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A device, that is used for biomedical operation or safety-critical applications like point-of-care
health assessment, massive parallel DNA analysis, automated drug discovery, air-quality moni-
toring and food-safety testing, must have the attributes like reliability, dependability and cor-
rectness. As the biochips are used for these purposes; therefore, these devices must be fault free all
the time. Naturally before using these chips, they must be well tested. We are proposing a novel
technique that can detect multiple faults, locate the fault positions within the biochip, as well as
calculate the traversal time if the biochip is fault free. The proposed technique also highlights a
new idea how to select the appropriate base node or pseudo source (start electrode). The main
idea of the proposed technique is to form multiple loops with the neighboring electrode arrays and
then test each loop by traversing test droplet to check whether there is any fault. If a fault is
detected then the proposed technique also locates it by backtracking the test droplet. In case, no
fault is detected, the biochip is fault free then the proposed technique also calculates the time to
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traverse the chip. The result suggests that the proposed technique is efficient and shows
significant improvement to calculate fault-free biochip traversal time over existing method.

Keywords: Biochip; lab-on-chip; medical microsystems; biochemical droplet; biomedical

operation.

1. Introduction

For biochemical analysis or bio-assay operations
digital microfluidic biochips (DMFB) have become
very popular in recent times.' ™ This biochip is also
called lab-on-a-chip or bio-MEMS, as it replaces
highly repetitive laboratory tasks by replacing tra-
ditional bulky lab equipments with composite
microsystem.'™ It offers the advantages of design
flexibility, higher sensitivity, smaller size and lower
cost.'™ Naturally in last few years’ biochips or bio-
MEMS catch a fair deal of attraction from the
researchers.

In earlier generation, microfluidic biochip was
based on the manipulation of continuous fluid flow
carried out by using micropumps, microvalves and
microchannels®™; an alternate approach is to ma-
nipulate liquids as discrete droplet.* " The droplet-
based chip is referred as “Digital Microfluidic
Biochip”.! The latter one is advantageous over the
continuous flow Systems.**0

Correctness and Dependability are the important
attributes for DMFB that are used as Medical
Microsystems, for biomedical operation or safety-
critical applications like point-of-care health
assessment, massive parallel DNA analysis, auto-
mated drug discovery, air-quality monitoring, food-
safety testing, etc. Therefore, these devices must be
tested after manufacturing and during bio-assay
operations. Since these biochips are being targeted
for a highly competitive and low-cost market seg-
ment, test and diagnosis methods must be inex-
pensive, quick and effective. In this paper, we are
proposing an efficient cost-effective technique that
can detect multiple faults and locate these faults
within the biochip; and it can also calculate the time
to traverse a fault-free biochip using multiple dro-
plets; beside these the proposed technique also
highlights a new idea how to select the appropriate
base node or pseudo source (start electrode) for
traversing the biochip.

Remaining paper is organized as Sec. 2 discusses
the preliminaries of DMFB and graph theoretic
formulation. Section 3 discusses the related prior

works. Section 4 represents the proposed technique.
Section 5 presents a brief simulation result of the
proposed technique. And conclusions are drawn at
Sec. 6.

2. Preliminaries of DMFB and Graph
Theoretic Formulation

The digital microfluidic devices consist of a two-
dimensional (2D) array of electrodes with one or
more sources and sinks on the boundary and a
droplet of some biochemical sample.?® These bio-
chips are based on the manipulation of micro-nano
liter droplets on a 2D electrode array using the
principle of electrowetting.!”>%'? This biochemical
droplet can be moved by applying a control voltage
to an electrode just adjacent to the droplet and, at
the same time, deactivating the electrode just under
the droplet. This electronic phenomenon of wett-
ability control creates interfacial tension gradient
that moves the droplets toward the charged elec-
trode. Using the electrowetting phenomenon, dro-
plets can be moved to any location on a 2D
electrode array plate. It can achieve a speed upto
20cm/s under a control voltage between 0 and
90 V.%'0.11 By varying the patterns and directions of
control voltage many fluidic handling operations
can be done such as droplet merging, splitting,
mixing, etc. Basic structure of such a biochip is
described below.

