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Abstract—Recent advances of digital microfluidic biochips
(DMFBs) have revolutionized the traditional laboratory proce-
dures. By providing the droplet-based system, DMFB can per-
form real-time biological analysis and safety-critical biomedical
applications. However, different droplets being transported and
manipulated on the DMFB may introduce the contamination
problem caused by liquid residue between different biomolecules.
To overcome this problem, a wash droplet is introduced to clean
the contaminations on the surface of the microfluidic array.
However, current scheduling of wash droplet does not restrict the
extra used cells and execution time of bioassay, thereby degrading
the reliability and fault-tolerance significantly. In this paper, we
propose a contamination aware droplet routing algorithm for
DMFBs. To reduce the routing complexity and the used cells, we
first construct preferred routing tracks by analyzing the global
moving vector of droplets to guide the droplet routing. To cope
with contaminations within one subproblem, we first apply a k-
shortest path routing technique to minimize the contaminated
spots. Then, to take advantage of multiple wash droplets, we
adopt a minimum cost circulation (MCC) algorithm for optimal
wash-droplet routing to simultaneously minimize used cells and
the cleaning time. Since the droplet routing problem consists
of several subproblems, a look-ahead prediction technique is
further used to determine the contaminations between successive
subproblems. After that, we can simultaneously clean both con-
taminations within one subproblem and those between successive
subproblems by using the MCC-based algorithm to reduce the
execution time and the used cells significantly. Based on four
widely used bioassays, our algorithm reduces the used cells and
the execution time significantly compared with the state-of-the-
art algorithm.

Index Terms—Biochips, contaminations, dynamic program-
ming, minimum cost circulation (MCC), routing.

I. INTRODUCTION

D IGITAL microfluidic biochip (DMFB) is an emerging
technology that aims to miniaturize and integrate droplet-

handling on a chip. By handling fluidics with micro-volumes,
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the DMFB provides higher sensitivity and less human errors
than the conventional laboratories. Furthermore, the miniatur-
ization and automation offer less reagent consumption and
more flexible control. Due to these advantages, DMFBs are ex-
pected to revolutionize many biological processes, especially
for the immediate point-of-care diagnosis of diseases.

Fig. 1(a) shows the schematic view of a DMFB. A DMFB
contains three components, the 2-D microfluidic array, the
dispensing ports/reservoirs, and the optical detectors. The 2-D
microfluidic array contains a set of basic cells which consist of
two parallel glass plates [see Fig. 1(b) and (c)]. The bottom
plate contains a patterned array of individually controllable
electrodes, and the top plate is coated with a continuous
ground electrode. The droplet is sandwiched between the two
plates and moves within the filler medium. By independently
controlling the voltage of electrodes, droplets can be moved
along this line of electrodes due to the principle of electrowet-
ting on dielectric (EWOD) [5], [15]. Therefore, many fluidic
operations such as mixing and dilution can be performed
anywhere in the 2-D array within different time intervals.
Specifically, such operations are executed in the form of fluidic
modules (i.e., virtual devices), that are simply obtained by
grouping adjacent cells together [5]. This characteristic is also
referred to as the reconfigurability [7]. Besides the 2-D mi-
crofluidic array, there are on-chip reservoirs, dispensing ports,
and optical detectors. The dispensing ports are responsible
for droplet generation while the optical detectors are used for
droplet detection.

Recently, many on-chip laboratory procedures, such
as immunoassay, real-time DNA sequencing, and pro-
tein crystallization, have all been successfully demonstrated
on DMFBs. Researchers addressed these procedures with
architectural-level and physical-level synthesis [14], [16]. In
the architectural-level synthesis, the goal is to schedule the
assay functions and bind them to a given number of resources
so as to maximize the parallelism, thereby decreasing the
process time. During the physical-level synthesis, modules
of these resources must be placed in the 2-D microfluidic
array to minimize the entire chip area [17], [20], [24]. Then
the droplets must be appropriately routed to perform these
prescheduled biological operations (e.g., sample mixing or
detection) [21], [26].

Droplet routing on biochips is a key design issue in the
physical-level synthesis, which schedules the movement of
each droplet in a time-multiplexed manner. This physical syn-
thesis is one of the most critical design challenges due to high
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Fig. 1. DMFB [21]. (a) Schematic view of a DMFB. (b) Top view of the
2-D microfluidic array. (c) Side view of the 2-D microfluidic array.

complexity as well as large impacts on assay performance.
During the droplet transportation, molecules and substances
carried in droplets may potentially leave traces on the microflu-
idic array, which causes the contamination problem [13], [22],
[27]. The problem occurs more frequently in many protein as-
says, since proteins tend to adsorb the hydrophobic surface and
contaminate it [13], [22]. The particles and liquid residues left
behind the microfluidic array potentially lead to an erroneous
assay outcome. Moreover, the contaminations left between two
adjacent electrodes may cause electrode short problems, which
result in physical defects and produce incorrect behaviors in
the electrical domain [6]. Although a filler medium, such as
silicone oil, has been advocated to prevent contaminations, it
has been proved that it is not sufficient for many types of
proteins and heterogeneous immunoassays [9], [13].

Intuitively, contaminations can be avoided by routing in
disjoint manner. This method avoids the overlap between
different droplet routes thereby minimizing the likelihood of
the contamination problem. However, as the increased design
complexity allows more and more biological operations to be
performed on a DMFB, finding disjoint routes has become
more and more difficult. Furthermore, disjoint routes also
restrict the spare cells needed for replacing faulty primary cells
and ensuring the correctness of bioassay execution. Hence, the
fault tolerance of bioassay is significantly reduced [23].

To cope with the contamination problem, a wash droplet is
introduced to clean the contaminated spots on the surface of
the microfluidic array. Let us consider an initial bioassay with
two droplets d1 and d2, a mixer, and peripheral devices (e.g.,
reservoirs) as shown in Fig. 2(a). If we adopt the disjoint routes
to avoid the contamination problem as shown in Fig. 2(b), the
execution time and the number of used cells for routing d1

and d2 are 18 and 26, respectively (a droplet moves to one
cell in one clock cycle). In Fig. 2(c), a contaminated spot
(cross-section) occurs between two different routes by simply
adopting shortest path routing. To clean this contaminated
spot, a wash droplet is dispensed from the wash reservoir
and transported through this contaminated spot. As shown
in Fig. 2(d), to ensure the correctness of wash operation,
the wash droplet must clean the contaminated spot in the
time interval (t̂1

cs, t̂
2
cs), where t̂1

cs and t̂2
cs denote the arrival time

at the contaminated spot of d1 and d2, respectively. If the
wash droplet cannot arrive at the contaminated spot before t̂2

cs,
t̂2
cs must be postponed until this contaminated spot has been

cleaned. By this wash operation, the execution time and the

Fig. 2. Illustration of the contamination aware droplet routing. (a) Initial
bioassay. (b) Disjoint routing for contamination avoidance. (c) Shortest path
routing with a contaminated spot. (d) Wash-droplet routing.

used cells for nets are reduced to 12 and 19, thereby achieving
a better solution quality. Therefore, to achieve fast and correct
execution of bioassays, it is desirable to consider the wash
operations and droplet routing simultaneously.

