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Abstract

Dependability is an important system attribute for mi-
crofluidic lab-on-chip devices. On-line testing offers a
promising method for detecting defects, fluidic abnormal-
ities, and bioassay malfunctions during chip operation.
However, previous techniques for reading test outcomes and
analyzing pulse sequences are cumbersome, sensitive to
the calibration of capacitive sensors, and error-prone. We
present a built-in self-test (BIST) method for on-line test-
ing of digital microfluidic lab-on-chip. This method uti-
lizes microfluidic compactors based on droplet-based AND
gates, which are implemented using digital microfluidics.
Dynamic reconfiguration of these compactors ensures low
area overhead and it allows BIST to be interleaved with
bioassays in functional mode.

1. Introduction

Microfluidic-based lab-on-chips are being advocated
for applications such as immunoassays, clinical diagnosis
and high-throughput DNA sequencing [1]. An especially
promising technology platform is based on the principle
of electrowetting-on-dielectric. Discrete droplets of nano-
liter volumes can be manipulated in a “digital” manner un-
der clock control on a two-dimensional array of electrodes
(“unit cells”). Hence this technology is referred to as “digi-
tal microfluidics” [2].

An emerging application of microfluidics lies in the use
of droplets for microfluidic computing. Microfluidic com-
puting inherits the advantages of both microfluidics for
sensing and computing for information processing [5]. It
can potentially enhance microfluidic technology through
direct incorporation of computing functions on-chip with
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other primary sensing functions. Digital microfluidics of-
fers a promising enabling technique for on-chip logic func-
tionality and for integrating sensing, computing, and on-line
monitoring.

A prototype lab-on-chip has been developed for gene se-
quencing through synthesis [1], which targets the simulta-
neous execution of 106 fluidic operations and the process-
ing of billions of droplets. Other lab-on-chip systems are
being designed for protein crystallization, which requires
the concurrent execution of hundreds of operations [17]. A
commercially available droplet-based lab-on-chip embeds
more than 600,000 20 µm by 20 µm electrodes with inte-
grated optical detectors [8]. Recent years have therefore
seen growing interest in design-automation and test tech-
niques for the digital microfluidic platform [7, 10, 11, 14].
Test techniques for other microfluidic platforms have also
been developed [4].

Microfluidics-based lab-on-chip devices are expected to
be deployed for safety-critical biomedical applications such
as point-of care diagnostics, health assessment and screen-
ing for infectious diseases. Therefore, dependability is an
essential system attribute for lab-on-chip. An increase in
the density and area of microfluidics-based lab-on-chip will
lead to high defect densities, thereby reducing yield. These
systems need to be tested adequately not only after fabri-
cation, but also continuously during in-field operation. On-
line testing, which allows testing and normal biochemical
assays to run simultaneously on a microfluidic system, can
therefore play an important role. It facilitates built-in self-
test (BIST) of microfluidics-based lab-on-chip systems and
makes them less dependent on costly manual maintenance
on a regular basis.

A cost-effective test method for digital microfluidic sys-
tems was first described in [13]. Likely physical defects
in such systems were analyzed and faults were classified
as being either catastrophic or parametric. Further details
on defects and fault models are presented in [15]. Faults
can be detected by electrically controlling and tracking the
motion of test droplets. In [12], a concurrent testing tech-
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nique is presented for detecting catastrophic faults in digital
microfluidics. A parallel scan-like testing methodology of
structural test is proposed for digital microfluidic devices
in [15]. A diagnosis method based on test outcomes has
also been proposed to locate both single and multiple de-
fect sites. In [16], several techniques are proposed for the
functional testing of droplet-based microfluidic lab-on-chip.
These techniques address fundamental biochip operations
such as droplet dispensing, droplet transportation, mixing,
splitting, and capacitive sensing.