2.1. Structure of the biochip

The basic cell of a microarray includes a pair of
electrodes that acts as two parallel plates. The
bottom plate contains an array of individually
controllable electrodes; the top plate is coated
with a continuous ground electrode. Hydrophobic
dielectric insulator is added to the plates to decrease
wettability of the surfaces and to increase capaci-
tance between a droplet and a plate. A biochemical
droplet rests on a hydrophobic surface over an
electrode, and is sandwiched between two parallel
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Fig. 1. Structure of a DMFB.
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Fig. 2. 4 x 4 Microfluidic array represented as 4 x 4 matrix or
Graph.

glass plates."»®*'! The basic cell structure of a digital
microfluidic-based biochip is shown in Fig. 1.

2.2. Graph theoretic formulation

Now we can represent a DMFB in terms of an m x
n array (2D matrix) where C;; denotes the cell at
(i, 7) position, and i =0tom —1; j=0ton — 1.

At any moment a droplet can be at any cell
in the microarray. Hence the m X n microfluidic
biochip can be represented in terms of a graph
G nxn (or 2D matrix) where m is the number of rows
and n is number of columns. Figure 2 shows the
graphical representation of a 4 x 4 microfluidic
biochip.

3. Related Prior Work

Testing of microfluidic device or MEMS is a
new topic in the area of researches, as the micro-
fluidic technology itself is a new one. A well-
described previous work on the testing of micro-
fluidic devices can be found in Ref. 12. Methods on
fault modeling and fault simulation for continuous-
flow microfluidic biochips have been presented by
Kerkhoff et al. in Refs. 13 and 14. For classifying

defects and test application procedures for digital
biochip have been discussed by Su et al. in Ref. 15;
faults in biochip have been categorized as cata-
strophic and parametric. For detecting catastrophic
faults in digital microfluidic arrays, some effective
techniques have been found in Refs. 2 and 10. A
concurrent testing methodology for detection of
catastrophic faults in digital microfluidic systems
has been presented and the problems of test plan-
ning and resource optimization have been discussed
by Chakraborty et al. in Ref. 2. In Ref. 16, Davids
et al. has discussed a technique for faults detection
and their diagnosis in biochip. The technique has
three basic steps. In the first step, the outer loop of
the microfluidic array has been tested using one
single droplet. In the second step, all the columns of
the microarray have been tested using multiple
droplets in parallel. And in the third step the rows
have been tested using the same technique used for
column testing. Fault detections in microfluidic
biochips with multiple droplets in parallel have also
being discussed in Refs. 8, 17, 18 and 19. In Refs. 8,
17 and 19 the proposed techniques, first select some
start electrodes (pseudo sources) or base nodes, then
the traversal of the microarray is done by moving
the droplets from these pseudo sources or base
nodes. So the appropriate selections of base nodes or
pseudo sources are very much important. Though
these techniques have used pseudo source or base
node the issues of exiting fault in pseudo source or
base node have not been taken care. In Ref. 20, a
technique has been proposed to use a Hamiltonian
path to detect catastrophic faults in microfluidic
arrays. One problem with this approach is that
although finding Hamiltonian paths in grid struc-
tures is well known, but checking the existence of
Hamiltonian path in a given graph is NP-complete
problem. So it would be very expensive to deter-
mine such paths in the microfluidic array. An
alternative method for testing digital microfluidic
biochip based on Euler paths is found in Ref. 21.
This method maps a DMFB to an undirected
graph and an Euler path is determined for testing
the biochip. A technique of multiple faults detec-
tion and identification of their locations has been
proposed by Davids et al. in their paper Ref. 6. In
Ref. 22 Xu and Chakrabarty has he presented
different fundamental operations of biochip like
droplet dispensing, droplet transportation, mixing,
splitting and capacitive sensing.
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4. Proposed Technique

In this paper, we are proposing a novel technique for
identifying the appropriate start electrode (base
node) for traversing the microarray. The proposed
technique can detect and locate multiple faults
within a microfluidic array. It can also calculate the
time which is required to traverse a fault-free bio-
chip. The technique first checks whether any fault is
there within the biochip, and if a fault is detected, it
also locates the position of the fault within the chip
and if there is no fault then it will calculate the
traversal time of the microarray.