Furthermore, since DMFBs are dynamically reconfigurable,
a series of 2-D placement configurations are obtained in
different time spans during the module placement phase. In
this way, the droplet routing problem is divided into a series
of subproblems. In each subproblem, the nets to be routed from
the source modules to the target modules are determined first.
Only the microfluidic modules that are active during this time
interval are considered as obstacles in droplet routing. These
subproblems are addressed sequentially to obtain a complete
solution for the droplet routing [21]. Therefore, contaminated
spots occur not only within one subproblem (intracontami-
nations) but also between successive subproblems (intercon-
taminations). Contaminations in the previous subproblem are
treated as blockages for the next subproblem. Additional wash
droplets are needed to clean the intercontaminations, which
may cause timing overhead for bioassays.

The main challenge of contamination aware droplet routing
is to ensure the correct execution of bioassays. Unlike the
traditional very large-scale integration routing, in addition to
routing paths decision, the DMFB routing problem needs to
address the issue of droplet scheduling under the practical con-
straints imposed by the fluidic property and timing restriction
of synthesis results. As previously mentioned, when a droplet
moves to a cell that is contaminated by a previous droplet,
the contamination problem in this cell may cause an unex-
pected execution error of bioassays. Hence, a contamination
constraint is proposed to avoid the contamination problem.

Fast droplet routing time can achieve real-time responses for
most safe-critical biosystems and reduce the possibility of the
electrode breakdown caused by long actuation voltage. Thus,
minimizing the droplet routing time can maintain a reliable



1684 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 29, NO. 11, NOVEMBER 2010

system [21], [25]. On the contrary, a biochip contains primary
cells for bioassay execution and spare cells for replacing faulty
primary cells to ensure the correct bioassay execution [18].
Therefore, to maximize the number of spare cells for better
fault tolerance, the number of cells used for droplet routing
should be minimized.

A. Related Prior Work

Droplet routing problem has attracted much attention in the
literature recently [3], [4], [11], [21], [25]. The first one is the
prioritized A*-search algorithm [3]. By assigning each droplet
with a priority, the A*-search algorithm is used to coordinate
the routing path of each droplet. However, this method did not
address the practical timing issue for throughput consideration.
The second one is based on the open shortest path first routing
protocol [11]. They use Dijkstra’s shortest path algorithm to
create a routing table, and define layout patterns of a biochip.
Each layout pattern has a routing table which stores the
routing information. Then the droplets can be routed based
on these routing tables. However, this algorithm restricts the
movements of droplets, which allows less reconfigurability
of DMFBs. In [21], they proposed a two-stage algorithm.
In the first stage, a set of shortest routing paths for each
droplet is generated by maze routing. In the second stage,
a scheduling heuristic is used to schedule droplets based on
selected routing paths. This approach suffers from the initial-
ization overhead either to build routing paths or to discover
a feasible routing solution. Recently, a network-flow-based
algorithm with negotiation is proposed in [25]. This algorithm
adopts a two-stage technique of global routing followed by
detailed routing. In the global routing, routing for a set of
noninterfering nets is formulated into a network flow model.
In the detailed routing, a negotiation-based method iteratively
schedules the routing paths for other droplets. The drawback
of this approach is that much more spare cells are required
for the network flow formulation, which is bottlenecked by
the distribution of the module placement. In [4], droplets are
first routed by the bypassibility in the 2-D array. Then a greedy
approach is introduced to transform the 2-D routing paths into
3-D routing paths. Since the bypassibility is only decided by
local information, the proposed manner may suffer from the
routability problem. In this case, many biological processes
may not be successfully performed.

Although current state-of-the-art algorithms can handle the
droplet routing problem, however, these approaches have a
common detrimental effect on unrestricted sharing of used
cells by various droplet routes. In [27], a novel droplet routing
algorithm is proposed for cross-contamination avoidance. It
attempts to determine disjoint droplet routes by applying
modified Lee algorithm. If it is infeasible to find disjoint
routes, the wash droplets are then scheduled between succes-
sive droplet visits to clean up the contaminations. However,
disjoint routes restrict the spare cells for replacing faulty
primary cells to ensure the correctness of bioassay execution.
Hence, the fault tolerance of bioassay is significantly reduced.
Since contaminated spots may also occur between succes-
sive subproblems (intercontaminations), a wash operation is
also scheduled between successive subproblems to avoid the

contamination problem. However, the extra execution time
of the wash operation interrupts the continuous biological
reactions between successive subproblems. In this regard, the
total execution time of the bioassay may increase and cause
a time-to-result effect, which is a practical issue for safe-
critical applications requiring real-time response [19]. Fig. 3(a)
illustrates the wash strategy for intercontaminations proposed
in [27].

B. Our Contribution

In this paper, we propose a contamination aware droplet
routing algorithm for DMFBs. Unlike the aforementioned
routing algorithm of wash droplets, which cleans intra and
intercontaminations separately, our algorithm simultaneously
cleans them within one subproblem to reduce the execution
time significantly [see Fig. 3(b) for an illustration]. To tackle
the complexity issue of concurrently considering droplet rout-
ing and wash operations, our algorithm consists of three major
stages: preprocessing, intracontamination aware routing, and
intercontamination aware routing between successive subprob-
lems. Different from the aforementioned work, our algorithm
has the following distinguished features:

1) a global moving vector analysis for constructing pre-
ferred routing tracks to reduce the design complexity
and minimize the number of used unit cells;

2) a k-shortest path routing technique to minimize the
contaminated spots within one subproblem;

3) a routing compaction technique by dynamic program-
ming to determine the time slot of contaminated spots
within one subproblem and minimize the execution time
of bioassays;

4) a look-ahead prediction technique to determine the con-
taminated spots between successive subproblems and
minimize the total routing time of wash droplets;

5) a minimum cost circulation technique is adopted to
simultaneously clean intra and intercontaminations to
minimize the used cells and the execution time.

Experimental results demonstrate the robustness and effi-
ciency of our algorithm. The evaluation performed on four
widely used bioassays shows the completeness of all the
droplet routing without any contamination problem. Our al-
gorithm outperforms the previous work in minimizing the
number of used cells for better fault tolerance (28% reduction).
We also achieve a 12% fewer execution time cycles to route
all assays. The experimental evaluation demonstrates that in
terms of used cells and execution time, the proposed algorithm
achieves the best results.

The rest of this paper is organized as follows. Section II
formulates the contamination aware droplet routing problem,
while Section III describes the overview of our algorithm. Our
algorithm consists of three major stages: preprocessing, in-
tracontamination aware routing, and intercontamination aware
routing, which are given in Sections IV, V, and VI, respectively.
Finally, the complexity analysis, experimental results, and the
concluding remarks are provided in Sections VII, VIII, and
IX.



HUANG et al.: A CONTAMINATION AWARE DROPLET ROUTING ALGORITHM FOR THE SYNTHESIS OF DIGITAL MICROFLUIDIC BIOCHIPS 1685

Fig. 3. Illustration of different wash strategy for intercontaminations.
(a) Handle intercontaminations between successive subproblems. (b) Handle
intra and intercontaminations, simultaneously, within one subproblem.

