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Abstract— On-line testing offers a promising method for de-
tecting defects, fluidic abnormalities, and bioassay malfunctions
in microfluidic biochips. To reduce product cost for disposable
biochips, testing steps and functional fluidic operations must
be implemented on pin-constrained designs. However, previous
testing methods for pin-constrained designs do not optimize test
schedules to reduce the number of control pins and test/assay
completion time. We propose a pin-count-aware online testing
method for pin-constrained designs to support the execution of
both fault testing and the target bioassay protocol. The proposed
method interleaves fault testing with the target bioassay protocol
for online testing. It is aimed at significantly reducing the
completion time for testing and for the bioassay, while keeping
the number of control pins small. Two practical applications,
namely a multiplexed bioassay and an interpolation-based
mixing protocol, are used to evaluate the effectiveness of the
proposed method.

I. INTRODUCTION

Digital microfluidics is an emerging technology that pro-
vides fluid-handling capability on a chip [1]. By reducing
the rate of sample and reagent consumption, digital microflu-
idics enables on-chip immunoassays, point-of-care clinical
diagnostics, and high-throughput DNA sequencing. Bioassay
protocols are run on a lab-on-chip through the manipulation
of discrete droplets of nanoliter volume under clock control
on a two-dimensional array of electrodes (“unit cells”).

A number of complex biomedical procedures have recently
been demonstrated on the digital microfluidics platform, e.g.,
gene sequencing through synthesis [1], protein crystallization
for drug discovery [14], and cell sorting [8]. These advances
in technology and applications serve as a powerful driver for
research on computer-aided design (CAD) and test automa-
tion tools for biochips. A number of CAD methods have been
developed recently for the design and use of microfluidic
biochips [2], [4], [6], [10], [11], [15], [17], [19].

Dependability is essential for biochips used for safety-
critical applications such as point-of-care diagnostics, health
assessment and screening for infectious diseases, air-quality
monitoring, and food-safety tests. Reliable operation is also
needed for pharmacological procedures for drug design and
discovery that require high precision levels. Catastrophic
defects and fluidic malfunctions are two major causes of
errors in digital microfluidic biochips [12], [16]. Catastrophic
defects lead to a complete malfunction of the system. They
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may be caused by a number of physical defects, e.g., di-
electric breakdown, short between the adjacent electrodes,
and degradation of the insulator. In [12], it was shown that
catastrophic faults can be detected by structural test methods.
A “parallel scan-like test” approach has also been shown to be
effective for fault detection by using test droplets to traverse
the microfluidic array [13].

Since fluidic operations are repeatedly executed with high
precision in compact microfluidic arrays, a group of cells is
repeatedly required to perform a large number of operations.
Structural test methods do not provide a sufficient level
of confidence that these fluidic operations can be reliably
performed on the array [16]. Therefore, functional testing is
necessary to verify the integrity of the underlying microflu-
idic platform. In addition, concurrent testing and continuous
monitoring is needed during in-field operation. For instance,
for detectors monitoring for dangerous pathogens in critical
locations such as airports, field testing is critical to ensure
low false-positive and false-negative detection rates. In such
cases, concurrent testing, which allows testing and normal
biomedical assays to run simultaneously on a microfluidic
system, can play an important role.

To reduce product cost, pin-assignment methods [5], [9],
[15], [17] have been proposed to design pin-constrained
biochips. These methods allow us to use a small set of
control pins to activate the electrodes in large microfluidic
arrays. In [9], the number of control pins is minimized
by using a multi-phase bus for the fluidic pathways. Every
nth electrode in an n-phase bus is electrically connected,
where n is small number (typically n = 4). An alternative
design uses row and column addressing, which is referred to
as “cross referencing”. Each electrode is connected to two
pins, corresponding to a row and a column, respectively [5].
A broadcast-addressing-based design technique is proposed
in [17].

