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ABSTRACT

This paper presents an integrated offline testing of Single-Fault detection technique for themi-
cro-fluidic based biochips and also diagnosis single defects in order to achieve higherthrough-
put and less time complexity of the execution process. In the field operation, this is to be used to
increase chip dependability and reusability of the biochips. In this paper, a pipelined technique
is presented to traverse all the edges in much more less time in comparison with some previous
techniques.
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1. INTRODUCTION

Nowadays, the Digital Micro-fluidic based Biochip technologies are used either in development
or concerning mercantile [1]-[3]. The composite system is also known as lab-on-a-chip. Such de-
vices facilitate molecular biological procedures [15]. Rectification or Faultlessness, Constancy,
Reusability, Sensitivity and Dependability are the important epithet of Micro-fluidic Biochips.
These chips have to be examined both after the manufacturing and during the application.

A new advancing creation of droplet based micro fluidic device is also known as the “Digital Mi-
cro-fluidic Biochip” which was induced to imitate the electro wetting-on-dielectric principle [4]-
[6]. The significant factor is the miniature size of these devices sustain to the shorter fault detec-
tion time, high throughput, lightening the energy in biological field operations [14].

The micro-fluidic biochips are categorized for the revelation of faults [7]-[10]. The benefit is to
manipulate liquids as discrete droplets [3].

Micro-fluidic biochips have been characterized for detection of faults [1]-[3]. The test planning
problem was formulated in terms of Euler circuit in [9]-[10]. Fei Su et. al. [16] has proposed de-
fect tolerance based on graceful degradation and dynamic reconfiguration. In [17], a network flow
based routing algorithm was proposed for the droplet routing problem on biochips. A novel paral-
lel-scan like testing technique has been proposed in [12], where the total time slot covering the
entire graph dual was considerably less.
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This paper introduces the disclosure of an efficient technique for diagnosis a single fault in a Mi-
cro-Fluidic Biochip having an optimum time complexity.

2. PRELIMINARIES
2.1. Component of a micro-fluidic array

In digital micro-fluidic biochips, the liquids are divided into discrete and distinctly controllable
manipulated microliter-nanolitre (the volume of the droplets) droplets, traverse on a two dimen-
sional array, based on the principle of electro wetting-on-dielectric (EWOD) [1, 3, 9].

The fundamental unit cell of a EWOD based digital micro-fluidic biochip composed of two pa-
rallel glass plates, as shown in Figure. 1 [9]. The top plate is implicated with a continuous ground
electrode and the bottom plate holds a patterned array of electrodes. They are formed by Indium
Tin Oxide and are regulated individually. A dielectric layer coated with hydrophobic film of Tef-
lon AF is added to the plates to extenuate the wet ability of the surface and to enhance the capa-
citance between the droplets and the electrode [3].

Afiller medium like silicone oil is used in between the plates, where the droplets move. When an
electric control voltage is applied to the electrode adjacent to the droplet, the electrode under the
droplet is deactivated and moves the droplet to the active electrode because of the EWOD effect
[13].

Ground electrode Top plate

Hydrophobic | Bottom plate
insulators  Control electrodes  Electrode gap
(a)
Figure 1.Structure of digital micro-fluidic biochip (Basic unit cell used in an EWOD-based digital
micro-fluidic biochip)
2.2. Defect Characterization

There are mainly two types of faults in digital micro-fluidic systems, catastrophic andparametric,
as described in [7]. Catastrophic fault causes complete breakdown of the system, whereas para-
metric fault degrades system performance.

To detect a fault, we need to pass a droplet through the micro-fluidic array, so that it can traverse
each and every cell and reach towards the sink. If there is any kind of fault within the microarray,
the droplet will get stuck over there.

2.3. Graph Theoretic Formulation

Let us represent the entire micro-fluidic array as an mxn matrix where C;; denotes the cell at the
(i, j) position where i =1 to m and j = 1 to n. The source and the sink, i.e., the positions outside the
array from where the droplet enters the array and exits the array respectively, are designated by
the cells adjacent to them.

