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Abstract—As the biochemical experiment becomes more com-
plicated and more diverse, the process of developing a specific-
purpose microfluidic biochip for a new task can be very expensive
and time consuming. Therefore, the programmable microfluidic
devices (PMDs) are proposed as general purpose devices which
can perform multiple functions without any hardware modifica-
tion. Because the PMDs are controlled by pure software program,
the assays can be done in parallel and the total completion
time can be reduced. However, the high parallelism may cause
congestion problem as different reagents are not allowed to
cross each other to avoid unexpected mixing. Moreover, since
reagents are pushed by the off-chip pump, the free channel
from an off-chip pump to the actuated reagent is also prohibited
to pass through. This could further complicate the congestion
problem and increase the assay completion time significantly.
However, some vulnerable reagents may spoil over time during
the experiment. For timing critical application, it is indispensable
to ensure the total assay completion time is within an upper
limit. Therefore, we propose a pump-aware flow routing algo-
rithm which deals with the complex routing congestion while
minimizing the assay completion time within an upper limit.

I. INTRODUCTION

Over the last decades, flow-based microfluidic biochips

have become popular in the biochemical application among

various types of biochips. By using picoliter volume reagents,

complex assays still can be executed normally in high accuracy

[1]. With the flow-based microfluidic biochips, continuous

liquid-flow reagents can flow in the etched channels to ac-

complish specific operations, such as mixing, transportation,

and dilution. Pumps and valves are interplayed to control the

pressure-driven flow. In Fig. 1(a), there are two elastomer

layers in a basic flow-based microfluidic biochip, flow layer

and control layer [2]. Each layer has its own channel network

and functionality. In flow layer, biochemical reagents are

manipulated in the channels. On the other hand, valves in

control layer are designed for blocking fluidic flows in flow

layer. By providing the pressure, the membrane valves would

be deflected into the flow channels. Between the two layers,

an off-chip pump is connected to channels in both layers to

generate the pressure for controlling valves and driving flows

[3], [4].

The developments in microfluidic integration have seen

significant progress recently [5], [6], [7], [8], [9], and a

fully software-programmable microfluidic device (PMD) is

one of the most exciting technologies [10]. PMDs are designed

for general purpose, and users can control PMDs with only

software programs to implement assays. The generic archi-

tecture of PMDs is composed of a network of intersecting

(a) (b)

(c) (d)

Fig. 1: (a) Schematic of a two-layer flow-based biochip. (b)

Central channel network [11]. (c) Every chamber is surrounded

by four valves [11]. (d) Mesh-based channel network.

channels controlled by independent valves (Fig. 1(b)), and

each chamber in PMDs is surrounded by four valves [11] (Fig.

1(c)). Moreover, the network model of channels can be seen

as mesh (Fig. 1(d)). However, when two flows pass through

the same chamber, unexpected mixing may happen and lead

to incorrect results. Moreover, since the reagent is pushed by

the off-chip pump, the free channel from the off-chip pump to

the actuated reagent is occupied by pressure and is prohibited

from passing through by other reagents, called the pressure-

route constraint (Fig. 2(a)). Furthermore, since pressure-route

constraint could further complicate the congestion problem,

the assay completion time may increase significantly and cause

incorrect results due to the spoiled reagents.

The work in [12] solved the congestion problem between

reagents while not considering pressure-route constraint. How-

ever, reagents are pushed by the off-chip pump and the

pressure-route constraint is necessary to ensure the flow.

Therefore, if we simply apply the proposed approach [12] to

resolve the complex routing congestion, a deadlock may occur

during the experiment. This is because reagents may wait

each other and form the unsolvable waiting cycle. Besides,

the completion time may increase significantly due to the

complex congestion and make the results incorrect. Therefore,

to resolve the congestion caused by reagents and pressure, we

propose a pump-aware flow routing algorithm to guarantee all

the experiments can be completed and the completion time of

all test cases is within the upper limit of completion time.

