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Abstract

Digital Microfluidic Biochips (DMFBs) are rapidly replacing conventional biomedical analyzers by incorporating diverse
bioassay operations with better throughput and precision at a negligible cost. In the last decade, these microfluidic devices
have been well anticipated in miscellaneous healthcare applications such as DNA sequencing, drug discovery, drug screening,
clinical diagnosis, etc., and other safety-critical fields like air quality monitoring, food safety testing, etc. In view of the
application areas, these devices must incorporate the attributes like reliability, accuracy, and robustness. The correctness of a
microfluidic device must be ensured through a superior testing technique before it is accepted for use in various applications. In
this paper, an optimized fault modelling strategy to detect multiple faults in a digital microfluidic biochip has been introduced
by embedding clockwise and anticlockwise movements of droplets using Pebble Traversal (based on Pebble Motion of
Graph Theory). The suggested method also calculates traversal time for a fault-free biochip. In addition, this work presents an
Advanced Module Sequence Graph-based reconfiguration technique to reinstate the microfluidic device for regular bioassays.

Keywords Digital microfluidic biochip - Pebble motion - Droplet traversal - Fault detection and reconfiguration -

Manhattan distance - Advanced module sequence graph

1 Introduction

In recent times, microfluidic biochips are observed in numer-
ous miniaturized pharmacological and biochemical labo-
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ratory applications; such as protein detection, protein and
glucose analysis, drug delivery and discovery, drug screen-
ing, tissue engineering, cancer cell detection and diagnosis,
food safety [1-5], etc. As these composite microsystems
are replacing traditional benchtop laboratory equipment with
better throughput and efficiency, they are also called lab-
on-a-chip (LOC) [6]. The biochip device can be segregated
into two categories based on the sample fluid transporta-
tion within the device. The microfluidic devices that use
the unremitting flow of sample are termed Continuous-Flow
Microfluidic Biochips (CFMBs) [6]. On the other hand, Dig-
ital Microfluidic Biochips (DMFBs) [7] are the devices that
apply electro-wetting-on-dielectric (EWOD) [8] to manipu-
late nano or picoliter volume discrete droplets between two
parallel electrode arrays [9, 10] as shown in Fig. 1. The advan-
tages of DMFB over CFMB have been elaborated in the
literature, such as easy integration, dynamic reconfiguration,
and low cost [11, 12].

Since the application areas of biochip are observed
diversely in various safety critical domains, the complexity
of the device is also increased to achieve the higher precision
and robustness. Due to the critical nature of the numerous
clinical diagnosis and pharmacological applications of these
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devices, itis essential to ensure their reliability through exten-
sive testing strategies. Once a fault is detected, such device
turns impractical to use. Consequently, the device could
either be discarded or rectified using a suitable reconfigu-
ration strategy to maintain its value for the low-cost market
sector. Faults in a digital microfluidic biochip are categorized
into two types: catastrophic and parametric [11, 13]. A catas-
trophic fault occurs when a test droplet is ceased at the faulty
position during its transportation, leads to malfunction. The
device performance suffers when there is a parametric or
soft fault. The source and sink are connected with capacitive
sensing circuits to identify the presence of test droplet.
The main contributions of this work are listed below:

1. This article introduces a novel Pebble Motion-based
droplet traversal technique for examining the electrodes
of a digital microfluidic biochip by transporting multiple
test droplets.

2. The summarized outcome indicates that the proposed
methodology optimizes the traversal time for a fault-free
biochip.

3. If a fault is identified in a path, the proposed approach
calculates the Manhattan distance to determine the best
possible path to place the test droplet very next to faulty
position and continue droplet traversal to address the
unvisited electrodes in the path.

4. This article also introduces an Advanced Module Sequence
Graph-based reconfiguration technique to reinstate the
defective biochip.

A set of test droplets is transported by controlling the volt-
age of electrodes to traverse all of the edges and cells of the
biochip to ensure that the device is fault-free. The initial task
is to verify whether the device is defective or fault-free. If
a fault is detected, it is necessary to identify the defective
location. As soon as the faulty position is spotted, a reconfig-
uration technique is applied to reinstate the normal bioassay.
Since a large biochip contains many spare cells (those are
not involved in regular bioassay operation), the reconfigura-
tion can be done by swapping the defective cell (swapping
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the functionalities of the defective cell) with one of the pos-
sible spare cell without deterring the droplet transportation.
The testing and reconfiguration process should be prompt
and economical to maintain the overall price of DMFBs [14].
After reconfiguration, a biochip can perform like a fresh one.