Example 1.Figure. 2 shows a 3x4 micro-fluidic array with the source at (1, 1) and sink at the (3,
4) position.
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Figure 2.A 3x4 micro-fluidic array with source at (1, 1), sink at (3, 4)

The source and sink are actually outside the array. The cell (1,1) indicates the cell from which the
droplet starts from the source. Similarly, cell (3,4) is the last cell before the droplet leaves the ar-
ray to the sink.

Let <S;, T;>, <S,, To>...... <Sx, Ti> be a sequence of droplet movements from source to sink,
such that together they cover the entire array (i.e. all cells and internal boundaries) where S; de-
notes a segment (cell) through which the droplet traverse at time T; towards sink. The complete
traversal by a droplet from <S;, T;> to <Sy, Ty> is referred to as a pass. Therefore, total time taken
by a droplet to complete a pass is Ty + T, + ...... + Ty. If during its pass, the droplet does not
reach the sink even after its time period, we conclude that the droplet has stuck in the array, and
the biochip is faulty. Thus the fault detection problem is finding a sequence of passes, such that
all cells and all internal boundaries of the micro-fluidic array are traversed by the droplets at least
once, and the total is minimized. To diagnose the exact faulty point, now we need to check out the
predefined look-up table having for which faulty node which droplets cannot reach the sink.

Definition 1.Graph Dual: Let X,,, be an mxn micro-fluidic array. Then the dual of Xm,n is a
graph G = (V, E) where each node vEV corresponds to a cell in the array and an edge €;; connect-
ing the nodes v; and v; represent the boundary between the cells corresponding to the nodes v; and
vj respectively, as described in [18].

Example 2.Figure 3. (a), (b) show a 4x3 micro-fluidic array, X4,; and its corresponding graph
dual, Gy, respectively. The dotted lines represent the boundaries between the cells. They map to
the edges of the Figure 3 (b). Each cell in Figure 3 (a). denotes a vertex in Figure 3 (b).
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Figure 3.A 4x3 micro-fluidic array (left) and its graph dual (right)

The nodes of a graph dual are denoted as v;;, where vj; corresponds to the cell (i, j). Now, the op-
timal fault detection problem for an mxn micro-fluidic biochip can be restated in terms of its
graph dual as a Source to Sink Array Traversal Problem.

Given the graph dual G, of a rectangular micro-fluidic biochip X, and the positions of the
source (i, j) and sink (k, 1), to find a sequence of movements <S;, T;>, <S,, T,>, ...., <S;, Ti\>
where S; denotes a segment (cell) through which the droplet traverse at time T; towards sink such
that all the droplets visit each node and edge at least once altogether and the total time is mini-
mized.
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3. PROPOSED TECHNIQUE

The proposed technique takes a greedy approach to solve the Source to Sink Array Traversal
Problem. It covers all the edges, as well as all the vertices, and in very less time slots. The cover-
age of the nodes and edges during a pass is achieved through certain movements.

From the concept of the set theory, we know that any set can be divided into its subsets and ap-
plying this technique, the single defect simulation can be solved in a very short time. The tech-
nique is being illustrated as follows:

3.1. Movement Patterns

Each traversal from the source to the sink node is mainly based on the Down-Left-Down-Right
(DLDR) movement. Let Vj; be the current node during a traversal. Then the DLDR movement
pattern is defined as follows:

a) Down-Left-Down-Right (DLDR)

Vig T2 Vi T2 Vi > Vi

Figure 4. Down-Left-Down-Right movement pattern

3.2. Strategy

Let us locate four fixed nodes as the ‘base’ nodes from where the journey with the prescribed
movement pattern begins. For the graph dual Gy, these base nodes are B; = V,; , B, =V, , B;
= Vi, and By, = V.. These four nodes are shown in Figure 5. for G,,,. The procedure is de-
scribed below for G,,,,, where, m,n>=2.

B, B,

° °

B,

B; @ o
Figure 5. The four base nodes of a graph dual G,

3.3. The Complete Process

In order to traverse all the edges of graph dual G,,,, we will have all total (m+n-2) passes, where
m is the total number of rows and n is the total number of columns. All these passes will be fol-
lowed by (m+n-2) droplets in consecutive time quantum, e.g., Pass #1 should be done in Time-
slot #1, and, in Time-slot #2, thesecond pass should start its function, and in Time-slot #3, Pass
#3 should commence traversing and so on. So, the droplets are in sequence and will traverse in
parallel. The traversal path is described in Figure 6. (a)-(e).
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The Array-Traversal technique from a particular node, stated below:
ProcedureArray-Traversal-Movement
Step 1: Perform DLDR movement pattern from the current node until last row is reached.