4.1. Placing droplet and loop formation

First of all the test droplet is dispensed from the
source reservoirs and placed on the start electrodes
at the microarray boundary as row and column
wise, such a way that there must be one electrode
gap between every two droplets placed on start
electrodes, to avoid merging or mixing of them as
shown in Figs. 3 and 4. Selection strategy of start
electrode is very much important; we select those
electrodes which are fault-free. To select a fault-free
electrode, a capacitive detection circuit and a dro-
plet reservoir are connected with a test electrode.
Capacitive sensing is a technique by which we can
identify the presence of a droplet at a test elec-
trode.?>?* A droplet is dispensed from source
reservoir and placed on the test electrode. Then the
neighboring edges are checked by traversing the
droplet to the next electrode and backtrack it as
shown in Fig. 3. The capacitive detection circuit is
used to verify the presence of test droplet. In Fig. 3(a)
electrode (0, 0) is fault free but (0, 2) and (2, 0) are
faulty and in Fig. 3(b) (0, 3), (3, 1) and (3, 3) all the

PP

(a) (b)

Fig. 3. Selection of start electrode.

Fig. 4. Droplets placed on start electrode dispensed from
source.

three electrodes are fault free. So in this case the
start electrodes selection is shown as in Fig. 3(b).

If the test electrode and at least one neighboring
edge are fault free, the electrode may be selected as
start electrode depending upon the suitable place-
ment of droplet and grouping of neighboring elec-
trodes for loops formation. Every start electrode is
connected with a droplet reservoir for easy place-
ment of droplet and a capacitive detection circuit
that can detect the presence of a test droplet at the
start electrode.

We are considering columns and rows as the
target region of these droplets. Suppose there are m
number of rows and n number of columns. Now all
the rows and columns are numbered as 0 to (m — 1)
and 0 to (n — 1). If there are even number of rows
and columns then each neighboring two rows and
two columns are grouped together to form loops,
depending upon the suitable placement of droplets
at fault-free start electrodes, as shown in Fig. 5(b).

If there are odd number of rows and columns
then except one row and one column, all are
grouped together to form loops as discussed before,
depending upon the suitable placement of droplets

Start Electrode

r.ﬁ oy
b
1

Start Electrode

(a)

Fig. 5. Loop formation and traversing droplet in clockwise
direction.
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at fault-free start electrodes, as shown in Fig. 5(a).
After the loops are formed, the microarray is ready
for testing. The testing methodology is discussed
below.

4.2. Testing methodology

Now each loop is tested by traversing the droplet
from source to sink which are eventually same for a
particular loop (except odd electrode). Here the
start electrode acts as source and sink. Multiple
faults detection is achieved by traversing each and
every loop twice by applying control voltage to the
electrode, in clockwise and anticlockwise direction.
We are assuming that one edge movement is
equivalent to one time unit. A test droplet starting
from the source is routed through a loop by tra-
versing all the vertices and their respective edges
and guided to the sink to complete a loop traversal.
If the biochemical droplet does not reach the sink
which is eventually the source (except odd elec-
trode), after a certain period of time, say T (suppose
droplet takes T time to traverse a loop), we can
consider that a fault exists in the loop. The droplet
will stop there; further forward movement of the
droplet is not possible in this case; otherwise, it will
be guided back to the sink as shown in Fig. 6(a) by
the bold arrowed line.