The rest of this paper is organized as follows. Section II

formulates the routing problem on PMDs. Section III presents
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Fig. 2: (a) Pressure-route constraint. (b) P1,1, P1,2, and P1,3
are candidate pumps to replace the original pump P1.

our proposed algorithm. Section IV shows the experimental

results and Section V gives our conclusions.

II. PROBLEM FORMULATION

The central channel network of the PMDs can be formulated

as a mesh graph, shown in Fig. 1(d). Edges and intersections

in the mesh graph represent channels and chambers on PMDs,

respectively. Sources and targets of reagents, and the off-chip

pumps are located on the border of the mesh graph.

The routing problem on PMDs: Given an m × n mesh-

sized graph of the PMD. Each reagent has the respective

volume as length li, and the coordinates of the source and the

target of reagent i are (Sxi
, Syi

), (Txi
, Tyi

). Moreover, the

source and the target of reagent are located in the peripheral

of a PMD. The objective of our problem is to minimize the

assay completion time without any constraint violation. In our

model, we define the time that reagents route one unit of mesh

is a timing unit.

The constraints are described in more detail as follows:

1) Source and target restriction: When t = 0, each reagent

i is located at its source (Sxi
, Syi

). Additionally, the reagent

must arrive its target (Txi
, Tyi

) before the experiment is

finished.

2) Valve constraint: The valve constraint states that valves

can only be either opened or closed at any timing unit.

3) Fluidic constraint: The fluidic constraint states that an

intersection or a channel cannot be passed by two or more

reagents at any timing unit.

4) Pressure-route constraint: The pressure-route constraint

states that the free channel from pump to the actuated reagent

is occupied by pressure and is prohibited to pass through. In

Fig. 2(a), reagent A can continue to flow but reagent B cannot.

The reason is that the pressure A occupies the intersection and

prohibits reagent B from passing through.

5) Pump replacement constraint: Since the pressure-route

constraint could complicate the congestion problem, choosing

the pump at different locations to push the reagent may solve

the congestion. In this paper, only three candidate pumps are

eligible to push the reagent. An example is shown in Fig. 2(b),

P1,1, P1,2, and P1,3 are at the three candidate locations of the

pump to push reagent r1 at this timing unit.

III. PUMP-AWARE FLOW ROUTING ALGORITHM

Fig. 3: Overview of our pump-aware flow routing algorithm.

Fig. 3 shows our flow chart of pump-aware flow routing

algorithm. First, we apply L route to find the initial route for

each reagent. Second, the monotonic route is applied to seek

more probable routes. After applying the two routing methods,

the global routing results for every reagent are determined.

Then, the relation graph is constructed to record the relation

between reagents based on the global routing results. Once we

have the global routing results and the relation graph, we can

simulate the experiment in detailed routing. Since we need

to ensure the experiment is completed without any constraint

violation, congestion problems should be resolved in detailed

routing phase. The details of the algorithms are presented in

the following subsections.

A. Global Routing

1) L Route: There are two L-shape routes for each reagent,

one is Lh, and the other is Lv . For example, Lh routes

horizontally first, and then routes vertically to arrive the target.

We record the time that every reagent passes through the

intersections to determine whether the L-shape routes of any

two different reagents are conflicted or not. If the two L-shape

routes are conflicted to each other, they would have the conflict

weight between them. For each reagent, we choose the L-shape

route with less conflict weight as the initial solution.

The arrival time a and the exit time e are recorded to

the nodes on two L-shape routes. We record the time by the

notations a(i,x,y,Lroute) and e(i,x,y,Lroute). Take Fig. 4(a) for

example, r1 will arrive node (1, 3) at t = 3 and exit it at

t = 15. Thus, a(1,1,3,L1v) is 3 and e(1,1,3,L1v) is 15. Note that

the exit time of all nodes on L1v are t = 15 since the pressure

will occupy the free channel until all the units of the reagent
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Fig. 4: (a) Record arrival and exit time of L1v . (b) Conflict

weight between L1v and L2v at node (1, 3).

arrive the target. Based on the residence time, we can calculate

the conflict weight between two reagents. In Fig 4(b), L1v and

L2v will have conflict at node (1, 3) from t = 5 to t = 15.