Here, we have introduced an optimized testing process
using multiple droplets for digital microfluidic biochips. The
approach allows offline testing by routing parallel droplets on
a two-dimensional electrode array. The technique optimizes
the droplet traversal time and scrutinizes faulty electrodes
by incorporating Borderline Traversal with Inner Traversal.
The Inner Traversal is conducted by routing of test droplets
based on Pebble Motion [15]. If the device is fault-free all
the test droplets can be observed at the sink using capacitive
sensing circuit. After time out, if any of the droplets do not
reach the sink, rollback is applied to retrieve the test droplet at
the source via the same path [11, 16—19]. By calculating the
rollback time and considering each time unit is equivalent to
one edge traversal, location of the fault is estimated from the
source electrode. If a fault is identified, an Advanced Module
Sequence Graph (AMSG) based reconfiguration is applied to
reintegrate the device for a typical bioassay.

The rest of this article is arranged as follows: In Section 2,
we review the related literature. Section 3 describes the pro-
posed fault detection technique. Section 4 summarizes the
outcomes of the proposed method. Section 5 presents the fea-
sible reconfiguration techniques for faulty biochips. Finally,
Section 6 concludes the work.

2 Literature Review

A digital microfluidic biochip applies the electrowetting
phenomenon to move nanoliter or picoliter droplets contain-
ing biochemical samples by applying the control voltage
on a two-dimensional electrode array [20]. Some well-
pronounced biochip models were described in the litera-
ture [21-23]. Since the biochip device is used in safety-
critical and clinical applications, it should be error-free
and robust. To ensure correctness, this device must pass
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a suitable testing methodology and reconfiguration policy.
Subsequently, several researchers have attempted various
testing strategies to reduce the traversal time for locating
errors in a DMFB. Some of the prior works are described
below.

Hu et al. proposed a checkpoint-based error recovery tech-
nique to address electrode-open faults in biochip [18]. They
divided the microarray into multiple regions with a check-
point in each region. And a capacitive sensing circuit was
connected with each checkpoint. These sensor circuits were
applied to detect faults on the droplet routing path; though
these sensors could identify the faulty regions but unable
to pinpoint multiple defective electrodes within that region.
The proposed approach detoured the test droplet using neigh-
boring electrodes towards the target, bypassing the defective
path, but the author did not clearly mention how to iden-
tify this detour path. The installation of sensors in each
region also increased the cost of the biochip. Majumder et
al. introduced a novel method for detecting defective elec-
trodes on a digital microfluidic biochip [19]. They employed
a testing strategy by moving droplets through the neigh-
bouring electrodes of a microarray in multiple loops. In the
work, the authors carefully handled the undesirable mixing
caused by neighbouring droplets at the adjacent electrodes.
This approach involved substantial numbers of test droplets
to navigate through the microarray. This incurs extended
processing times. They applied the backtracking method to
identify the faulty points.

Li et al. introduced a pipelined scan-like testing approach
to decrease the overall measurement time [24]. The method
selected ideal parameters, including voltage and frequency,
for activating the electrodes which were used to distribute
the electric field and evaluate the dielectric degradation.
The challenge of managing a large number of pins required
to activate the electrodes was resolved by pin-constrained
chips which reduced testing time. In this approach, multi-
ple modules were addressed by identical pin numbers. A
fault diagnosis technique was proposed by Mukherjee et al.
which involved distributed dispensing and scheduling of mul-
tiple test droplets in a synchronized manner [25]. The main
objective of their method was to prevent routing conflicts in
biochips, leading to improved fault detection capabilities.

A particle swarm optimization-based meta-heuristic fault
identification technique was proposed by Mukherjee et
al. [26]. A set of droplets was considered as particles and
started circulating from the source reservoir to sink. In this
approach, multiple droplets were passed through the same
path as swarm particles. Another fault detection approach
was proposed by Majumder et al. [27] where several droplets
traversed through the left diagonal and right diagonal elec-
trodes of the microarray to detect a faulty location. Ghosh
et al. presented a fault detection method based on image
processing [28]. They employed a CCD camera to capture

an image of the biochip when all the test droplets didn’t
reach the sink. Saha and Majumder described various types
of catastrophic and parametric faults and their reasons and
circumstances [29]. They proposed a fault detection tech-
nique using two droplets to uncover double faults. The study
took a considerable amount of time to navigate through a
large microarray and did not tackle the issue of unvisited
sites in case a fault was encountered in the path.