II. Problem Formulation

There are three routing constraints in contamination aware
droplet routing: the fluidic constraints, the timing constraint,
and the contamination constraint. The fluidic constraints are
used to avoid the unexpected mixing between two droplets of
different nets during their transportation. Fluidic constraints
can be further divided into the static and dynamic fluidic
constraints [21]. Let di at (xt̂

i, y
t̂
i) and dj at (xt̂

j, y
t̂
j) denote two

independent droplets at time t̂. Then, the following constraints
should be satisfied for any t̂ during routing:

1) static constraint: |xt̂
i − xt̂

j| > 1 or |yt̂
i − yt̂

j| > 1;
2) dynamic constraint: |xt̂+1

i − xt̂
j| > 1 or |yt̂+1

i − yt̂
j| > 1 or

|xt̂
i − xt̂+1

j | > 1 or |yt̂
i − yt̂+1

j | > 1.
The static fluidic constraints state that the minimum spacing

between two droplets is one cell for any t̂ during routing. The
dynamic fluidic constraint states that the activated cell for di

cannot be adjacent to dj . The reason is there can be more than
one activated neighboring cell for dj . Therefore, we may have
an unexpected mixing between di and dj .

Besides the fluidic constraints, there exists the timing con-
straint. The timing constraint specifies the maximum arrival
time of a droplet from its source to target. For fast bioassay
execution or better reliability, it is desirable to minimize the
execution time among all droplets. Furthermore, it is desirable
to minimize the number of unit cells that are used during
routing. Since a unit cell of a DMFB can be defective due to
manufacturing or environmental issues, using a smaller num-
ber of unit cells for routing can be beneficial for robustness.

The contamination constraint needs to be enforced in order
to prevent an erroneous bioassay outcome due to the possible
contamination of droplets. This is because when two droplets
successively pass through a same cell, the liquid residue left
behind by the first droplet can contaminate the second droplet
and may mislead the bioassay outcome. To characterize the
contamination constraint, let the cell cij denote the contam-
inated spot caused by the two routes of di and dj , and t̂icij

(t̂jcij
) represents the corresponding arrival clock cycle at cij for

di (dj). To avoid the contamination problem, a wash droplet
must clean (pass through) this contaminated spot in the time
interval [t̂icij

, t̂jcij
] to perform the wash operation.

The contamination aware droplet routing problem on a 2-D
plane can be formulated as follows.

1) Input: a netlist of droplets, a set of wash droplets, the
locations of blockages, the locations of reservoirs, and
the timing constraint.

2) Objective: route all droplets from their source cells to
their target cells while minimizing the contaminated
spots, the execution time, and the used cells for bet-
ter fault tolerance. Route wash droplets to clean con-
taminated spots between different droplet routes while
minimizing the cleaning time.

3) Constraint: all fluidic, timing, and contamination con-
straints are satisfied.

III. Algorithm Overview

Our contamination aware droplet routing algorithm con-
sists of three major stages: preprocessing, intracontamination
aware routing, and intercontamination aware routing.

In preprocessing stage, the goal is to determine an initial 2-
D routing path for each droplet. We first construct the preferred
routing tracks to make droplets route orderly on these tracks
thereby minimizing the used cells and reducing the possibility
of congestion. By routing droplets along these tracks, the
design complexity can be reduced, thereby decreasing the vio-
lation of the fluidic constraints. To reach better routability, we
also propose a routing-resource-based equation to determine
the routing priority for droplets.

In intracontamination aware routing stage, the major goal
is to minimize the contaminated spots for routing paths of
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TABLE I

Notations Used in Our Algorithm

D Set of droplets
W Set of wash droplets
Blk Cell set of blockages
SPp Subproblem p

Bi Bounding box from the source of di to its target location.
Note that the bounding is defined as the rectangle formed by two

diagonal points, and the two sides are parallel with the x and y-axis.
CS Cell set of contaminated spots
Qeq Priority queue for determination of routing order
Qcs Priority queue for number of contaminated spots

of each routing path
CS(p,q) Cell set of nonwashed contaminated spots between

subproblems SPp and SPq .
Note that p = q represents the contaminated spots

in one subproblem SPp.
CSp Cell set of nonwashed contaminated spots in subproblem SPp.

Note that CSp = CS(r,p), where 1 ≤ r ≤ p.
LA(vi, vj) Set of nonwashed look-ahead contaminated spots

in the bounding box of nodes vi and vj .

droplets. To tackle this problem, a k-shortest path algorithm is
proposed to reduce the contaminated spots within one subprob-
lem. Then a dynamic-programming-based routing compaction
technique is presented to minimize the execution time of
the bioassay. In this case, the occurring clock cycle of each
contaminated spot can be estimated.

In intercontamination aware routing stage, the goal is to
achieve more washing efficiency for wash droplets. To avoid
the timing overhead caused by scheduling wash operations be-
tween successive subproblems, we propose a look-ahead rout-
ing scheme that simultaneously considers the contaminated
spots within one subproblem and successive subproblems. To
handle these contaminated spots, an minimum cost circulation
(MCC) algorithm is adopted to simultaneously clean these
contaminated spots while minimizing the used cells and the
execution time. When all the wash droplets are routed, a
final solution compaction technique is applied to minimize the
completion time of assay. The notations used in our algorithm
are shown in Table I.

IV. Preprocessing Stage

There are two main steps in the preprocessing stage, pre-
ferred routing tracks construction and routing priority calcu-
lation. In constructing the preferred routing tracks, we first
analyze each droplet’s moving vector, and set the routing di-
rection for nonadjacent rows and columns on the microfluidic
array. For the purpose of minimizing the used cells and routing
complexity, a cost function is presented to guide the droplets
to move along these tracks. To achieve better routability, we
propose a routing-resource-based equation that considers the
congestion issue between nets to determine the routing priority.

A. Preferred Routing Tracks Construction

The goal of droplet routing in a DMFB is to find an efficient
schedule for each droplet from its source to target while both
fluidic and timing constraints are satisfied. Furthermore, it is
desirable to minimize the execution time among all droplets
and the number of unit cells used during routing for better
reliability and fault tolerance. However, in the droplet routing

Fig. 4. Illustration of the preferred routing tracks construction. (a) Initial
bioassay. (b) Analysis of the two linearly dependent vectors for net 3.
(c) Preferred routing tracks on nonadjacent rows. (d) Preferred routing tracks
on nonadjacent columns.

stage, there may exist some fluidic modules (e.g., mixer
or diluter) decided by the previous placement stage. These
modules are treated as blockages and may cause the routability
problem in the routing stage. Moreover, as multiple droplets
are routed in a time-multiplex manner, violations of fluidic
constraints occur frequently, involving deadlock or detour
overhead that increase the used unit cells and completion time
of DMFBs. To remedy these deficiencies, we first construct the
preferred routing tracks by analyzing each droplet’s preferred
moving direction and make droplets route on these specific
tracks in order.

Fig. 4 illustrates the overall process of the preferred routing
tracks construction. Consider a droplet di located at (xi

s, y
i
s)

and its target located at (xi
t, y

i
t) in a 2-D microfluidic array (if

Cartesian coordinate system is used); we define the preferred
moving vector

−→
ei to be the connection from the point (xi

s, y
i
s)

to the point (xi
t, y

i
t) [see Fig. 4(a)]. Since droplets can only

move horizontally or vertically in a microfluidic array, to
obtain precise routing tracks information, we decompose

−→
ei

into two linearly dependent vectors
−→
ei
x and

−→
ei
y along the x and

y-axis [see Fig. 4(b)]. Then, we define the preferred routing
tracks on rows and columns as follows.

1) Track on row r:
−→
tkr =

∑
∀Bi∩r �=φ

−→
ei
x .

2) Track on column c:
−→
tkc =

∑
∀Bi∩c �=φ

−→
ei
y .

