter the work
area at a faster rate than this because there would not be anyrée work
units. To respect the maximum in ow rates, parent nodes must adjust their
out ows, which may result in some of the in ow not translatin g into out ow.
A congested node is de ned as a node with in ow greater than otiow.

Once the computed ow through the system converges, the compnent
graph is analyzed. If the system is stable, the in ow will equal the out ow
at every street, connector, work area, and intersection nod. Otherwise, the
system is likely unstable. A simpli ed example system with ¢eady state ow
information is depicted in Figure 7.

7 Example Systems

We have simulated example systems operating in batch mode ahin continu-
ous mode. We now describe an example system based on the polgrase chain
reaction operations outlined in [8]. The reaction involveseight input droplet
types and seven mixing operations. See Figure 8 for an analigsgraph of the
system. Immediately following each mixing operation, the esulting droplet
is split into two droplets. The array is set up with four work areas, eight
sources, each introducing an input droplet type, and one sik to collect the
nal product (Figure 2). The size of the array in this example is 53 41. The
system parameters were set with the aid of the stability anaysis described
above. In continuous mode, the system has an average of 66 ghlets on the
array. The routing computations are performed at a rate of 7000 cycles a
second, enabling rapid simulation of the system to verify sability. Anima-
tions of the PCR reaction, in both batch mode and continuous node, as well
as other systems, including those running multiple reactims, are available at
www.cs.rpi.edu/~sakella/microfluidics/

8 Conclusions and Future Work

We described a new approach to creating a general-purpose DR& by di-
viding the planar array into a collection of components and @ordinating
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Bovine Serum Primer DNA
Albumin Rate: 0.3 Rate: 0.@7
Rate: 0.0067

Gelatin

Rate: 0.00 Rate: 0106

(=2}

Beog/nucleotide AmpliTag DNA
Tris-HCL Triphogphate Polymerase
Rate: 0.0067 Rate: 0.3 Rate: 0.27
Fig. 8. PCR analysis graph. Input nodes are labeled with the samples they intro-
duce and the rate at which they introduce them. Edges out of mi x nodes are labeled
with the droplet rate resulting from the operation.

the motions of droplets by implementing a decentralized rotding algorithm.
We explored techniques to identify potentially unstable systems, and applied
them to successfully demonstrate a stable DNA polymerase @in reaction in
simulation.

The system described here can semi-automatically generatelayout given
a set of system parameters, and then perform real-time drogt manipulation.
It has successfully coordinated hundreds of droplets, andsia proof of con-
cept that decentralized network-like motion planning can work for a digital
micro uidics system. Further, the software can be easily mali ed to act as a
controller for a physical array. The same array can perform avariety of chem-
ical analyses, and has been demonstrated to even perform ntigle analyses
in parallel.

The current system can be enhanced in a number of ways for gréar
exibility and e ciency. The overall design of the componen ts and the sys-
tem allows for the introduction of new component types. For kample, sensing
components that permit sensor monitoring of the reactionsand storage com-
ponents, where droplets can be temporarily stored, can be rorporated. The
system can also support simpler hardware that permits only imited row-
column addressing of electrodes ([11]). Automatically segencing operations
to achieve desired droplet concentrations would be a usefutxtension. Au-
tomatically generating the array for a given reaction requires optimizing the
number of tiles and their layout, as well as the locations of he sinks and
sources on the array. Optimizing tile design to optimize drplet ow rates,
and optimizing array layout for a given tile pattern are inte resting problems.

Techniques for stability and performance analysis, drawig upon methods
from queueing theory and networking ([17], [6], [2]), can beapplied to this
system to provide insight. Detailed analysis of the system an help identify
components where congestion or deadlock may occur, and autatically set
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droplet input rates to avoid such problems. More sophisticaed dynamic rout-
ing techniques can be explored to more e ectively load balane the transport
sections of the array and reduce bottlenecks at componentshe design and
control of fully recon gurable arrays, where any part of the array may be
used for any desired operation, pose particularly intereshg challenges.
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