Ghosh et al. proposed a testing technique, namely, Mul-
tiple Electrodes Actuation Test (MEAT) using peripheral
test, row-wise path test, multiple electrodes actuation test,
and column-wise path test; with a huge number of test
droplets [30]. Another testing strategy was proposed by
Huang et al. where the authors demonstrated both offline and
online testing [31]. They used a technique based on the Euler
circuit for offline testing and a priority-based Genetic Algo-
rithm approach for online testing. In this online testing, they
addressed the fluidic constraints using backoff operation.
Saha and Majumder introduced a multiple faults detection
method based on Knight traversal approach by utilizing mul-
tiple droplets [32]. The authors identified the faulty locations
by backtracking method. However, they did not address the
issue of electrodes that remained unvisited due to the pres-
ence of fault in the path.

3 Proposed Fault Detection Technique

In this article, the proposed work is segmented into three sec-
tions. The first section introduces droplet movement patterns.
The second section illustrates the multiple droplets traversal
strategy from source reservoir to sink reservoir using several
pseudo sources (base nodes) and pseudo sinks of a two-
dimensional microarray to detect whether there exists any
defective electrode. The third section identifies the location
of the defective electrode in the microfluidic biochip.

3.1 Movement Patterns

Each cell and edge of a microarray must be visited at least
once by any of the stimuli droplets to ensure the correct-
ness of a biochip. To complete the traversal process, we
have introduced a unique movement pattern for test droplets,
named Pebble Traversal, based on Pebble Motion [15], where
a droplet starts from an electrode and rotates once clockwise
and then once anticlockwise through its adjacent electrodes.
A clockwise rotation is executed when a test droplet starts
from a cell and performs a left move followed by up, right, and
down moves sequentially through the adjacent electrodes,
as shown in Fig. 2(a). Similarly, the anticlockwise rotation
is executed using one right, up, left, and down moves, as
depicted in Fig. 2(b).
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Fig.2 Droplet movement patterns (a) clockwise rotation (b) anticlock-
wise rotation

If number of row is greater than the number of column of a
microarray, then row-wise pebble traversal is executed and if
column number is higher than the row number, then column-
wise pebble traversal is carried out. The row-wise pebble
traversal is termed as H PT (Horizontal Pebble Traversal)
and column-wise pebble traversal is called V PT (Vertical
Pebble Traversal). Figure 3 (a) shows H PT and its graph rep-
resentation with visited nodes and edges of a 2D microarray.
Similarly, Fig. 3(b) depicts V PT and its graph representation
with the visited edges and cells. In case of square microar-
ray, both approaches can be used and here, we are considering
V PT (Vertical Pebble Traversal) for further calculation.

3.2 Proposed Traversal Procedure

In this subsection, we describe the traversal of a MxN
microarray by applying multiple droplets, where M defines
the number of columns and N signifies the number of rows.
The Pebble Traversal-based technique combines the clock-
wise and anticlockwise rotations, which looks like slanted
numerical digit ’8’. Borderline Traversal and Inner Traversal

Unvisited edges and cells

Overlapping / !
e c1 /C2) c3
£5 O
kel R1
3¢ 3 =5
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8 % < - N1

Visited cells and edges
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(carried out by HPT or V PT) are used to ensure that each
edge is traversed at least once.

For simplification of the MxN microarray, we have dif-
ferentiated the columns as Cy, C;, Cs,..., Cjs and the rows
as Ri, Ry, Rs,..., Ry, where M and N are the total numbers
of columns and rows, respectively. In this work, we have
considered that the source reservoir and sink reservoir are
connected at (1,1) and (M,N), respectively, of the microar-
ray. The journey of each droplet starts from (1,1) position
and terminates at (M,N) position of the microarray. We have
calculated one unit of time for each edge movement of the
droplet.

Borderline Traversal is performed to visit the electrodes at
the boundary of the microarray. Two droplets are dispatched
from the source reservoir and routed parallelly in opposite
directions through the boundary to complete the Borderline
Traversal process. Therefore, these droplets finish the journey
process after 77 times which is calculated using Eq. 1. The
Borderline Traversal procedure is depicted in Fig. 4.