By analyzing the preferred moving vector of each droplet
in the bounding box, we can construct the preferred routing
tracks. Since the fluidic constraints require a minimum spacing
between two droplets, the preferred routing tracks are con-
structed on nonadjacent rows and nonadjacent columns [see
Fig. 4(c) and (d)].

The intuition behind our preferred routing tracks construc-
tion is similar to traffic control, as each droplet can be regarded
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Fig. 5. Illustration of the concession control. (a) Route the droplet d2 to the
A-cell of t2. (b) Route the droplet d3 to the A-cell of t3 while there is a
concession of d2.

as a car. If most of the cars have common driving direction on
the global routing track, we will assign this routing track to
the preferred driving direction, which is beneficial to the traffic
control (avoid the conflicts of fluidic constraints). If these cars
did not drive on the preferred routing track, they can still drive
the alternative shoulders adjacent to it or even the opposite
direction of it, but they will be charged for additional costs
(minimize the used unit cells).

To guide the droplet move along the direction of preferred
routing tracks, we model the routing resource as a routing
graph G = (V, E). A node in the routing graph represents a
cell in the microfluidic array, whereas an edge denotes the
connection between two adjacent cells. We define the routing
result from vs to vt as R(vs,vt ) = {c ∈ V |c is the cell chosen for
routing}. For the traffic control, we define the cost function of
the droplet routing result R(vs,vt ) as follows:

Cost(R(vs,vt )) =
∑

c∈R(vs,vt )

(α · Clegal + β · Cillegal + γ · Cshoulder) (1)

where α, β, and γ are user-specified parameters. Clegal, Cillegal,
and Cshoulder are the cost of the cell that is along the preferred
routing tracks, against the preferred routing tracks, and in
nonpreferred routing tracks, respectively. The goal is to make
droplets route along the preferred routing tracks and find the
minimum cost path. If there is a tie in terms of cost, we
encourage it to share the paths taken by the previous droplets
to improve routability as well as fault tolerance.

Motivated from [4], we also implement the feature of
routing concession control. If a routed droplet blocks the
routing for another droplet, a concession for the routed droplet
is adopted to make the routing successful. In detail, once a
droplet is routed to its target cell, it may stall on this cell for
a specific optical detection. To satisfy the fluidic constraints,
the cell should be frozen and become a 3 × 3 blockage till
the process is finished. This phenomenon will cause lots of
congestion regions and have detrimental effects on satisfying
both fluidic and timing constraints. To increase the flexibility
during routing, we will route the droplet to the available cells
that are adjacent to its target cell (named A-cells) instead of
its target cell for concession control [see Fig. 5(a)]. Thus,
if a routed droplet dj located in its A-cell vdj

that blocks
the routing path of the droplet di, we can move dj from vdj

to the concessive cell vc while minimizing the routing cost
δ · Cost(R(vdj

,vc)), where δ is user-defined constant to penalize
the routing detour. The concessive cells are the available cells
away from the congested region and they can be found by
using maze searching [see Fig. 5(b)].

B. Routing Priority Calculation

A key issue in the droplet routing problem is the de-
termination of the droplet routing order. If droplets route
in disorder, it will cause fatal routability problem, which
increases the routing complexity. To solve this problem, we
propose a routing-resource-based equation which considers
the congestion of routing region globally and interference
with other nets to determine the routing order of droplets for
better routability. We first define the available routing resource
SRC+

i and unavailable routing resource SRC−
i for droplet di

as follows:

SRC+
i = |Bi| + |{E5(tj) ∩ Bi}/E5(ti)|, ∀dj ∈ D/di (2)

SRC−
i = |Blk ∩ Bi| + |{E3(sj) ∩ Bi}/E3(si)|, ∀dj ∈ D/di (3)

where E5(tj) represents the 5×5 cell set center by the location
of target tj , and E3(dj) represents the 3 × 3 cell set center
by the location of droplet dj . There are two main reasons
behind the definition. When a droplet is routed to and stall on
the target cell for some biological processes (e.g., testing or
detection), the target cell will become a 3 × 3 blockage till
the process is finished. In this case, unexpected violations of
fluidic constraints can be avoided, i.e., only the outer cells
of the 5 × 5 cell set center by the target can be used by
other droplets. Furthermore, during the droplet routing, the
minimum spacing should also be maintained to prevent the
violation of fluidic constraints. In other words, for a droplet
di, there must not be other droplets that locate on the 3 × 3
cell set center by di.

Then, we define the routing-resource-based equation as
follows:

SRC
eq
i =

SRC+
i − SRC−

i

SRC+
i

. (4)

The intuition behind the definition of the routing resource
can be described as follows. The available cells inside the
bounding box Bi are possibly used frequently when routing
di. When those droplets are routed to the target cells inside
the bounding box Bi, the target cells will become blockages
which may cause the routability problem for droplet di. As
aforementioned, since droplets may stall on targets for some
detection processes, we attempt to route droplet di first that has
many target cells inside the bounding box Bi. Similarly, the
cells of blockages and unrouted droplets inside the bounding
box Bi will have detrimental effects on routability due to the
module blockages and fluidic constraints.

For example, Fig. 6 demonstrates the overall calculation of
routing priority for droplet d2. The source and target location
for droplet d2 are (0, 8) and (4, 0), respectively. Thus, the
|B2| is 45 (see the dashed line area). There is one target cell
located at cell (0, 2) inside B2, and the influence range is the
rectangular area from (0, 0) to (2, 4). Therefore, the value of
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Fig. 6. Illustration of the routing priority calculation for droplet d2.

SRC+
2 can be calculated as 45+15 = 60. On the contrary, there

are one mixing module located from (0, 4) to (2, 6) and one
droplet located at (5, 4) whose influence range is from (4, 3)
to (6, 5). The corresponding cardinalities of intersections with
B2 are 9 and 3, respectively. Then the SRC−

2 can be calculated
as 9 + 3 = 12. Finally, the SRC

eq
2 is (60 − 12)/60.

To determine the routing order, we calculate the SRC
eq
i for

each unrouted droplet di. The higher value of SRC
eq
i means

that there is less congested inside the routing region, which
enables more possibility to route this droplet successfully.
Therefore, the droplet di with maximum SRC

eq
i represents the

highest routing priority. For the sake of efficiency, we use
a priority queue Qeq to find the routing order of unrouted
droplets. Then, we iteratively pop an unrouted droplet di with
the highest SRC

eq
i to route. If we cannot successfully route this

selected droplet di due to the reason that a droplet dj blocks
the routing path of di, the proposed concession control method
will be adopted to solve this problem. Finally, we dynamically
update the SRC

eq
k of unrouted droplets dk left in Qeq.

V. Intracontamination Aware Routing Stage

In this section, we present an intracontamination aware
routing stage to handle the intracontaminated spots. We first
minimize the intracontaminated spots by a k-shortest path-
based technique. To minimize the execution time of bioassays,
a dynamic programming approach is proposed to transform
a series of 2-D routing paths into the 3-D routing paths.
According to the dynamic programming, the initial occurring
clock cycles of intracontaminated spots can be estimated.
Then, we formulate the entire problem into a minimum cost
circulation flow network, and solve the flow problem to obtain
an optimal wash scheduling. Finally, two proofs are followed
to prove the optimality and correctness of our algorithm.