Presence of fault in a microarray is indicated by a
cross mark in Fig. 6(b). The sink electrode, which is
also the source electrode in this case, (except odd
electrode) is connected to a capacitive detection
circuit that can identify the presence of the test
droplet.

Once a fault is detected in the loop, it is necess-
ary to locate this fault. An attempt is made to

N
Fig. 6. Clockwise movement of droplet in microarray with a
fault-free and a faulty loop and anticlockwise backtrack.

Siart Elecirode

Start Electrode

P
N

)

locate this fault by applying a control voltage to the
electrode in opposite direction that is the test dro-
plet is backtrack in anticlockwise direction as shown
in Fig. 6(b) by the dotted line. We know that a
droplet takes one unit time for one edge movement,
so we can conclude that if a droplet takes 4 unit of
time for backtracking from the fault position to
source electrode, then the fault is identified at 4 unit
distance from the source electrode as depicted in
Fig. 6(b).

Suppose time t; is taken for the backtracking
operation. If the droplet takes 7" time to traverse a
same size fault-free loop then (7" —t;) is the time
the droplet will take to traverse the other half of the
loop. Now if a fault is detected in forward traversal
process in one half of the loop, then there may be
another fault that exists in other half of the loop.
This implies the necessity of checking the other half
of the loop of the microarray. The other half of the
loop is traversed by moving the droplet in anti-
clockwise direction as shown by bold arrowed line in
Fig. 7(a). Now the previous fault position is known
and we can calculate the time t, (T'— t;) that the
droplet will take to reach the previous fault lo-
cation. After the time out, the droplet is backtrack
in clockwise direction as shown by dotted line in
Fig. 7(b). During backtracking if the droplet takes
t3 time and it is less than 5, we can conclude that
there is another fault in the other half of the loop.

If there are odd number of rows and columns in a
microarray then the row and column electrode
which are not grouped with any other electrodes are
traversed only in clockwise direction and back-
tracking is done in anticlockwise direction, in case if
any fault is there the scenario is shown in Fig. 8(b).
The other half of the odd electrode is checked in the

Start Electrode Start Electrode

O—@

Fig. 7. Anticlockwise movement of droplet with a fault-free
and a faulty loop and clockwise backtrack.
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Fig. 8. Last electrode traversal in case of odd number of rows
and columns in the microarray.

similar way. This traversal technique is applied to
both row and column electrodes to detect multiple
faults and their locations.

The procedure of the proposed technique which
detects and locates multiple faults within the bio-
chip is discussed below.

Procedure for Traversal Technique
Begin

1. Dispense droplets from reservoir and placed
on start electrode by spacing one electrode
gap. \*¥ To avoid merging of droplet *\

2. If rows and columns are even numbered
Form L number of loops with two
neighboring electrodes.

Else
Form a self loop with the odd electrode
and L —1 loops with rest of other
neighboring electrodes.

3. While all L loops are not traversed Repeat
steps 4 to 5.

4. Move the droplets to traverse a loop in
clockwise direction from source to sink and
calculate time T

5. If the droplet stops somewhere and does not
reach the sink within time out period 7. \*
Then a fault is there *\

Backtrack the droplet in anti clock wise

direction and calculate time ¢;. ¥ To

locate the fault position *\

If a fault is found in the loop
Move the droplets from same source
to traverse the same loop in anti clock
wise direction and calculate time ¢,
(T —t;). \* To check if any more
fault is there in the same loop *\
After time out backtrack the droplet
in clock wise direction and calculate

time ¢3. \¥ To check if another fault is
there *\

If backtracking time ¢5 is less than
ty (T'—t;) then the droplet was
stopped at t;3 unit distance before
previous fault position. \* To locate
another fault *\

End of step 3 loop.

End.

5. Result

The proposed technique can detect at most two faults
within a single loop. Row-wise and column-wise loops
are traversed in sequentially to avoid merging or
mixing of the test droplets. But a certain type of
loops, for example row loops or column loops are
traversed at the same time or in parallel. We know
that one edge movement of droplet is equivalent to
one time unit. So the total time to traverse a fault-free
microarray is the sum total of row-wise loops tra-
versal time plus column-wise loops traversal time.