Therefore, the conflict weight between L1v and L2v at (1, 3)
will be 15 − 5 = 10. The cost function of conflict weight

Wi,x,y,Lroute is presented as follows:

Wi,x,y,Lroute =

N∑

j=1

2∑

(k=1)

max(emin − amax, 0) (1)

emin = min(e(i,x,y,Lroute), e(j,x,y,k)) (2)

amax = max(a(i,x,y,Lroute), a(j,x,y,k)) (3)

Wi,Lroute =
m∑

(x=0)

n∑

(y=0)

Wi,x,y,Lroute (4)

In the Equation (1), N is the number of reagents, and for every

reagent, we need to choose one of the two L-shape routes as

initial solution. Take r1 for example, if L1v is chosen, the

value of W1,Lv is 10 + 4 = 14 (conflict weight with L2v and

L2h, respectively). On the other hand, the value of W1,Lh
is

4+13 = 17. Therefore, L1v will be the initial solution for r1.
2) Monotonic route: A good global routing strategy may

reduce the congestion problem significantly. Therefore, it is

necessary to seek more patterns for every reagent to find a

route with less conflict. Thus, monotonic routing approach

is performed to search multiple shortest routes within the

bounding box of source S and target T . The order of applying

monotonic algorithm to the reagents is based on the number

of overlaps between the bounding boxes. That is, the reagent

which has the least overlaps will have the highest priority as

the route of this reagent may have less influence on other

reagents. We denote the chosen reagent as rc.
In order to adopt monotonic algorithm, the cost function of

each node in bonding box is presented as follows:

C(x,y) = min(C(x−1,y), C(x,y−1)) +Wi,x,y (5)

C(Sx,Sy) =Wi,Sx,Sy
(6)

Similar to the L Route, conflict weight Wi,x,y between rc and

other reagents is determined by their arrival and exit time to the

(a) (b)

Fig. 5: (a) The relation graph at t = 4. (b) The relation graph

at t = 5.

node. Note that the equation is a special case that the source

of the bounding box must at the lower left of the target. After

calculating the conflict weight of every node in the bounding

box, denoted by C(x,y), the route with the least cost from S
to T will be chosen as the final route.

B. Relation Graph Construction

Once global routing is finished, the route of every reagent

is determined. Then, the relation graph can be constructed

to record the relation between reagents at each timing unit.

According to the relation graph, we can predict whether the

reagent may block other reagents or pass by a congested area.

Both situations may increase the experimental time and should

be avoided.

In the relation graph, the vertices represent the reagents, and

the directed edges indicate that reagent rw needs to wait for

reagent rb. In Fig. 5(a), at t = 4, there is a conflict between r1
and r2. Since r2 needs to wait for r1, r1 and r2 are defined as

rb and rw, respectively. r2 waits 6 timing units for r1, which

is calculated according to the remainder time that r1 arrives

its target.

Moreover, the waiting time of rb may affect the waiting

time of rw. In Fig, 5(b), at t = 5, r3 waits 7 timing units for

r2. However, at the same time, r2 needs to wait 5 timing units

for r1. Therefore, the total waiting time of r3 is 7 + 5 = 12.

During relation graph construction, we only roughly calculate

the waiting time at the timing unit of conflict without updating

with timing condition. This is because the real simulation is

time consuming and the relation graph is only a prediction to

assist the strategy of detailed routing.

C. Detailed Routing

In detailed routing phase, we find the exact route for each

reagent by simulating the experiment with timing condition.