Fig. 7. Adopt the k-shortest path algorithm to reduce the cross-section. (a)
Original routing solution of d2. (b) First shortest path of d2 in the remodeled
routing graph. (c) Second shortest path of d2 in the remodeled routing graph.

A. Routing Path Modification by k-Shortest Path

Although the above proposed scheme can schedule a high-
throughput routing paths in the 2-D plane, it may cause a
large amount of contaminated spots. As previously mentioned,
the proposed algorithm routes the droplets orderly along the
preferred routing tracks. In other words, multiple droplets may
be routed along the same tracks to minimize the used cells.
Therefore, contamination occurs and causes the erroneous out-
come for bioassay. To overcome these drawbacks, we proposed
a k-shortest-path-based algorithm [8] to reduce the number
of contaminated spots. As the aforementioned algorithm, we
iteratively select an unrouted droplet di with the highest SRC

eq
i

from Qeq. We then model the routing path from di to its target
ti as R(di,ti) and search a minimum cost path. After di is routed,
we push di into a priority queue Qcs, where the priority is the
number of contaminated spots within R(di,ti). Then, we update
the number of contaminated spots for the droplet dj (j �= i) in
Qcs, where R(di,ti) ∩R(dj,tj) �= φ. The iteration terminates when
all droplets are routed.

When all droplets are routed, we iteratively select a routed
droplet di with the highest number of contaminated spots from
Qcs. We then remodel the cost of the edge (vx, vy) ∈ R(di,ti)

with a higher value for penalty, where nodes vx and vy are
contaminated spots. Based on the remodeled routing graph, we
adopt the k-shortest path algorithm to reduce the number of
contaminated spots. For example, Fig. 7(a) shows the original
routing paths, and the routing path of d2 has the highest
number of contaminated spots. We then select d2 by adopting
the k-shortest path algorithm to the remodeled routing graph.
As shown in Fig. 7(b) and (c), when k is set to be one, the
number of contaminated spots is reduced to five; when k is
set to be two, the number of contaminated spots is reduced to
two. There are two essential ideas behind our k-shortest path
algorithm. Since we still want to make the droplet route on
tracks to minimize the used cells, the k-shortest path algorithm
can be adopted to find the k-minimum cost path. However, if
we only modify the original path once (k = 1), it may still
overlap with other routed path as shown in Fig. 7(b), which
causes only slight reduction of contaminated spots. Thus, it
is necessary to find another minimum cost path to avoid this
situation. In this paper, the value of k is set to be three.

There are many related works on the k-shortest path al-
gorithm, such as A* search, Dijkstra-based modification, path
deletion, and so on. We modify the algorithm discussed in [8],
which is based on a shortest-path tree and heap-order-tree
structure to find the k-minimum cost path.
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B. Routing Compaction by Dynamic Programming

One of the major challenges is to convert the routing paths
from sequential to concurrent manner. Since all droplets are
routed to A-cells sequentially in the order determined by
the routing-resource-based equation, the completion time may
violate the timing constraint. Thus, it is necessary to perform
routing compaction that minimize the execution time for fast
bioassay execution and better reliability. Another difficult chal-
lenge is the determination of the occurring clock cycle of con-
taminated spots. As discussed before, contamination is likely
to occur when multiple droplet routes cross or overlap each
other. At the contaminated spot, a droplet that arrives at a later
clock cycle can be contaminated by the residue left behind by
another droplet that passed through at an earlier clock cycle.
Therefore, to obtain simultaneous wash operations within the
droplet routing, it is desirable to obtain the occurring clock
cycle of each contaminated spot. To achieve these goals, we
propose a dynamic programming-based approach to compact
the 2-D routing and determine the occurring clock cycle of
each contaminated spot. There are at least two advantages
of using this approach. First, the original routing paths can
be preserved on the preferred routing tracks to minimize the
routing detour and the used cells for better bioassay reliability.
Second, an efficient and robust routing scheduling for concur-
rent routing among droplets can be derived due to the elegant
property of dynamic programming. Since it is hard to directly
apply the 2-D routing paths to routing compaction, we encode
each routing path into a corresponding 1-D moving string by
using four direction characters u, d, l, and r, which represent
up, down, left, and right, respectively. Generally, consider two
moving strings MS1 and MS2, the routing compaction problem
is transformed to minimize the length of the compacted string
without violating any fluidic constraints. To characterize the
optimal substructure of the compacted string, we define C[i][j]
to be the compacted string length using i prefixes of MS1 and
j prefixes of MS2. The optimal substructure of the routing
compaction gives the recursive formula as follows:

C[i][j] =
{

min{C[i − 1][j], C[i][j − 1], C[i − 1][j − 1]} + 1 if legal

∞ otherwise.
(5)

Our routing compaction step by dynamic programming
approach can be summarized in Algorithm 1. First, we encode
the first routing path P1 into a moving string MS1 (lines 2–
3). Then we try to compact the other moving strings with
MS1 and use an array π to record the optimal compacted
routing path. During the compaction, we should check the
legality of the compacted string, i.e., the fluidic constraints
should be satisfied for each droplet. Based on the proposed
optimal substructure, if it is legal to compact MS1 with
MS2, the optimal string length C[i][j] will be the minimum
length among C[i − 1][j], C[i][j − 1], and C[i − 1][j − 1],
which are stored in the recorded table previously, plus one
unit length. Otherwise, it will set to be infinite (lines 4–
15). During the droplet routing, a droplet may block many
routing paths of other droplets. To increase the routability, the
concession control enables the droplet to move back and forth
for concession. In this case, the concession control may cause
some duplicate movements for this droplet. Thus, we delete the

Algorithm 1: Routing compaction by dynamic program-
ming

input : 2-D routing paths pi for N droplets
output: 3-D routing paths for N droplets

begin
construct two 2-D arrays C and π;
MS1 ← encode P1 into a moving string;
for k ← 2 to N do

MS2 ← encode Pk into a moving string;
li ← string length of MS1;
lj ← string length of MS2;
for i ← 0 to li do

for j ← 0 to lj do
C[i][j] ← optimal compacted length;
π ← optimal compacted path;

end
end
MS1 ← optimal compacted string from π[i][j];

end
delete the duplicate movement in MS1;
route all droplets to targets ;
return MS1

end

Fig. 8. Illustration of routing compaction by dynamic programming. (a) Two
encoded moving strings MS1 and MS2 for the routing paths of droplet d1 and
d2. (b) Optimal compaction that stored in the table. (c) Incremental strategy-
based dynamic programming.

duplicate droplet movements and route droplets from A-cells
to targets. Finally, we obtain the optimal compacted string,
that represents the routing compaction results (lines 16–18).

In detail, Fig. 8 shows the two major phases of our routing
compaction. Given two 2-D routing paths as shown in Fig.
8(a), we first decode the 2-D routing paths into 1-D moving
string. By using the four direction characters u, d, l, and r,
the routing paths of droplet d1 and d2 can be encoded into
MS1 = rrrrrr and MS2 = dddddrrrr, respectively. Then, we
use the dynamic programming approach to record the optimal
compacted string in the table. For example, in Fig. 8(b), the
entry with row 1 and column 3 in the table is set to be
infinite because there exists an unexpected mixing within the
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movements that d1 moves one unit and d2 moves three units. In
the similar manner, if d1 stalls in the original cell, d2 can move
three or four units without any violation of fluid constraints.
The entries (0, 3) and (0, 4) are consequently assigned by 3 and
4. In the calculation of the entry (1, 4), the optimal value will
be the minimum value among entries (0, 3), (0, 4), and (1, 3)
in the table, plus one unit. By tracing the table, we can obtain
the optimal routing paths with minimum compaction time [see
Fig. 8(b)]. Fig. 8(c) describes the incremental compaction
strategy. In each iteration, we treat the previous compacted
strings as one string that stores the information of movements
for multiple droplets. Then, we compact an uncompacted
string of the routing path Pi with this string, and use dynamic
programming to trace the optimal compaction. The iteration
stops when the last compaction is finished.