Step 2: If it is Sink node, stop there, otherwise from Current node arrive at the sink node,
along the boundary considering the shortest path.

End Procedure

Example 3: Let us consider a graph dual Gu;. Without loss of generality, let us suppose that B it-
self is the source. Figure 6. (a)-(e) show the path explored in pass #1, Pass #2, ... , Pass #(m+n—
2), where m=4 and n=3.

From the above example, it is clear that, total number of droplets, as well as passes will be (m-1)
+ (n-1) = (m+n-2), whereas the existing algorithm [12], uses (m+n) droplets.

3.4. Analysis
Table I shows the entire traversal procedure with respect to time and segment for a graph dual
Gyx; (Figure 6). Let us consider each node of this graph dual as sy, s,. s3, ... , sj; respectively in

row major order. In this table, each row represents each consecutive pass and it is clear from this
table that no collision is occurred during the traversal of the droplets through the pipeline. It takes
11 unit times to complete the entire diagnosis procedure for a 4x3 micro-fluidic array.

TABLEI
TIMING AND COLLISION ANALYSIS

To |Ti [T, | Ts | Ty | Ts | Te | Ty | Tg | To | Tio | Tus
Si | Sa|S7]Sw0]|Su|Sw
S 1 Sa | S7 1 Sg | So | Spo
Si | Sa | Ss | Se| So|Si
St | S2 | S35 | Se | Ss | Ss|So|Sip
St [ Sy | Ss [ S4 [ S7]Ss| S| S

Therefore, the total time required to complete the entire diagnosis process for an mxn matrix is as
follows:

For even value of m:

(m+n-3) + 2(m-1) + (n—2)=3m + 2n -7
For odd value of m:

(m+n-3) + 2(m-1) + (n—-1) =3m+2n -6

For the simplicity, let us think, m = n. Therefore, the proposed algorithm will take (5n—C) unit
time (C is a constant having value 6 or 7 as described before) which is less than the time, 8N
yields by [12]. Therefore, T(m,n) = O(m).

ProcedureSingle- Fault-Detection-and-Diagnosis-in-G,,,,

Perform (m+n-2) passes, i.e., Pass #1, Pass #2 ,....., Pass  #(m-1), Pass #m, Pass #(m+1), .....,
Pass#(m+n—2) in parallel, such that they start from the source node at (m+n—2)consecutive time
slots.
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PassBegin
Pass #1:

Step 1: Locate the nearest base node B;, for the given source.
Find the shortest path from the source to B; along the boundary of the graph dual G,.

Step 2: Go down up to m" row from Base B; then go right up to last column (n™ col-
umn).

If it is Sink node, stop there, otherwise from Current node arrive at the Sink node,
along the boundary considering the shortest path.

Pass #2:

Step1: Delay for one time slot.
Start from Source. Go to nearest Base B;, found in previous pass.

Step2: Go down up to (m—1)" row from Base B;, then go right up to the last column.
If it is Sink node, stop there, otherwise from Current node arrive at the Sink node,
along the boundary considering the shortest path.

Pass #(m-1):

Stepl: Delay for (m—2) time slot.
Start from Source. Go to nearest Base B;, found in previous pass.

Step2: Go down up to 2™ row from Base B;, then go right up to the last column.
If it is Sink node, stop there, otherwise from Current node arrive at the Sink node,
along the boundary considering the shortest path.

Pass #m:

Step1: Delay for (m—1) time slot.
Start from Source. Go to nearest Base B;, found in previous pass.

Step2: Go right up to the n" column from base B;.
Start Array-Traversal-Movement procedure.

Pass #(m+1):

Step1: Delay for m time slot.
Start from Source. Go to nearest Base B;, found in previous pass.

Step2: Go right up to the (n—I)"column from base B;.
Start Array-Traversal-Movement procedure.