When simulating the experiment based on the global routing

results, there may be congestion problems due to the conflicts

and the waiting cycles between reagents. Since the congestion

problem may increase the assay completion time or even cause

a deadlock, the results may become incorrect. Therefore, we

propose the approaches to resolve the cycles and the conflicts

in the following subsections.
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Fig. 6: (a) Backtracks each reagent to its pbi . (b) Using

monotonic algorithm to reroute the reagent in the bounding

box.

1) Cycle Resolving: When two or more reagents wait for

each other, they will form the waiting cycle and make the

experiment never terminate. Therefore we propose a progres-

sive algorithm with three phases to resolve the cycles: (1)

Backtrack method, (2) Dijkstra’s algorithm, and (3) Rollback

method. When one phase is disable to resolve cycle, we

will apply the next phase. In order to resolve cycle without

increasing any routing length of the reagent, we first apply

Backtrack method. However, since Backtrack method may in-

crease the CPU time, we define a limit of the timing units that

the experiment can backtrack. In the second phase, Dijkstra’s

algorithm, is applied to reroute the reagents which compose

the waiting cycle. In this phase, the length of the route may

increase since the reagent should bypass the other reagents

to resolve cycle. If first two phases cannot resolve cycle, we

will apply the last phase to ensure the cycle can be definitely

resolved. In Rollback method, we lock one of the reagents at

its source until one of other reagents arrives the target. We

will detail the approach in the following subsections.

a) Backtrack method: In Backtrack method, we first

backtrack the assay to the time before the waiting cycle forms.

Then, reroute one of reagents which compose the waiting cycle

in order to prevent the same cycle forms again. The approaches

that determine the number of timing units to backtrack and

the reagent to be rerouted are presented as follows. First, we

determine the point pbi that the reagent should be backtracked

to for all the reagents which compose the waiting cycle, and

pbi is the point before arriving the last turn point of each

reagent. Second, we calculate the total timing units that each

reagent should be backtracked. In the end, we choose the

reagent with least number of timing units as the reagent to

be rerouted, and its number of timing units is the total timing

unit that the assay should be backtracked.

In Fig. 6(a), the pbi of reagents are marked with black dots.

The number of timing units that r2 is backtracked to pb2 is

3, r3 is 4, and r1 does not have any pb1 in this example.

Therefore, r3 is chosen to be rerouted and the total number

of timing units to be backtracked is 3. Then, r2 is rerouted

by monotonic algorithm similar to global routing shown in

Fig. 6(b). If the cycle still cannot be resolved after rerouting,

Backtrack method will be applied once again until the cycle is

resolved or the number of timing units exceeds δ. We define

δ as half of the width of a mesh to reduce CPU time.

b) Dijkstras algorithm: In this phase, we reroute one of

the reagents which compose the waiting cycle with Dijkstras

algorithm. The function of distance is presented as follows.

dx,y = min(dx−1,y, dx,y−1) + 1 + Tstay + Tpunish (7)

dSx,Sy
= 0 (8)

In Equation (7), dx,y is the distance from source of the reagent

to the node (x, y). If no conflict occurs at node (x, y), the

distance dx,y = min(dx−1,y, dx,y−1) + 1. However, if there

is the conflict, two additional costs Tstay and Tpunish may

be added to dx,y . Tstay is the remaining number of timing

units that reagent ro which have occupied node (x, y) will

exit. Tpunish is used to prevent other reagents from passing

through the node that is occupied by the reagent which is

waiting for the other reagent. We define Tpunish as half the

size of a PMD.

Fig. 7: Reroute r2 with Dijkstra’s algorithm to solve the cycle.

In Fig. 7, r2 is rerouted with its new source at node (5, 4).
Take d6,4 and d5,3 as examples, since no reagent occupies

node (6, 4), Tstay = 0 and Tpunish = 0. The value of d6,4 =
0 + 1 + 0 + 0 = 1. On the other hand, since node (5, 3) is

occupied by r1, Tstay = 7 and Tpunish = 7/2 = 3. The value

of d5,3 is 11. Based on the distance of nodes from source to

target, we can find a new route for r2 to resolve cycle.

c) Rollback method: To ensure the cycle can be resolved,

we restart the total experiment and lock one of the reagents

which compose the cycle at its source at the beginning of

the experiment. Only when one of the other reagents which

compose the cycle arrives the target, the locked reagents can

start the route. The reagent which has the shortest path from

the source to the target will be chosen to be locked.