T\=M+N (1

After completing Borderline Traversal, we have selected
the pseudo sources for Inner Traversal based on the dimen-
sion of the microarray. Here, we consider the square microar-
ray (6x6) for illustrating the process. The Inner Traversal is
segmented into two passes. In the first pass, the test droplets
are placed on the pseudo sources as C3, Cg, Cj0,.., and so on.
Figure 5 (a) shows C> and Cg for the microarray of dimen-
sion 6x 6. Then the Pebble Traversal (here, V PT is applied,
since it is an square microarray) is applied repeatedly until
the test droplets are steady at the bottom boundary. Next,
the droplets are flowed out through the sink. One additional
down move (shown blue arrows in Fig. 5) is required to
carry out the Vertical Pebble Traversal of the test droplet.
For example, Fig. 5 (a) shows the first pass where two test

Unvisited edges and cells
........... . S

" Clockwise ) \ N
rotation, ~ OVerlapping Cc1 C2 | C3v_ C4
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Fig. 3 (a) HPT (Horizontal Pebble Traversal) and graph representation with visited cells and edges (b) V PT (Vertical Pebble Traversal) and

graph representation

@ Springer



Journal of Electronic Testing (2024) 40:573-587

577

Borderline traversal path

/ \
/ \
/
L
Q / 3
7 \
/
/
/ 4
/ ~
Source /
: /
reservoir ; ,
Sink
/ reservoir
* //
/
/
®

Fig.4 Borderline Traversal process

droplets commence their journey from pseudo sources C»
and Cg, and reach their respective pseudo sinks of the bottom
boundary by adhering the V PT, indicated by bold arrows,
along with an extra downward movement, as illustrated by
the dotted arrows. If all the test droplets are seen at the sink
reservoir within the stipulated time, a second pass of Inner
Traversal will commence. In this pass, the test droplets are
placed at new pseudo sources such as Cy4, Cg,...s0 on (Cy
for 6x6 microarray as shown in Fig. 5(b)), and repeat the
same. Figures 6 and 7 depict the Inner Traversal technique
for 7x6 (using VPT) and 6x7 (using H PT) microarrays.
If any test droplet does not reach the sink within the pre-
calculated time, it indicates a defective electrode in the path.
The proposed traversal approach is summarized in Algo-
rithm 1, which uses Algorithm 2 to select the specific Pebble
Traversal (HPT or VPT) based on the dimension of the
microarray. The H PT and V PT procedures are abridged in
Algorithms 3 and 4, respectively. Total execution time (T) is
calculated by Eq. 2, where time for Horizontal Pebble Traver-
sal (Tp(HPT)) and Vertical Pebble Traversal (T>(V PT))
are computed using Eqgs. 3 and 4, respectively. As Borderline
Traversal or Inner Traversal individually does not cover each
edge of the microarray, both of these traversals are obligatory
to ensure that every edge of the microarray is routed at least
once.

T — T\ + Th(HPT) ifN>M @)
B T + To(VPT) otherwise

2(5M +2N —9) if N mod 4 =23

Toh(HPT) = 3
2t ) 2(5M + 2N — 8) otherwise ©)
20N +2M —-9) iftM d4=3
Bvpr)={2OM )M mo 4)
2(5N +2M — 8) otherwise

Algorithm 1 Proposed Traversal Strategy

Require: 1. MxN microarray, where M is the number of columns and
N is the number of rows.

2. Source reservoir at R;Cy and sink reservoir at Ry Cys loca-
tions of the microarray, where R and C represent row and column
numbers.

Ensure: Traverse the entire microarray.

1: Two droplets are ejected from the source reservoir.

2: Start moving in opposite directions (clockwise and anticlockwise)
along the boundary electrodes in the direction to the sink.

3: if (all droplets reached to sink reservoir) then > Inner Traversal
starts

4:  Calculate p = L%J > p is the total number of droplets for Inner
Traversal

5:  Compute ¢ = [g] > droplets for first pass

6:  Dispense « test droplets from source reservoir with four unit gaps.

7:  Place the droplets to their pseudo source using (R;) for N > M,
otherwise (C;), where i=2, 6, 10, ..., N or M respectively.

8:  while (droplet have not steady to pseudo sink) do

9: Call Pebble_Selection > Pebble Traversal: pass-1

10:  end while

11:  Move the droplets through the boundary electrode towards the
sink reservoir.

12:  if (all droplets reached to sink reservoir) then

13: Compute = LgJ > droplets for second pass

14: Dispense S test droplets from source reservoir with four unit
gaps.

15: Place the droplets to their pseudo source using (R;) for N >
M, otherwise (C}), where j=4, 8, 12, ..., N or M respectively.

16: while (droplet have not steady to end electrode) do

17: Call Pebble_Selection > Pebble Traversal: pass 2

18: end while

19: Move the droplets through the boundary electrode towards
the sink reservoir.

20:  endif

21: end if

Algorithm 2 Pebble_Selection

1: if N > M then

2:  Apply one Right move.

3: if (H PT=true) then
procedure

4: Break.

5 end if

6: else

7:  Apply one Down move.

8: if (V PT=true) then > Call Vertical Pebble Traversal procedure

9: Break.