C. Minimum Cost Circulation Flow Technique

Wash droplets can remove the liquid residue and nontarget
molecules that have been adsorbed onto the surface to prevent
the contamination problem. Although the wash droplet can
clean many particles left behind the surface of the microfluidic
array, if we only adopt one wash droplet to perform the
wash operation, the overloading of contaminated particles
may reduce the purity of wash droplet thereby decreasing
the washing rate. Furthermore, wash droplets are sensitive
to the environmental temperature and may suffer from the
evaporation problem due to the long execution time. Therefore,
it is desirable to design a wash-droplet routing algorithm that
fully utilizes multiple wash droplets to shorten the execution
time for assay thereby increasing the reliability of DMFBs.
Therefore, we propose the first MCC-based algorithm for
optimal wash-droplet routing to simultaneously minimize the
number of the used cells and the cleaning time.

1) Introduction to Minimum Cost Circulation Problem:
We first briefly introduce the MCC problem. The circulation
problem and its variants is a generalization of network flow
problems, with the added constraint of a lower bound on edge
flows, and with flow conservation also being required for the
source and sink. Each arc has an associated cost and the
objective function is to find a feasible flow through this graph
with the minimum cost, such that the sum over all arcs of the
multiplication of the flow in each arc and the corresponding
cost is minimum. Given a flow graph Gf = (Vf , Ef ), the
minimum cost circulation problem can be represented as
follows:

Minimize :

z =
∑

(i,j)∈Ef

Cij · xij

Subject to :

Bounded constraint : lij ≤ xij ≤ uij ∀(i, j) ∈ Ef

Conservation constraint :
∑

(i,j)∈Ef

xij =
∑

(j,i)∈Ef

xji

where lij (uij) represents the lower (upper) bound on flow
from node i to j, Cij represents the cost per unit flow from
node i to j, and xij represents the flow value from node i to
j. The MCC problem can be solved strongly in polynomial

Fig. 9. Four phases of our minimum cost circulation construction.

Fig. 10. Node capacity assignment. (a) Node split technique. (b) Adopt the
node split technique to the contaminated spots.

algorithm by using linear programming or more commonly
by using faster and more efficient network algorithms. In this
paper, we solve the MCC problem by using [10].

2) Circulation Flow Formulation: The key concept behind
our minimum cost circulation formulation is to schedule a
routing method for high-throughput wash operations. The most
difficult challenge is to model the contaminated spots into
the flow constraints and formulate correct wash operations.
To ensure the real-time response and to reduce the time-to-
result effects, we should minimize the cleaning time used for
wash operations. Furthermore, to improve the fault-tolerance
of DMFBs, we should minimize the used cells for wash-
droplet routing. To tackle the contamination constraint and
achieve multiobjective optimizations, we propose a MCC-
based algorithm to solve these problems. We first construct
the flow graph Gf = (Vf , Ef ), where Vf is the set of
nodes, and Ef is the set of edges. Different from the general
network flow problem, each edge (i, j) in the flow graph Gf

can be represented as a 3-tuple (lij, uij, Cij), where lij (uij)
denotes the lower (upper) bound on the flow of this edge,
and Cij represents the associated cost per unit flow on this
edge. As shown in Fig. 9, there are four major phases in
our MCC formulation, which are a dummy source, a set
of wash droplets, a set of contaminated spots, and a sink
(reservoir), respectively. There are two basic assignments and
two formulation rules in our MCC formulation, and we assume
that the subproblem SPp is under formulation.

1) Assignment 1 (node capacity assignment): the most
important issue is that the contaminated spot should be
cleaned by the wash droplet to prevent the contamina-
tion problem. To perform the wash operation correctly
(e.g., to schedule the wash droplet to pass through the
node), we use the node split technique [1] to solve
the contamination problem. We decompose each node
vi ∈ CS into two intermediate nodes vi

in and vi
out, and

an edge is connected from vi
in to vi

out. Fig. 10(a) shows
the technique. Since we formulate the wash operation
as the flow problem, to ensure at least one wash droplet
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to pass through the node vi, the 3-tuple of the edge
(vi

in, v
i
out) is set to be (1, ∞, 0), as shown in Fig. 10(b).

Note that uij is set to ∞ due to multiple wash droplets
that can pass through the same contaminated spot.

2) Assignment 2 (edge cost assignment): another important
issue is to determine the routing paths of wash droplets.
We also make the wash droplets route on the preferred
routing tracks to minimize the used cells. Therefore,
we use the same model R(vi,vj), which is discussed in
Section IV-A to represent the routing path from node
vi to vj , and the associated cost of this edge (vi, vj) is
Cost(R(vi,vj)).

After the two basic assignments, the circulation flow can be
constructed by the following two flow formulation rules.

1) Rule 1 (timing-based transitive topology): within one
subproblem, the contamination happens in a cell when a
droplet arrives at a later clock cycle that is contaminated
by the residue left behind by another droplet that passed
through at an earlier clock cycle. To avoid incorrect
diagnosis outcomes, it is desirable to clean the cell
before being used for routing other droplets. By adopting
the routing compaction technique, the occurring time
and location of contaminated spots can be determined.
We use a 2-tuple (vi, t̂i) to denote the occurring time of
contaminated spot vi. Given a set of contaminated spots
in CSp, (v1, t̂1), (v2, t̂2), and . . . (vn, t̂n), we construct
the timing-based transitive topology in the following
descriptions.

a) Timing-based topology: for each pair (vi, vj)
where {vi, vj} ∈ CSp, there exists a edge con-
nection from vi

out to v
j

in if and only if t̂i ≤ t̂j .
The associated 3-tuple of the edge is assigned by
(0, ∞, Cost(R(vi,vj))).

b) Transitive closure: for each triple (vi, vk, vj) ∈
CSp, if there exists edge connections from vi

out to
vk

in and from vk
out to v

j

in, there also exists a edge
connection from vi

out to v
j

in. The associated 3-tuple
of the edge is assigned by (0, ∞, Cost(R(vi,vj))).
There are two major reasons for the assignment
of the 3-tuple. First, to achieve high efficiency
of the wash operation, multiple wash droplets are
allowed to perform the wash operations. When a
wash droplet cleans the contaminated spot, it can
be directly routed to the waste reservoir. Another
contaminated spots left behind can be cleaned by
other wash droplets. Therefore, the lower bound of
the 3-tuple is set to be zero. Second, since the cells
used by wash droplets should be also minimized,
the wash droplets are routed along the preferred
routing tracks. In other words, the routing paths
of the wash droplets may share some cells. To
ensure the correctness, the upper bound of the 3-
tuple is set to be infinite. Briefly, contamination
problem occurs when two droplets pass through
the same spot in different clock cycle. The timing-
based topology demonstrates that the wash opera-
tion should be performed between the successive

Fig. 11. Illustration of our MCC construction for the four phases: source
node of dispensing port, node set of wash droplets, contaminated spots, and
sink node of waste reservoir, respectively.

droplet arrives at this contaminated spot. The tran-
sitive closure property allows the multiple wash
droplets to perform the wash operations, while the
timing-based topology should be also followed.