In addition to the fluidic operations corresponding to the
target bioassay protocol, testing steps must also be imple-
mented on the pin-constrained design. Since previous pin-
constrained design methods do not take testing into consider-
ation, the testability for a pin-constrained chip is usually less
than 100%. The reduction in testability is due to the conflicts
between the fluidic operation steps required by functional test
and the constraints on droplet manipulations introduced by
the one-to-many mapping of pins to electrodes.

To tackle this problem, a design for testability (DFT) solu-
tion was recently proposed to incorporate test procedures into
the fluidic manipulation steps in the target bioassay proto-
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col [18]. By applying pin-constrained design to the testability-
aware bioassay protocol, this method ensures that the result-
ing chip layout supports the effective execution of test-related
droplet operations for the entire chip. Therefore, the proposed
DFT method allows design of pin-constrained biochips with
a high level of testability with negligible overhead in terms of
the number of control pins. However, since the test procedures
are simply appended after the completion of the bioassay, the
completion time of both testing and the bioassay is large.
Since digital microfluidic systems are envisioned for in-field
operations, e.g., for detecting dangerous pathogens and for
patient-health assessment in emergencies, the response time
should be minimized to obtain rapid results [11].

Another DFT solution is to first interleave testing and
bioassay assuming a one-to-one mapping between pins and
electrodes, and then assign control pins based on the re-
sulting electrode-actuation sequences using the broadcast
pin-assignment method [17]. This method leads to lower
completion time but it leads to a large number of control
pins [18], since the pin-count-oblivious interleaving step does
not facilitate subsequent pin-assignment to obtain a small
number of control pins.

In this paper, we propose a pin-count-aware online testing
method. This method leads to a pin-constrained design that
supports the execution of both fault testing and the target
bioassay protocol. It also interleaves fault testing and the
target bioassay protocol for online testing. The goal here is to
significantly reduce the completion time for testing and the
bioassay, while keeping the number of control pins small.
Two practical applications, namely a multiplexed bioassay
and an interpolation-based mixing protocol, are used to
evaluate the effectiveness of the proposed method.

The rest of the paper is organized as follows. Section II
provides an overview of the digital microfluidic platform.
In Section III, we explain the online testing based on array
partitioning. In Sections IV, we describe the pin-count-aware
test scheduling method. In Section V, we demonstrate the
effectiveness of the proposed optimization method for two
bioassays. Finally, conclusions are drawn in Section VI.

II. DIGITAL MICROFLUIDICS PLATFORM

In digital microfluidics, droplets of nanoliter volumes are
manipulated on a two-dimensional electrode array [1]. A unit
cell in the array includes a pair of electrodes that acts as
two parallel plates. The bottom plate contains a patterned
array of individually controlled electrodes, and the top plate is
coated with a continuous ground electrode. A droplet rests on
a hydrophobic surface over an electrode, as shown in Fig. 1.

Droplets are moved by applying a control voltage to a unit
cell adjacent to the droplet and, at the same time, deactivating
the one under the droplet. This electronic method of wet-
tability modulation under control creates interfacial tension
gradients that move the droplets to the charged electrode.
Fluid-handling operations such as droplet merging, splitting,
mixing, and dispensing can be executed in a similar manner.
Droplet routes and operation schedules are programmed into
a microcontroller that drives the electrodes. In addition to
electrodes, optical detectors such as LEDs and photodiodes
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Fig. 1. A fabricated and packaged digital microfluidic array [3].

are also used with digital microfluidic arrays to monitor
colorimetric bioassays [9].

III. ONLINE TESTING BASED ON ARRAY PARTITIONING

In real-life bioassays, most electrodes used for assay op-
erations are not utilized by sample or reagent droplets at all
times. This implies that they may still be available for testing
in some particular time period. Therefore, online testing can
be carried out to interleave testing and the bioassay protocol.
We perform concurrent testing to allow test-stimuli droplets to
traverse the microfluidic array following a carefully-designed
test plan, when the schedule of the bioassay is known a priori.
The testing steps have to be carefully scheduled so as not to
impede the fluidic functions corresponding to the bioassay.