Pass #(m+n-2):

Stepl: Delay for (m+n—1I) time slot.
Start from Source. Go to nearest Base B;, found in previous pass.

Step2: Go right up to the 2™ column from base B;.
Start Array-Traversal-Movement procedure.

PassEnd

Sense each and every droplet at the Sink at their expected instants. Have all of them reached the
Sink at predefined time? If yes, then the chip is fault free. Otherwise the chip is faulty. Now using
the concept of set theory, identify the faulty node.
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End procedure
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Figure 6.Traversal Procedure of Single-Fault-Diagnosis in Gy

4. EXPERIMENTAL RESULTS

Extensive experimentation was done with a large number of arrays varying from 4x4 to 40x40
electrodes. Table II, III and IV report three of the test cases. Table V reports the performance of
the proposed technique with respect to the existing technique [12]. It is found that in all cases the
proposed method yields better results in terms of lesser test time slices (no. of edges traversed) for
the corresponding micro-fluidic biochip. Column 5 of table V shows the % improvement in each
case. This is defined as:

existing_time —proposed_time

x 100

% improvement = PT—
existing_time

TABLEII

FAULTY NODE DIAGNOSIS

Only Droplets

Detected | Which Wil Not
Reach Sink

(1,2) Droplet 3,4
(1,3) Droplet 3
2,1) Droplet 1,2,4
2,2) Droplet 2,3,4
2,3) Droplet 2,3
3,1 Droplet 1,4
3,2) Droplet 1,3,4

For a 3x3 micro-fluidic array
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TABLE III

FAULTY NODE DIAGNOSIS

Only Droplets

D"Nfsflfd Which Will Not
Reach Sink

(1,2) Droplet 4,5
(1,3) Droplet 4
2,1 Droplet 1,2,3,5
2,2) Droplet 3,4,5
2,3) Droplet 3,4
3,1 Droplet 1,2,5
3,2) Droplet 2,4,5
(3,3) Droplet 2,3,4
4,1) Droplet 1
4,2) Droplet 1,5

For a 4x3 micro-fluidic array

TABLE IV
FAULTY NODE DIAGNOSIS
Only Droplets
DeN"zflfd Which Will Not

Reach Sink
(1,2) Droplet 4,5,6
(1,3) Droplet 4,5
(1,4) Droplet 4
(2,1) Droplet 1,2,3,6
2,2) Droplet 3,5,6
(2,3) Droplet 3,4,5
2,4) Droplet 3.4
3,1) Droplet 1,2,6
(3,2) Droplet 2,5,6
3,3) Droplet 2,4,5
(3.4 Droplet 2,3,4
4,1) Droplet 1
4,2) Droplet 1,6
4,3) Droplet 1,5,6

150
100 -
50 - ———Existing
0 ™ FrrrrrrTTm

Proposed

Figure 7. X Axis: Array Size and Y Axis: Unit Time
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TABLE V
PERFORMANCE OF THE PROPOSED TECHNIQUE

SIL. . Exnstfng Proposed %
Size Technique .

No [12] Technique Improvement
1 3x3 24 9 62.50
2 4x4 32 13 59.38
3 5x5 40 19 52.50
4 6x6 48 23 52.09
5 7x7 56 29 48.22
6 8x8 64 33 48.44
7 9x9 72 39 45.84
8 10x10 80 43 46.25
9 11x11 88 49 44.32
10 | 12x12 96 53 44.80
11 | 13x13 104 59 43.27
12 | 14x14 112 63 43.75

5. CONCLUSION

An efficient single fault detection and diagnosis technique for digital micro-fluidic based Biochip
has been proposed in this paper. Diagnosis technique in a digital micro-fluidic biochip is an es-
sential key, because the subsequent performance of the biochip. Since the Dependability, Fault-
lessness are the important attribute of micro-fluidic based biochip, therefore the efficient diagno-
sis technique is extremely important factor. In this paper, the efficient defect-oriented testing,
diagnosis methodology and significant experimental results have pointed out that the improve-
ment of the test time over the existing proposed technique. Figure 7. shows the difference in the
performance graph clearly. This is an offline proposed technique, so it is not possible to show any
practical experimental result.
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