The simulation is done in Turbo C environment
by considering the structure of microarray chip as
2D matrices. Table 1 shows some experimental
calculated times to traverse a vast number of
microarrays starting from 4 x 4.

5.1. Analysis

We have considered the row- and column-wise loops
traversal in sequential order for avoiding the issue of
merging or mixing of droplets and calculated the
total time required to traverse the microarray, as
sum of these two. But if we consider the condition

Table 1. Time taken to traverse a fault-free biochip.

Serial Size of Time for Time for Total

no. biochip  row traversal column traversal time
1 4x4 8 8 16
2 4x5 10 8 18
3 5x5 10 10 20
4 5% 6 12 10 22
5 6x6 12 12 24
6 6x7 14 12 26
7 7Tx7 14 14 28
8 7x8 16 14 30
9 8§ x8 16 16 32
10 8x9 18 16 34
11 9x9 18 18 36
12 10 x 10 20 20 40
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Table 2. Comparison with two existing techniques.

Serial no.  Size  Existing Proposed Improvement

1 4 x4 48 23 52.08
2 4x5 66 25 62.12
3 5x5 88 27 69.31
4 5x6 112 29 74.10
5 6 x6 140 31 77.85
6 6x7 170 33 80.58
7 TxT 204 35 82.84
8 7x8 240 37 84.58
9 8§ x 38 280 39 86.07
10 8x9 322 41 87.26

where merging and mixing of droplets are not im-
portant issues, then we can use parallel traversal for
row and column loops like in Refs. 17, 18 and 22;
then the time required for testing the microarray
will be much lesser. In Refs. 8, 17 and 19 the authors
have formulated the solutions strategies by con-
sidering only one droplet source reservoir; test dro-
plets are dispensed from this reservoir and placed on
pseudo sources or base nodes. But it is also im-
portant to comnsider the fact that to place a test
droplet on pseudo source or base node; we have to
move the droplet from reservoir to pseudo source or
base node following a path. Now before testing the
microarray we cannot predict that this path is fault
free and the pseudo source or base node itself is fault
free. Naturally, we have selected individual droplet
reservoirs for each and every pseudo source or base
node (start electrode) and also identify appropriate
fault-free pseudo source or base node.

We have presented a comparative study of the
proposed technique with a technique® that can also
detect multiple faults within a biochip in the fol-
lowing Table 2, considering the sequential scanning
of the microarray. Time for selecting the start
electrode (pseudo source) has been also added to the
total traversing time. According to Fig. 3(b) a start
electrode (base node) on microarray boundary can
have maximum of three neighboring nodes. Now to
select a pseudo source (base node) following steps
are involved:

1. Dispense droplet from reservoir and place it on
start electrode.

2. Neighboring edges are checked by traversing
droplet to the next electrode and backtrack it.

Now we are assuming that dispensing of droplet and
placing it on start electrode takes one time unit. We

have previously considered that one edge movement
of droplet takes one unit of time. So according to
Fig. 3(b) selecting a start electrode (pseudo source)
which has maximum of three neighboring nodes will
take 7 unit of time.

6. Conclusions

An advanced, novel and efficient technique for
detecting and locating multiple faults in digital
microfluidic-based biochips has been presented in
this paper. It has also been shown that the proposed
technique is able to calculate the traversal time for a
fault-free biochip. The proposed technique also dis-
cussed how to identify appropriate fault-free start
electrode (pseudo source) or base node before using
them for traversing the microarray. It also takes care
about merging or mixing of test droplets during tra-
versal. As the biochips are used as medical micro-
system, for biomedical operation and safety-critical
analysis like health assessment, massive parallel DNA
analysis, automated drug discovery, air-quality
monitoring, food-safety testing, etc., the fault
detection and identification of those fault locations
in microfluidic biochip are very much important.
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