Given the bioassay schedule, module placement, and the
droplet routes, the microfluidic array can be partitioned
into several spatial non-overlap regions using the droplet-
trace based partitioning algorithm [15]. We use the droplet
movement trace, defined as all the cells traversed by a
single droplet, to generate partitions. The module placement,
schedule, and routing pathway for each droplet is used to
obtain the trace for it. In order to avoid unintentional droplet
interference, at most one functional droplet is enclosed in
each partition at any time. Moreover, to avoid unintentional
droplet interference between different partitions, eight ad-
jacent electrodes of each electrode in the droplet trace are
also included in the same partition. When droplet traces
intersect, their corresponding partitions have spatial overlap.
We propose to make the overlapping region a new partition.

After the partitioning of the microfluidic array, we use
the bioassay schedule information to derive the “free time”
(i.e., when no droplet is present) for each partition. For each
partition, testing can be performed during its free time if the
duration of fluidic operations in one testing step is less than
the free time. In this way, testing can be interleaved with the
bioassay steps.

However, we are faced with a problem if we treat all the
electrodes in a partition as a single test-group and use only
one test droplet to traverse it. There may be a large number
of electrodes in a partition, and this approach therefore leads
to reduced resolution for fault diagnosis. Furthermore, we
have to identify a block of available time to test the whole
partition, which is less likely to occur during the normal
bioassay. Therefore, a group-testing scheme is used here. We
propose to decompose a partition into several non-overlapping

112



GA,1 GA,2 GA,3

(a)

(b)

EA,1 EA,2 EA,3 EA,4 EA,5 EA,6 EA,7 EA,8 EA,9

Fig. 2. Decomposition of Partition A into three non-overlapping test-groups:
(a) structural test for the whole Partition A; (b) structural test for three test-
groups GA,1, GA,2 and GA,3 of Partition A.

test-groups, where each test-group only consists of several
consecutive electrodes. The test efficiency depends on the
size of a test-group (number of electrodes in this group). A
large group can be targeted to reduce test time. As a trade
off, a large group size leads to reduced resolution for fault
diagnosis. We can therefore appropriately select the size of
these groups to meet different test requirements. As discussed
in [18], in order to ensure low test time and sufficient test
resolution, it is appropriate to include 3 to 5 electrodes within
one test-group. In each test-group, a test droplet is used to
perform structural testing and functional testing.

For example, consider a partition (e.g., Partition A) con-
sisting of nine consecutive electrodes, namely EA,1 to EA,9,
as shown in Fig. 2(a). It can be decomposed into three
non-overlapping test-groups (GA,1, GA,2 and GA,3), each
of which includes three consecutive electrodes, as shown in
Fig. 2(b). GA,1 includes EA,1, EA,2 and EA,3; GA,2 includes
EA,4 to EA,6; GA,3 includes EA,7 to EA,9. Both structural
test and functional test are performed for each test-group.
There are a total of six tests for Partition A—structural test
for GA,1, GA,2 and GA,3, and functional test for GA,1, GA,2

and GA,3. Note that for each partition, only one type of test
for one test-group can be executed during a specific time
interval, in order to avoid unintentional droplet interference.

IV. PIN-COUNT-AWARE TEST SCHEDULING

A pin-actuation sequence consists of several pin-actuation
vectors that are implemented serially. Each bit of a vector
represents the status of the corresponding pin in the biochip at
current time. The status of a pin can be either “1” (activate),
“0” (deactivate) or “don’t-care”. The “don’t-care” status is
represented using the symbol “x”. We use the three values
“1”, “0”, and “x” to represent a bit in the pin-activation vector.
For each control pin, its pin-actuation sequence is obtained by
merging the electrode-actuation sequences of the electrodes
that share the same pin.