2) Rule 2 (connection strategy between phases): there are
four major phases in our MCC formulation as shown
in Fig. 9. We first construct edge connections from the
dummy source to wash droplets and the associated 3-
tuple of each edge is set to (0, 1, 0). From the second
phase to the third phase, for each wash droplet wj ∈ W

and vi ∈ CSp, we connect wj with vi
in and assign the

associated 3-tuple of this edge by (0, 1, Cost(R(vwj
,vi)),

where vwj
is the location of wash droplet wj . Then, for

each node vi ∈ CSp, there exists an edge connection
from vi

out to the sink vsink (waste reservoir), with the
associated 3-tuple (0, ∞, Cost(R(vi,vsink)). Finally, since
we should use at least one wash droplet to perform the
wash operation, we connect the sink back to the dummy
source, with the associated 3-tuple (1, 4, 0). Note that the
maximum number of available wash droplets is four in
this paper.

Fig. 11 shows the flow construction. Based on the afore-
mentioned basic assignments (node capacity and edge cost)
and the two flow formulation rules, we have the following
two theorems.

Theorem 1: There exists a feasible solution under the two
basic assignments and two flow formulation rules.

Proof: A feasible solution of the circulation problem is
a set of flows on the flow graph Gf that satisfies all the
constraints (conservation constraint and bounded constraint).
Generally, we only discuss the nontrivial contamination prob-
lem (CSp �= φ). In the flow formulation, we enhance at least
one flow from the sink back to the dummy source, meaning
there is at least one flow from the source to the wash-droplet
set. To characterize the proof, we assume this flow that leaves
from dummy source is xf . As shown in Fig. 10, we adopt
the node split technique to split the nodes vi ∈ CSp into
two intermediate nodes, vi

in and vi
out, with a flow lower bound
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Fig. 12. Illustration of the proof for Theorem 1.

by one. Based on the flow formulation rule 1, there exists
an edge that connects vi

out and v
j

in, iff ti ≤ tj . To achieve
the bounded constraint in (vi

in, v
i
out), we construct the order

(v1, v2, . . . , vn) by topological sort. Then we can make xf to
pass through the path Pxf

by the order (v1
in, v

1
out, . . . , v

k
in, v

k
out),

where 2 ≤ k ≤ n, thereby passing through all the nodes in
CSp. In other words, the bounded constraint of these edges
(vi

in, v
i
out) can be achieved. Since there is at least one edge

that connects wj to v1
in, and there is an edge that connects

vn
out to the sink (waste reservoir), thus, there exists xf from

dummy source → wj → Pxf
→ sink, and then back to the

dummy source, thereby forming a feasible circular flow.
Fig. 12 demonstrates the entire proof in brief. Based on

the proposed construction, the flow network enhances at least
one flow from the sink back to the source, meaning at least
one flow from the source to the node set of wash droplets. In
other words, at least one wash droplet will perform the wash
operation. By tracing all the node set of contaminated spots in
a topological sorted order, the flow lower bound of the node
set can be achieved. Therefore, there exists a feasible solution
under the two basic assignments and two flow formulation
rules.

Theorem 2: Under the proposed flow construction, we can
adopt the minimum cost circulation algorithm to schedule
optimal and correct wash operations.

Proof: The most important issue is that we should sched-
ule the correct wash operations on contaminated spots. In
other words, to prevent the contamination problem, the wash
droplets must be routed to clean the residue left behind the
surface. Theorem 1 has showed the feasibility of our MCC
formulation. Under the proposed flow formulation rules, the
flow graph G′

f = (Vf , Ef /(vsink, vsource)) forms a direct acyclic
graph. This feature ensures that the feasible flow must pass
through the source and target nodes, which ensures that the
contaminated spots can only be correctly cleaned by wash
droplets. Furthermore, we make multiple wash droplets route
on the preferred routing tracks to minimize the used cells.
Based on our construction, the MCC algorithm will obtain a
feasible flow with minimum cost that represents the optimal
scheduling of wash operations.

VI. Intercontamination Aware Routing Stage

In this section, we present the intercontamination aware
routing to further improve the wash efficiency. We propose
a look-ahead routing scheme that simultaneously considers

Fig. 13. Illustration of look-ahead routing scheme. (a) Routing solution
of subproblem SPi. (b) Routing solution of subproblem SPi+1. (c) Both
intracontamination within SPi and intercontaminations between SPi and
SPi+1.

the contaminated spots within one subproblem and successive
subproblem. To clean these contaminated spots, the wash
operation is formulated into a typical traveling salesman
problem (TSP). Finally, a theorem proves that the proposed
algorithm can correctly schedule the droplet routing and wash
operations simultaneously without any redundant insertion of
wash operations between successive subproblems.

A. Look-Ahead Routing Scheme

By using the MCC-based algorithm, the wash droplets can
be optimally scheduled to clean the intracontaminations within
one subproblem. However, some contaminations left behind
this subproblem will be treated as blockages for the next
subproblem (i.e., intercontaminations). To avoid the contam-
ination problem, extra wash operations should be performed
between the successive subproblems, which may cause timing
overhead. To remedy these deficiencies, we propose a look-
ahead routing scheme that predicts the intercontaminations
for the successive subproblems. By using the MCC-based
algorithm, both the intra and intercontaminations can be si-
multaneously cleaned within one subproblem. Consequently,
the execution time is significantly reduced. Fig. 13(a) shows
the routing solution of subproblem SPi with an intracontami-
nation. Before cleaning this intracontamination by using wash
droplets, we also derive the routing solution of subproblem
SPi+1 as shown in Fig. 13(b). Based on the two routing so-
lutions, the intercontaminations between subproblem SPi and
SPi+1 can be derived and are handled with intracontaminations
in subproblem SPi, as shown in Fig. 13(c).

1) TSP Formulation: Consider these intercontamination
nodes vk ∈ LA(vi, vj), where (vi, vj) is an edge in the MCC
flow graph. We perform the wash operation to clean these
nodes. In other words, a wash droplet should pass through all
the nodes vk. Furthermore, we also encourage the wash droplet
to route on the preferred routing tracks to minimize the total
used cells. To tackle these problems, we construct a TSP graph
Gtsp = (Vtsp ∪ {vi, vj}, Etsp), where the vertex set of Vtsp is the
node vk ∈ LA(vi, vj), the Etsp is the edge set, and the vi (vj) is
the starting (ending) point of the TSP graph. We connect each
pair (vk1 , vk2 ) where {vk1 , vk2} ∈ Vtsp, with the associated cost
Cost(R(vk1 ,vk2 )). Then, we connect the starting point vi with
each node vk and connect each node vk with the ending point
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Fig. 14. TSP-optimization-based algorithm for scheduling the routing path
of the wash droplet.

vj . The goal is to schedule a minimum cost routing path of the
wash droplet that starts from vi to vj while passing through all
the nodes vk, which is a variant of TSP. Assume the optimal
routing path is R

tsp
(vi,vj) and the corresponding minimum cost is

Cost(Rtsp
(vk1 ,vk2 )). We reformulate the cost of the edge (vi, vj) in

Gf by Cost(Rtsp
(vk1 ,vk2 )), and the corresponding routing path of

(vi, vj) is R
tsp
(vk1 ,vk2 ). The dynamic-programming-based approach

for solving the TSP problem is used in this paper [2]. However,
the dynamic programming runs exponential time, O(|c|22|c|),
where c represents the set of intercontaminated spots. To avoid
run time overhead, we restrict the set of intercontaminated
spots with a maximum cardinality by 10.