For eample, in Fig. 8(a), r1, r2, and r3 form a cycle at

t = 6. The shortest path of r1, r2, and r3 are 13, 10, and 8,

respectively. Thus, r3 is chosen to be locked at node (5, 7),
shown in Fig. 8(b), until r2 arrives its target at t = 15 (Fig.

8(c)), r3 can restart its experiment at t = 16 (Fig. 8(d)).

The Rollback method can resolve the cycle definitely but may

increase CPU time significantly.

2) Conflict Resolving: There are two conflict types in

detailed routing:

Type1: Two or more reagents occupy the same intersection

at the same time. Therefore, the priority of the reagents to

pass through the intersection should be determined. The cost

function of the priority is presented as follows.

Pi = −α ∗ li + β ∗Nblocked − γ ∗DArea (9)
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Fig. 8: (a) An example of cycle caused by three reagents. (b)

t = 6, r3 is blocked at source. (c) t = 16, r2 arrives target.

(d) t = 16, r3 restarts its experiment.

The priority Pi is determined by the lengths of ri, the number

of reagents which are predicted to be blocked by ri with the

relation graph (Nblocked), and the degree of congestion of the

routing area in the future (DArea). The reagent which has the

highest priority can pass through the intersection first.

Type2: A reagent occupies the intersection that is already

occupied by another reagent. We divide this type of conflict

into two cases.

Case1: Reagent rw waits for another reagent rb.

Step1. Find a new route by monotonic algorithm for rw.

Step2. If there is no available route for rw, rw should wait

for rb until there is an available route for rw or rb exits the

intersection. While rw is waiting for rb, the pump of rw will

be turned-off in order to decrease the the degree of congestion

caused by pressure.

In Fig. 9(a), r3 waits for r2 at t = 6. First, we apply

monotonic algorithm to reroute r3, but obviously, there is no

available route in this example. Therefore, r3 will wait for r2
until r2 exits the conflict intersection. Moreover, since pump

of r3 is turned-off and would not occupy the intersection, r4
can pass through the intersection instead of waiting for r3,

shown in Fig. 9(b).

Case2: Reagent rw waits for the pressure of rp.

Step1. Find a new route by monotonic algorithm for rw.

Step2. If there is no any available route for rw, check whether

there is any candidate pump can push rp.

Step3. If there is no candidate pump can push rp, one of rw
and rp that has lower priority (Equation (9)) should wait and

turn-off its pump.

Take Fig. 9(c) as an example, r1 and r3 wait for the pressure

of r2. Since there are no available routes for r1 and r3, we

then check the candidate pump of r2. There are three candidate

pumps for r2, one is located at node (0, 3), another is located

at node (7, 3), and the other is its original pump P2. The cost

function to determine activated pump is presented as follows.

(a) (b)

(c) (d)

Fig. 9: (a) r3 waits for r2 at t = 6. (b) P3 is turned-off to

enable r4 to pass through. (c) r1 and r3 wait the pressure of

r2. (d) Changing P2 to enable r1 and r3 to pass through.

Cp = α ∗ lp + β ∗DArea (10)

In Equation (10), the cost of pump Cp is determined by the

length of free channel occupied by pressure (lp), and the

degree of congestion of routing area in the future (DArea).

The candidate pump which has lower Cp will be chosen as

the pump of r2. Fig. 9(d) shows the result after changing the

pump of r2.