Each vector in a pin-actuation sequence contains several
don’t-care bits, which can be replaced by “1” or “0”. A bit-
pair is defined as a pair of two bits that represent the status
of the same pin in two vectors at a given time. For each
bit-pair in two vectors, if either the values of the bit-pair
are the same, or the value of one bit in the bit-pair is “x”,
we refer to the two vectors as being compatible. Consider a
group of pin-actuation sequences corresponding to a group of

concurrently-implemented fluidic operations. For each time-
step, if all the vectors are pair-wise compatible, we refer to
the sequences in the group as being compatible. Mutually-
compatible sequences can be implemented concurrently, with-
out any conflict in pin actuation.

The objective of pin-count-aware test scheduling is to
interleave testing with the target bioassay in a pin-constrained
biochip, while avoid any pin-actuation conflicts between
pin-actuation sequences for testing and the bioassay. The
objective is to achieve low completion time for both testing
and the bioassay, as well as a small number of control pins.

The proposed pin-count-aware test scheduling method con-
sists of two phases. In Phase 1, we append the execution
of test-related droplet operations after the completion of the
target bioassay. For each partition, the electrode-actuation
sequences for structural test and functional test steps are ap-
pended after those for the target bioassay. Next, the broadcast-
addressing pin-assignment method from [17] is utilized to
generate the pin-constrained layout. In this way, we obtain
a pin-constrained chip layout that supports the execution of
both testing and bioassay steps. The overhead in terms of the
number of additional control pins is negligible. The resulting
pin-assignment has two attributes: first, the target bioassay
can be executed exactly following the bioassay schedule
without any pin-actuation conflicts; second, each structural
and functional testing for every test-group in a partition can
also be performed without any pin-actuation conflicts.

In Phase 2, we propose to schedule each type of fault
testing (structural or functional) for every test-group in a
partition during its free time when no bioassay is performed
in this partition. The goal here is to avoid any pin-actuation
conflict between pin-actuation sequences for testing and the
target bioassay. The test schedule determines the start time
and end time for testing (structural or functional) for all the
test-groups in each partition. As discussed in Section III, for
each partition, only one type of testing for a test-group can
be executed during a specific time interval, in order to avoid
unintentional droplet interference.

Next, consider the direct-addressing scheme (one-to-one
mapping), where each electrode is assigned a separate control
pin. A test for a test-group in a partition (e.g., Partition
A) can be scheduled during a specific time interval if no
target bioassay step is performed in this partition during this
time, i.e., all electrodes in Partition A are assigned the “x”
value. For a pin-constrained chip layout, several electrodes
in Partition A may share the same control-pins with the
electrodes in Partition B. At a specific clock cycle, we assume
that the target bioassay step is only executed in Partition B.
In this case, the pin-actuation sequence of this bioassay step
may activate corresponding control pins that are connected
to electrodes in Partition B. Electrodes in Partition A that
share the same control pins with electrodes in Partition B
are also activated inadvertently, even if no bioassay step is
concurrently executed in Partition A.

Currently, since no bioassay step is implemented in Par-
tition A, we attempt to schedule a testing step here at the
same clock cycle. The pin-actuation sequence of this testing
step activates corresponding control pins that are connected
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TABLE I

AN EXAMPLE ILLUSTRATING TEST SCHEDULING IN A PIN-CONSTRAINED

BIOCHIP.

Clock Partition A Partition B
cycle P1 P2 E1(P1) E2(P2) E3(P1) E4(P2)