Fig. 14 illustrates the proposed method in this routing stage.
For the edges (vi, vj) in the flow graph, the intercontaminated
spots vk inside the bounding box of vi and vj are considered.
Then we adopt the aforementioned construction method to
construct a TSP graph. Note that the underlying graph of the
TSP graph is a complete graph. By implementing the TSP
optimization, an optimal path that starts from vi to vj while
passing through all the node set of contaminated spots can be
scheduled.

2) Final Compaction by Dynamic Programming: After the
wash droplets are scheduled, we compact the routing paths of
wash droplets with the previous compacted paths by using the
same dynamic programming technique. In addition to checking
the fluidic constraints, we add the contamination constraint to
ensure that the contaminated spots are cleaned before being
used for routing other droplets. Finally, the overall algorithm
leads to the following theorem.

Theorem 3: The proposed algorithm can correctly sched-
ule the droplet routing and wash operations simultaneously
without any redundant insertion of wash operations between
successive subproblems.

Proof: For any given subproblem SPp, we handle the two
types of contaminated spots, intra and intercontaminated spots.
In the look-ahead routing scheme, given an edge (vi, vj) in
the flow graph, we only consider the intercontaminated spots

TABLE II

Statistics of the Routing Benchmarks

inside the bounding box of vi and vj . Therefore, the core of
the proof is to show that the intercontaminated spots outside
the bounding box should be also cleaned by satisfying the
contamination constraint. As the discussed MCC formulation
rules in Section V, we handle contaminated spots in CSp within
one subproblem, where CSp = CS(r, p), 1 ≤ r ≤ p. In other
words, the intercontaminated spots that are not formulated into
the Gtsp will be considered in the afterward occurring subprob-
lems. Since Theorems 1 and 2 have proved the feasibility and
correctness of our MCC formulation, the proposed algorithm
can simultaneously clean the intra and intercontaminated spots
without any redundant insertion of wash operations between
successive subproblems.

VII. Run Time Complexity Analysis

In this section, we discuss the run time complexity of the
proposed algorithm. The run time bottleneck of our algorithm
is to solve the MCC formulation. Let Wc/Hc denote the
width/height of a biochip. In the MCC flow graph Gf =
(Vf , Ef ), the node set mainly depends on the number of
contaminated spots between different droplet routes. Thus,
the size of Vf is O(|D|(WcHc)), where D represents the
droplet set. As constructed by flow formulation rules, the
size of Ef is O(|Vf |2), i.e., O(|D|2(WcHc)2). Since we
solve the MCC problem by implementing [10], the time
complexity of solving the MCC problem is consequently
O(|D|5(WcHc)5(log(|D|WcHc))2). Finally, let Ns represent the
total subproblems for a given bioassay, the overall time com-
plexity is O(Ns|D|5(WcHc)5(log(|D|WcHc))2).

VIII. Experimental Results

We have implemented our contamination aware droplet
router in the C++ language on a 2 GHz 64-bit Linux machine
with 16 GB memory. In this paper, the parameters α, β, and γ

are set to be 1, 4, and 2, respectively. We perform experiments
to verify the efficiency and effectiveness of our algorithm on
four widely used bioassays from [21] and [25]. These bioas-
says represents two biological processes, in-vitro diagnostics
and protein reactions, respectively. The locations of modules
(e.g., mixer, diluter) and other components (e.g., I/O port,
optical detection device) are decided by the previous place-
ment stage [17]. Droplets routing should be well-scheduled
to achieve high-throughput outcomes. Table II shows the
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TABLE III

Comparisons of Our Algorithm Without and with Applying

k-Shortest Path Technique

TABLE IV

Comparisons of Our Algorithm Without and with Applying

Look-Ahead Routing Scheme

TABLE V

Comparisons of Our Algorithm with Different Number of Wash

Droplets

statistics of each benchmark. In the table, “Size” gives the
size of microfluidic array, “#Sub” denotes the number of
subproblems, “#Net” represents the number of nets, “Dmax”
gives the maximum number of droplets among subproblems,
and “#W” denotes the number of wash droplets.

In the first experiment, we evaluated the reduction of
intracontaminations by using the k-shortest path technique.
Table III shows the comparison results of our algorithm
without and with the k-shortest path technique. By applying
the k-shortest path technique, our algorithm not only reduced
the intracontaminations by 48% but also reduced the respective
used cells and execution time by 8% and 13% with small
increase in the central processing unit (CPU) time.

In the second experiment, we evaluated the reduction of
the execution time by using the look-ahead routing scheme.
Table IV shows the comparison results of our algorithm with-

TABLE VI

Comparisons Between [27] and Our Algorithm

out and with the look-ahead routing scheme. The look-ahead
routing scheme can predict the intercontaminations for the
next subproblem. Then the MCC-based algorithm is adopted to
simultaneously clean both intra and intercontaminations. The
total execution time is accordingly reduced significantly. By
applying the look-ahead routing scheme, our algorithm not
only reduced the execution time by 9% but also reduced the
used cells by 11% with small increase in the CPU time.

In the third experiment, we demonstrate the results of our
algorithm by using different number of wash droplets. Table V
demonstrates the used cells, execution time, and CPU time by
using one, two, three, and four wash droplets, respectively.
Since the capacity of the wash reservoir is limited, we set the
maximum available wash droplets up to four. The experimental
results depict that using four wash droplets achieve the best
results in terms of used cells and completion time with slightly
increased CPU time.

In the fourth experiment, we compared the effectiveness of
our contamination aware droplet routing algorithm with the
state-of-the-art algorithm [27] in Table VI. For comparison
purpose, we implement the state-of-the-art algorithm [27].
Overall, our algorithm reduced the respective used cells and
execution time by 28% and 12% with small increase in
the CPU time. The increase in the intracontaminations is
as expected, because our droplet router has to route on the
preferred routing tracks to minimize the usage of used cells.
By our contamination aware droplet routing algorithm, we can
effectively clean all contaminations by optimal wash-droplet
routing while minimizing the used cells and the execution time
for better reliability and fast bioassay execution.

IX. Conclusion

In this paper, we proposed a contamination aware droplet
routing algorithm for DMFBs. To reduce the routing com-
plexity and used cells, we first constructed preferred routing
tracks by analyzing the global moving vector of droplets to
guide the droplet routing. To cope with contaminations within
one subproblem, we first applied a k-shortest path routing
technique to minimize the contaminated spots. Then, to take
advantage of multiple wash droplets, we adopted a MCC
algorithm for optimal wash-droplet routing to simultaneously
minimize used cells and the cleaning time. Furthermore, a
look-ahead prediction technique is used to determine the
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contaminations between successive subproblems. After that,
we simultaneously cleaned both contaminations within one
subproblem and between successive subproblems by using the
MCC-based algorithm to reduce the execution time signifi-
cantly. Based on four widely used bioassays, our algorithm
reduced the used cells and the execution time, significantly,
compared with the state-of-the-art algorithm.
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