IV. EXPERIMENTAL RESULTS

Our algorithm is implemented in the C++ programming

language on Xeon 3.50GHz CPU with 128GB memory. We

compare our algorithm with two baselines. One is Sequential

Route which routes the reagents one after another. That is, only

one reagent can move from the source to the target, and the

remaining reagents are locked at their sources. If one reagent

arrives its target, one of the remaining reagents begins to move.

The second baseline is Naı̈ve Approach which does not apply

any strategy of turning-off the pump or pump replacement

to resolve congestion problem. Therefore, the pressure will

always occupy the free channel until the reagent arrives its

target. Moreover, the work [12] cannot route all cases since

with backtrack method, reagents need to change the directions

in the bounding boxes and restart the routes at the same time.

Therefore, the same cycle may always occur and cause the

deadlock, shown in Fig.10.

We use the benchmarks provided by [12], which has 10

cases for each benchmark. Table I compares the resulting

assay completion and CPU time of Sequential Route, Naı̈ve

Approach, and our pump-aware flow routing algorithm. The

value of assay completion time and CPU time in the table

are the average value of each benchmark. The experimental

results show that both completion time and CPU time of

Naı̈ve Approach are much larger than ours, which certifies the

congestion problems caused by the pressure-route constraint
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TABLE I: Experimental results for Sequential Route, Naı̈ve Approach, and our pump-aware flow routing algorithm

Benchmark
Sequential Naı̈ve Ours

Assay completion time CPU Time Assay completion time CPU Time Assay completion time CPU Time
test1 (10× 10) 82.1 < 0.001 43.2 0.037 34.5 0.037
test2 (10× 10) 162.9 < 0.001 84.8 0.33 56.2 0.09
test3 (20× 20) 537.9 < 0.001 207.6 14.8 104.2 0.95
test4 (30× 30) 1150.5 < 0.001 396.6 77.15 162.1 7.7
test5 (40× 40) 1973.3 < 0.001 720.9 721.99 238.9 60.52
test6 (50× 50) 3006.5 < 0.001 958.8 2880.8 315.7 230.09

N. Average 7.5766 approx. 0 2.646 12.34 1 1

(a) (b)

Fig. 10: (a) The situation obtained from [12] which does not

consider pressure-route constraint. (b) Backtrack method can-

not solve the cycle when considering pressure-route constraint.

will affect the results significantly. This is because Rollback

method may be applied frequently and decreases the degree

of parallelism without the strategy of turning-off or changing

pumps to deal with the pressure-route constraint. As shown in

the Table I, the assay completion time of our pump-aware flow

routing algorithm is 7.57x and 2.64x faster than the Sequential

Route and Naı̈ve Approach, respectively.

Besides, Fig. 11 shows the comprehensive evaluation of

finished test cases for each benchmark. Since each test case

has its upper limit of assay completion time to avoid the

incorrect results, we apply maximum (CTmax) and minimum

(CTmin) of assay completion time to evaluate the results of

our algorithm. CTmax is the completion time with Sequential

Route and CTmin is the completion time that every reagent

routes with its shortest path in parallel without any constraints.

For example, in test6 (Fig. 11(f)), if the upper limit is assigned

to 10% more than CTmin, all the test cases with our algorithm

are finished within the upper limit and promised to be correct.

However, not all the test cases with Naı̈ve Approach can be

finished within the same upper limit.

(a) (b) (c)

(d) (e) (f)

Fig. 11: Number of finished test cases for each benchmark.

(a) test1. (b) test2. (c) test3. (d) test4. (e) test5. (f) test6.

V. CONCLUSIONS

This paper has presented the first pump-aware flow routing

algorithm on PMDs which considers pressure-route constraint

and minimizes assay completion time. In the pump-aware flow

routing algorithm, we used L route and monotonic route to

find the initial route for each reagent in global routing phase.

Then, we simulate the experiment and deal with the congestion

caused by reagents and pressure in detailed routing phase.

Experimental results show that our algorithm can achieve the

best assay completion time among all baseline methods in

reasonable CPU time and ensure all the assay completion time

to be within the upper limit of assay completion time.
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