1 1 1 1 x 1 1
2 0 0 0 0 0 x
3 x 0 x x x 0
4 1 x x x 1 x
5 0 1 0 1 x x

to electrodes in Partition A. However, for a control pin
that connects both electrodes in Partition A and Partition
B, its specific value (‘0’ or ‘1’) assigned by the testing
step in Partition A may be different from the specific value
assigned by the target bioassay step in Partition B. Therefore,
a pin-actuation conflict occurs. To avoid such conflicts, when
scheduling the testing step in Partition A during the free time,
we check whether its pin-actuation sequence is “compatible”
with the pin-actuation sequences for concurrently-executed
target bioassay steps in other partitions. At a specific clock
cycle, only the testing step whose pin-actuation sequence is
mutually compatible with concurrently-executed target bioas-
say steps can be scheduled at the same time.
Example 1: Table I shows two partitions, A and B. Partition
A includes two electrodes E1 and E2, while Partition B
includes two other electrodes E3 and E4. Electrodes E1 and
E3 are connected to the same pin P1, while E2 and E4 are
connected to pin P2. For the target bioassay implementation,
Table I also presents the electrode-actuation sequence for each
electrode, as well as the pin-actuation sequence for each con-
trol pin. Note that the pin-actuation sequence for each control
pin is obtained by merging the electrode-actuation sequences
of those electrodes that share the same pin. Now we schedule
a testing step whose electrode-actuation sequence is “E1E2 =
11” (i.e., pin-actuation sequence is “P1P2 = 11”) for Partition
A. Since at clock cycle 3, we have “E1E2 = xx”, i.e., Partition
A is currently free, we attempt to schedule this testing step at
clock cycle 3. However, since we have “P1P2 = x0” at clock
cycle 3, scheduling this testing step at the same time leads
to a pin-actuation conflict, i.e., the testing step indicates that
P2 = 1, while currently P2 = 0.

Next we attempt to schedule the testing step “E1E2 = 11”
(i.e., “P1P2 = 11”) at clock cycle 4. Since Partition A is
currently free and this testing step is compatible with the
pin-actuation sequence “P1P2 = 1x” at clock cycle 4, we
can schedule the testing step in Partition A at clock cycle 4.
We also update the pin-actuation sequence for clock cycle 4
incorporating the testing step “E1E2 = 11”, i.e., we update
“P1P2 = 11” at clock cycle 4. �

Therefore, to schedule a testing step for a test-group within
a partition, two requirements must be satisfied. First, no
bioassay step is performed in this partition during the time-
span when the testing step is scheduled. Second, the pin-
actuation sequence for this testing step must be “compatible”
with the pin-actuation sequences for concurrently-executed
target bioassay steps in other partitions.

1: /* Phase 1: Obtain a pin-constrained chip layout supporting the
execution of both testing and target bioassay */

2: Partition the microfluidic array into spatial non-overlap regions
using the droplet-trace based partitioning algorithm;

3: Append the structural testing and functional testing for test-groups
in each partition after normal bioassay;

4: Obtain the resulting pin-constrained chip layout using broadcast
pin-assignment method;

5: /* Phase 2: Pin-count-aware test scheduling */
6: while Current time does not exceed the maximum allowed time

for bioassay and testing do
7: for each partition in the microfluidic array do
8: if existing un-scheduled test groups in current partition then
9: if no bioassay or testing is performed in current partition

at current time then
10: Stage 1: Estimate the free time from current time to

next scheduled bioassay or testing in current partition;
11: Stage 2: Select a test from un-scheduled test groups

that has the largest duration for testing that can fit in
the free time duration obtained in Stage 1;

12: Stage 3: Check whether the pin-actuation sequence
of the selected test in Stage 2 are compatible with
the pin-actuation sequences for concurrently-executed
target bioassay steps in other partitions;

13: Stage 4: Schedule the selected test in Stage 2 when
compatible requirement is met in Stage 3;

14: end if
15: end if
16: end for
17: if all tests for each partition have been scheduled then
18: Exit current loop;
19: else
20: Increase current time by one clock cycle;
21: end if
22: end while
23: Output results of pin-assignment and test scheduling for bioassay.

Fig. 3. Pseudocode for the pin-count-aware online testing.