Previous test methods for the digital microfluidic plat-
form use capacitive-sensing circuits to read and analyze
test outcomes [12, 15, 16]. After reading the test-outcome
droplets in a consecutive manner, the capacitive sensing cir-
cuit generates a pulse-sequence corresponding to the detec-
tion of these droplets. This approach requires an additional
step to analyze the pulse sequence to determine whether the
microfluidic array-under-test is defective. The reading of
test outcomes and the analysis of pulse sequences increase
test time; the latter procedure is especially prone to errors
arising from inaccuracies in sensor calibration. The com-
plexity of the capacitive-sensing circuit and the need for
pulse-sequence analysis make previously proposed testing
methods less practical, especially for field operation.

In this paper, we propose an on-line testing method
for digital microfluidic lab-on-chip. This method uti-
lizes microfluidic compactors based on AND gates imple-
mented using digital microfluidics. Using the principle
of electrowetting-on-dielectric, we implement AND gate
through basic droplet-handling operations such as trans-
portation, merging, and splitting. The same input-output
interpretation enables the cascading of gates for the imple-
mentation of additional logic functions. The microfluidic
compactor can compress the test-outcome droplets into one
droplet that can be detected using a simple photo-diode de-
tector, thereby avoiding the need for a capacitive-sensing
circuit and complicated pulse-sequence analysis. Dynamic
reconfiguration of the microfluidic compactors allows on-
line testing to be implemented with bioassays simultane-
ously, and ensures negligible area overhead.

The rest of the paper is organized as follows. Section 2
provides an overview of digital microfluidic platforms. In
Section 3, we describe the operation of a microfluidic AND
gate. In Section 4, we use these AND gates for on-line test-
ing. A compactor is proposed to compress the test-outcome
droplets for response evaluation. Dynamic reconfiguration
is used to interleave on-line testing with normal bioassay
operations. Finally, conclusions are drawn in Section 5.

2. Digital Microfluidic Platform

In digital microfluidics, droplets of nanoliter volumes
(typically 300nL) are manipulated on a two-dimensional

Figure 1. Fabricated digital microfluidic ar-
rays [16].
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Figure 2. Schematic of microfluidic AND gate.

electrode array [1]. The typical size of the electrode is 1.5
× 1.5 mm2. A unit cell in the array includes a pair of elec-
trodes that acts as two parallel plates. The bottom plate
contains a patterned array of individually controlled elec-
trodes, 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. Coplanar microfluidic arrays
(without a top plate) have also been fabricated [6].

Droplets are moved by applying a control voltage to a
unit cell adjacent to the droplet and, at the same time, de-
activating the one under the droplet [3]. This electronic
method of wettability control creates interfacial tension
gradients that move the droplets to the charged electrode.
Fluid-handling operations such as droplet merging, split-
ting, mixing, and dispensing can be executed in a similar
manner. Droplet routes and operation schedules are pro-
grammed into a microcontroller that drives the electrodes.

3. Microfluidic AND Gate

In the digital microfluidic platform, droplets of unit vol-
ume (1x) or larger can be easily moved [3]. A droplet of
0.5x volume is not large enough to have sufficient overlap
with an adjacent electrode; hence it cannot be moved with
a nominal actuation voltage [3]. It has been verified experi-
mentally that the times required for dispensing one droplet,
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Table 1. Actuation-voltage sequence for the
AND gate.

Clock Electrode No.
cycle 1 2 3 4 5 6 7 8 9

0 1 1 0 F F F F 0 1
1 0 0 1 0 F F F 0 1
2 0 1 0 1 0 F F 0 1
3 F 0 0 0 1 0 F 0 1
4 F F F 0 0 1 0 0 1
5 F F F F 0 0 1 0 1

3 4 5 62 7

1

8

12

3 4 5 62 7

1

8

12

(a) t = 0, two 1x droplets 
stay at the input ports.

(b) t = 1, two 1x droplets 
are merged into a 2x 

droplet.

3 4 5 62 7

1

8

12

(c) t = 2, a 2x droplet is 
split into two 1x droplets.

3 4 5 62 7

1

8

12

(d) t = 3, a 1x droplet 
moves right from electrode

4 to 5.