By utilizing the above pin-count-aware online testing
method, we can obtain the pin-constrained biochip layout that
supports the concurrent execution of both testing steps and
the target bioassay. This layout minimizes the completion
of testing and bioassay steps with negligible overhead in
terms of number of control pins. The pseudocode for pin
assignment and test scheduling is shown in Fig. 3. Assume
that the maximum completion time (in clock cycles) of both
testing and the bioassay is Tmax, the number of partitions is
p, and the number of structural and functional tests within
one partition is k. The worst-case computational complexity
of the above procedure is O(pkTmax).

V. EXPERIMENTAL EVALUATION

A. Multiplexed Immunoassay

In this section, we first evaluate the proposed pin-count-
aware online testing method by first applying to a multiplexed
immunoassay. We have two samples S1 and S2, and two
reagents R1 and R2. Four pairs of droplets, i.e., {S1, R1},
{S1, R2}, {S2, R1}, {S2, R2}, are routed together in se-
quence for the mixing operation. Thereby four mixing op-
erations are performed. Finally each of the mixed droplets is
routed to the detection site for analysis. A 15×15 microfluidic
array is used here to perform the fluidic operations in the
bioassay.

We use the droplet-trace partitioning method to partition
the microfluidic array into 9 spatial non-overlapping parts
(from P1 to P9), as shown in Fig. 4. For Partitions 1, 2, 7,
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Fig. 4. Microfluidic array partition for multiplexed bioassay.

TABLE II

COMPARISON OF THE COMPLETION TIME AND THE NUMBER OF

CONTROL PINS FOR THE MULTIPLEXED BIOASSAY.

Method No. control pins Completion time (seconds)
Bioassay 24 98

Baseline 1 25 153
Baseline 2 40 112
Proposed 25 118

and 8, the electrodes for droplet transportation and fluidic
operations in each partition are decomposed into three test-
groups, where each test-group includes three consecutive
electrodes. Partition 6 is decomposed into three test-groups,
where two test-groups include three consecutive electrodes,
and the third test-group includes five consecutive electrodes.
For Partitions 3, 4, 5, and 9, each partition includes three
electrodes that form one single test-group.

We assume a representative clock frequency of 1 Hz [18],
i.e., the droplets are transported at the rate of 1 elec-
trode/second. Given the multiplex bioassay protocol and the
module placement in Fig. 4, we can obtain the schedule (using
the synthesis method in [11]) and pin-assignment (using the
pin-assignment method in [17]) for the target bioassay. The
completion time of the target bioassay is 98 seconds. A total
of 24 control pins are needed to perform the bioassay.

Next we combine structural testing and functional test-
ing with the bioassay implementation. In the first baseline
method, for each partition, the electrode-actuation sequences
for testing steps are appended to those for target bioas-
say. Next the broadcast-addressing pin-assignment method
from [17] is utilized to generate the pin-constrained layout.
The completion time of normal bioassay plus testing is 153
seconds. A total of 25 control pins are needed, which is one
more than the implementation for only the bioassay.

For the second baseline method, we interleave testing
and bioassay assuming direct-addressing. For each partition,
testing steps can be performed during the free time when
no target bioassay is implemented within the partition. The
pin-constrained layout is generated based on the resulting
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Fig. 5. Pin-assignment using broadcast addressing for the multiplexed
bioassay: (a) pin-count-aware online testing method; (b) Baseline method 2.

electrode-actuation sequences. The completion time of online
testing with the bioassay is 112 seconds. However, as many
as 40 control pins are needed, since the pin-oblivious inter-
leaving process does not facilitate pin-assignment to reduce
the number of control pins.

Next we use the proposed two-phase pin-count-aware
testing method to interleave testing steps and the target
bioassay in a pin-constrained layout. The completion time
is 118 seconds, which is 35 seconds less than that for
Baseline 1, i.e., a 23.1% reduction. Only 25 control pins are
needed, which is the same as that for Baseline 1. Table II
shows the comparison for the proposed method with the two
baseline methods, in terms of the completion time for both
multiplexed bioassay and testing, and the number of control
pins. The pin-assignment for the proposed pin-count-aware
online testing method and Baseline 2 are shown in Fig. 5.
Compared to Baseline 2, although the proposed method uses
an additional 6 seconds to complete both the test procedure
and the bioassay, it reduces the number of control pins from
40 to 25, i.e., a 37.5% reduction.