3 4 5 62 7

1

10

12

(e) t = 4 to 5, a 1x droplet 
moves right from electrode 5 

to 7. While the washing 
droplet moves upwards.

Figure 3. Operation of the AND gate with in-
put 11.

splitting a droplet into two, merging two droplets into one,
and transporting a droplet to an adjacent electrode are nearly
identical. This duration is defined as one time frame (clock
cycle).

The definitions for logic values ‘0’ or ‘1’ are as follows:
the presence of a droplet of 1x volume at an input or output
port indicates a logic value of ‘1’. The absence of a droplet
at an input or output port indicates the logic value ‘0’. The
same interpretations at inputs and outputs enable the output
of one gate to be fed as an input to another gate, thus logic
gates can be easily cascaded.

Fig. 2 illustrates the schematic of a 2-input microfluidic
AND gate. The AND gate incorporates a waste reservoir
(WR) and nine indexed electrodes. Electrode 1 and Elec-
trode 2 are the two input ports X1 and X2; Electrode 7 is
the output port (Z). Electrode 9 is the washing port (WD).

The sequence of control voltages applied to each elec-
trode is shown in Table 1. A ‘1’ (‘0’) entry in the table in-
dicates a high (low) voltage to the corresponding electrode
in that clock cycle. An ‘F’ entry indicates a floating signal,
i.e., the corresponding electrode is not required to be either

12 12

t t

12

tt

12

Figure 4. Operation of the AND gate with in-
put 01.

high or low. The sequence of control voltages is indepen-
dent of the input logic values.

Fig. 3 describes the cycle-by-cycle operation of the AND
gate for X1X2 = 11. At clock cycle 0, two 1x droplets stay
at two input ports (Electrode 1 and 2). At clock cycle 5,
there is a 1x droplet on electrode 9, showing that the output
value of this AND gate is 1.

Fig. 4 illustrates the cycle-by-cycle operation of the
AND gate for X1X2 = 01. At clock cycle 0, one 1x droplet
stays at the second input port (Electrode 2), while there is
no droplet on the first input port (Electrode 1). At clock
cycle 2, the 1x droplet on electrode 3 is split into two 0.5x
droplets. The 0.5x droplet cannot be moved even if the ad-
jacent electrode is activated at clock cycle 3. Therefore, at
clock cycle 5, there is no droplet on electrode 7, showing
that the output value of this AND gate is 0. Due to symme-
try, X1X2 = 10 yields the same output value.

The delay of the AND gate is 5 clock cycles (or clock cy-
cles), independent of the inputs. At the beginning of clock
cycle 6, the droplet on the washing port (Electrode 9) is
routed into the AND gate to clean the residuals and trans-
port them to the waste reservoir.

We experimentally verified the functionality of the AND
gate by configuring it on a fabricated lab-on-chip, then ac-
tivating the corresponding electrodes to perform cycle-by-
cycle operations. A typical experimental setup is shown in
Fig. 5(a). The chip-under-test was mounted on a custom-
assembled platform. We used a custom-made electronic
unit to independently control the voltages of each control
electrode in the array by switching them between ground
and a DC actuation voltage. In our experiments, the actua-
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Figure 5. Experimental setup and fabricated
lab-on-chip.

tion voltage was set to 50 V. The chip-under-test is a PCB
microfluidic prototype for protein crystallization, as shown
in Fig. 5(b).

4. Application to On-line Testing

In [12], a concurrent testing technique has been proposed
for detecting catastrophic faults in digital microfluidic lab-
on-chips. Multiple test droplets are routed in the microflu-
idic array at the same time when biochemical assays are
executed; these test droplets traverse (cover) all the cells in
the array. An integer linear programming model has been
developed to derive an optimal droplet flow path for con-
current testing. Test plans are proposed to interleave test
application with the set of biochemical assays to prevent
the resource conflicts. This method offers an opportunity
to implement BIST for microfluidic systems, and therefore
eliminates the need for external test equipment.