B. Interpolation-based Mixing Protocol

We next evaluate the pin-count-aware testing method using
an interpolation-based mixing protocol [7], which is described
as follows. First, a droplet of the sample, such as serum
or some other physiological fluid containing protein, is dis-
pensed into the biochips. Buffer droplets, such as 1M NaOH
solution, are then introduced to dilute the sample to obtain a
desired dilution factor (DF). The mixing of a sample droplet
of protein concentration C and a unit buffer droplet results
in a droplet with twice the unit volume, and concentration
C/2. Splitting this large droplet results in two unit-volume
droplets of concentration C/2 each. Continuing this step in
a recursive manner using diluted droplets as samples, an
exponential dilution factor of DF = 2N can be obtained
in N steps.

The two-fold dilution step can be extended to two droplets
of different concentrations C1 and C2, which results in two
unit droplets with an interpolated concentration of (C1 +
C2)/2 each. By cascading the exponential and interpolating
dilution steps in a serial fashion, arbitrary dilution factors can
be obtained. For example, by mixing and splitting two unit
droplets of concentration C/8 and C/16, we can obtain a
concentration C/10.67. This scheme of obtaining the desired
dilution ratio is referred to as interpolating serial dilution.
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Fig. 6. Sequencing graph for an interpolation-based mixing protocol [7].

TABLE III

COMPARISON OF THE COMPLETION TIME AND THE NUMBER OF

CONTROL PINS FOR THE INTERPOLATION-BASED MIXING PROTOCOL.

Method No. control pins Completion time (seconds)
Bioassay 27 373

Baseline 1 30 481
Baseline 2 46 388
Proposed 30 403

Fig. 6 shows a sequencing graph model for the above protocol
to obtain four different concentrations C/10.67, C/21.33,
C/42.67, and C/85.33. Finally, droplets with the above
four concentrations are transported to a transparent electrode,
where an optical detector (e.g., a LED-photodiode setup) is
integrated to measure the protein concentration.

In Fig. 6, there are a total of 71 nodes in one-to-one
correspondence with the set of operations in the interpolation-
based mixing protocol, where DsS and DsBi (i = 1, . . . , 31)
represent the generation and dispensing of sample and buffer
droplets, respectively. In addition, Dlti (i = 1, . . . , 35)
denotes the dilution (including mixing/splitting) operations;
Opti (i = 1, . . . , 4) denotes the optical detection of the
diluted droplets.

Using the droplet-trace partitioning method, the microflu-
idic array placement for the interpolation mixing bioassay
is partitioned into 12 spatial non-overlapping regions. The
completion time for interpolation mixing is 373 seconds. A
total of 27 control pins are needed to implement the bioassay.

Next we combine testing with the implementation of the
interpolation-based mixing protocol. Table III compares the
proposed method to the baseline methods, in terms of the
completion time for the bioassay and for testing, and the
number of control pins. Compared to Baseline 1, the proposed

method reduces the completion time by 78 seconds, i.e., a
16.2% reduction, but it requires the same number of control
pins. Compared to Baseline 2, although the proposed method
needs an additional 15 seconds to complete both the testing
and the bioassay, it reduces the number of control pins from
46 to 30, i.e., a 34.8% reduction.

VI. CONCLUSIONS

We have proposed a pin-count-aware online testing
method. This method has generated the pin-constrained de-
sign to support the execution of both the fault testing and
the target bioassay protocol. Fault testing and the target
bioassay protocol have been interleaved for online testing.
The completion time of the fault testing and bioassay has
been significantly reduced, and the number of control pins has
been kept small. Two bioassays, a multiplexed bioassay and
an interpolation-based mixing protocol, have been utilized to
evaluate the effectiveness of the proposed testing method.
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