Most catastrophic faults result in a complete cessation of
droplet transportation. Thus, for the faulty system, the test
droplet is stuck during its motion. However, for a fault-free
system, all test droplets can be observed at the droplet sink
by a capacitive-sensing circuit. Therefore, the fault-free or
faulty status of a lab-on-chip can be easily determined by

simply observing the arrival of test droplets at some selected
ports of the system. However, in [12], each test droplet
needs a sink reservoir, which complicates chip packaging
and increases fabrication cost. An additional evaluation
step is required to analyze the sequence of pulses gener-
ated by the capacitive-sensing circuit, to determine whether
the microfluidic array-under-test has a defect. For example,
if a unit cell of an array is faulty, no pulse is generated for
the test droplet that covers the cell. Higher fabrication and
packaging costs, the complexity of the capacitive-sensing
circuit, and the need to analyze complex pulse is a major
drawback of [12]. Moreover, there is a need to calibrate the
pulse-analysis system and errors are likely due to the lack
of a “noise margin”.

Source Sink

(a) Placement of a 16x16 microfluidic array

(b) Partition of a 16x16 microfluidic array

1 2 3 4

5 6 7 8

9 10 11 12

13 14 15 16

Row 1

Row 2

Row 3

Row 4

Figure 6. Placement and partition of a 16 × 16
microfluidic array.

To solve the above problems, we propose a microfluidic
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compactor to compress multiple test-outcome droplets into
one “signature” droplet during on-line testing. The signa-
ture droplet can be easily detected by a simple detector com-
posed of a photo-diode and LED. The microfluidic com-
pactor consists of a tree of logic AND operations imple-
mented by 2-input microfluidic AND gates. Each input of
the AND gates in the first layer is one of the test-outcome
droplets. The outputs of these AND gates are used as the
inputs of AND gates in the second layer. The output of
the single AND gate in the last layer is connected to the
photo-diode detector located at the sink of the microfluidic
array. The compaction that is implemented by AND gates
can be performed simultaneously with a normal biochem-
ical assay by dynamically reconfiguring the cells that are
available (not used by bioassays) at that time. Dynamic re-
configuration of the microfluidic compactors allows on-line
testing to be interleaved with bioassays in functional mode.

For example, Fig. 6 shows how we perform concurrent
testing with a microfluidic compactor for a 16 × 16 mi-
crofluidic array. Fig. 6(a) illustrates the placement of unit
cells for the array. To simplify packaging and reduce fabri-
cation cost, only one source reservoir and one sink reservoir
with its photo-diode detector are included. The array is par-
titioned into sixteen non-overlapping parts, and the overall
system can now be viewed as a 4 × 4 “macro” array; see
Fig. 6(b). Each partition (referred to as a macro cell) con-
sists of 4 × 4 unit cells.

Each macro cell has a test droplet located in the shaded
cell in Fig. 6(a). The test droplets are preloaded into the
macro cells before the start of the biochemical assay. Each
test droplet can traverse all 16 cells in the macro cell to de-
tect catastrophic faults when this macro cell is available (not
used by the biochemical assay). The time needed for this
droplet-traversed process in a macro cell is referred to as a
macro-time frame. If there is no catastrophic fault in the
macro cell, the corresponding test droplet will return to the
shaded cell at the end of the macro-time frame; Otherwise,
the test droplet will be stuck during its motion.

Table 2 presents the macro cells that are used for an ex-
ample biochemical assay. On-line testing and droplet com-
paction are illustrated for each macro-time frame. C1, C2,
. . . , C16 represent the sixteen macro cells. The schedule
for biochemical assays is presented in the second column of
Table 2. At each macro-time frame, multiple macro cells
are used for biochemical assays. The macro cells not in-
volved in biochemical assays at that macro-time frame can
be tested by the test droplets within them concurrently; see
the third column of Table 2. Fig. 7 illustrates the schedule in
Table 2 for biochemical assays and on-line testing of macro
cells.

The compaction tree of logic AND operations is shown
in Fig. 8. If the microfluidic array is fault-free, the sixteen
test droplets can be compacted into one signature droplet.

t = 1 t = 2 t = 3 t = 4

t = 5 t = 6 t = 7 t = 8

Macro cell used for assay Macro cell used for testing

Figure 7. Schedule of biochemical assays
and testing in a 16 × 16 microfluidic array.

Otherwise, if there is at least one catastrophic fault in the
microfluidic array, the test droplets of the faulty macro cells
are stuck during their motion, and the corresponding input
values of the tree are ‘0’. So the output of the compaction
tree is ‘0’, indicating the faulty status.

The schedule of these AND operations is presented in
the fourth column of Table 2. If two adjacent macro cells
have already been tested in previous macro-time frames and
are available in the current macro-time frame, the two test-
outcome droplets can be compressed using an AND gate
reconfigured within the two macro cells. If two AND op-
erations targeting four macro cells in a row have been fin-
ished, and this row is available in the current macro-time
frame, the two outcome droplets in this row can be further
compressed into one droplet by an AND gate reconfigured
within this row. For example, C6 and C5 are tested in the
first and second macro-time frame, respectively, and they
are available in macro-time frame 3, so the AND(C5, C6)
operation can be implemented at this macro-time frame.
At macro-time frame 5, AND(C5, C6) and AND(C7, C8)
have been implemented in macro-time frame 3 and 4 re-
spectively, and row 2 including C5 to C8 is available, so the
AND(Row 2) operation can be implemented. The schedule
in Table 2 interleaves the bioassays, concurrent on-line test-
ing, and test-outcome compaction, and prevents resource
conflicts.

As shown in Table 2, the concurrent testing of the mi-
crofluidic array is finished in 6 macro-time frames, and
the compaction of the test-outcome droplets is finished in
10 macro-time frames. Instead of routing all test-outcome
droplets serially to a capacitive-sensing circuit connected to
the sink reservoir for pulse-sequence analysis, we move the
signature droplet after compaction to the photo-diode detec-
tor.
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Table 2. Schedule of biochemical assay, testing steps and compaction steps in a 16 × 16 microfluidic
array.

Macro-time frame Macro cells used for assay Macro cells used for testing Compaction operations
1 C2,C4,C5,C7,C9,C11,C12,C14,C16 C1,C3,C6,C8,C10,C13,C15
2 C1,C2,C4,C6,C9,C12,C15,C16 C5,C7,C11,C14
3 C2,C8,C9,C11,C16 C4,C12 AND(C5,C6), AND(C13,C14)
4 C6,C9,C10,C12,C15 C2,C16 AND(C7,C8), AND(C3,C4)
5 C3,C4,C9,C14,C16 AND(C1,C2), AND(C11,C12), AND(Row2)
6 C5,C7,C8,C12,C14 C9 AND(C15,C16), AND(Row1)
7 C12,C14,C15 AND(C9,C10), AND(Row1,Row2)
8 C1,C4,C5,C6,C8 AND(Row3), AND(Row4)
9 AND(Row3,Row4)

10 AND(Row1&2,Row3&4)

AND (C1, C2)

AND (C3, C4)

AND (C5, C6)

AND (C7, C8)

AND (C9, C10)

AND (C11, C12)

AND (C13, C14)

AND (C15, C16)

AND (Row 1)

AND (Row 2)

AND (Row 3)

AND (Row 4)

AND (Row 1, Row 2)

AND (Row 3, Row 4)

AND (Row 1&2, 
           Row 3&4)

Figure 8. Schematic of a microfluidic com-
pactor for concurrent testing.

5. Conclusion

We have presented an on-line testing method for dig-
ital microfluidic lab-on-chip. This method utilizes dig-
ital microfluidic AND gates to implement a compactor
for mapping multiple test-outcome droplets to a signature
droplet. The AND gate is implemented using the princi-
ple of electrowetting-on-dielectric. The microfluidic com-
pactors obviate the need for error-prone multiple capacitive-
sensing circuits. Dynamic reconfiguration of the microflu-
idic compactors allows both on-line testing and biochemi-
cal assays to be implemented concurrently, and ensures low
area overhead.
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