10:  endif

11: end if

> Call Horizontal Pebble Traversal

3.3 Identify Fault Location

The proposed approach traverses the entire biochip using
multiple test droplets. In addition to traversing the microar-
ray, the proposed technique also identifies and locates the
defective electrode by applying the roll-back method. If any
test droplet does not reach the sink reservoir within the stip-
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Fig.5 Inner Traversal of a
square microarray using V PT
(a) first pass (b) second pass

Fig.6 Inner Traversal of a 7x6
microarray using V PT (a) first
pass (b) second pass

Fig.7 Inner Traversal of a 6x7
microarray using H PT (a) first
pass (b) second pass
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Fig.8 (a) Droplet stopped on
boundary electrode due to a . Q *— — T 1
fault (b) roll-back path from Rolling Back — —
faulty location to source ( 2 pathtosource | __IL——41==7T |
Y reservoir ]
\
X\ X
\
\ First droplet
stuck
Second
* O#—"’droplet

Algorithm 3 HPT Algorithm4 VPT

1: Apply Down Left Up Right moves each. 1: Apply Left Up Right Down moves each.
2: if (reached pseudo sink) then 2: if (reached pseudo sink) then

3 Return true. 3:  Return true.

4: end if 4: end if

5: Apply one Right move. 5: Apply one Down move.

6: Apply Up Left Down Right moves each. 6: Apply Right Up Left Down moves each.
7: if (reached pseudo sink) then 7: if (reached pseudo sink) then

8 Return true. 8:  Return true.

9: end if 9: end if

10: Return false. 10: Return false.

ulated time, a fault is assumed to be present on the path

as shown in Fig. 8(a). In this erroneous instance, the halted  from the first electrode of the path. If the droplet does not
droplet is rolled-back to the source along its original journey  return to the source, then roll-back is initiated from the sec-
path by applying the control voltage in the reverse direc-  ond electrode of the path. If this rolling back also fails, it will
tion [11, 16—-19] (shown in Fig. 8(b)), and the roll-back time start again from the third electrode, and so on. In this iterative
is calculated. In this process, initially, the roll-back starts  way, if the droplet takes £ units of time for rolling back to its

Fig.9 Faults identification on Roll-back paths
internal electrodes (a) roll-back //,/’ S~<_
path in first pass (b) roll-back ’/,/’ \\\\\
ath in second pass - ~
' ’ & 1 ‘L/’ | — ;ﬂ -l_
D1 I |
I | = . i
L LI Il
1 |
L]
[ X X

TR

(a) (b)
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source electrode, this implies the fault is identified at £ edges
distance from the source electrode in the respective path.

Similarly, the roll-back process is applied to an erroneous
situation during Inner Traversal. In case of multiple faults,
the rolled-back process is applied identically to retrieve the
test droplets at the source reservoir. Figure 9 illustrates the
multiple faults identification process. Here, Fig. 9 (a) shows
the roll-back path for droplet D; in the first pass. Dj is
rolled-back after the stipulated time, within that stipulated
time D; already reached the sink by covering its journey
path. Next, Fig. 9 (b) shows the roll-back path for D3 in
the second pass. When multiple droplets are ceased during
the same pass, the roll-back procedure is initiated separately
for each droplet, following their dispatch order one by one
(i.e., D1, D3, D3...). Figure 10 shows the halted droplets in
the first pass. Figure 11 depicts the rolled-back paths of halted
droplets according to their order (first D1, and then D, as
shown in Fig. 11(a) & (b) respectively).

After detecting a fault, the halted droplet is rolled-back
to the source reservoir, as a result, all the other electrodes
along its path remain unvisited. Since the goal of the traver-
sal process is to visit every edge and cell at least once, any
site that remains unvisited must be traversed by another test
droplet. To reach the next position of the faulty electrode, the

Ceased droplets

/ \
/ \

L / \

I
@
X

<€

_

Fig. 10 Ceased droplets in an identical pass

@ Springer

test droplet follows the best possible path (shortest) using
Manhattan distance [33], bypassing the defective location.
Starting from this position, the traversal continues to cover
the unvisited sites. The droplet placement and remaining
traversal path are illustrated in Fig. 12.

4 Simulated Result

In this article, we have demonstrated the droplet traversal
technique to detect multiple faulty locations in a microar-
ray. The test droplets start from the source reservoir, traverse
the entire microarray through the predefined path and finally
remove via sink. In this process, the defective location will
be uncovered if any test droplet stops its journey and does
not reach the sink within the timeout duration. The proposed
technique not only recognizes the faulty electrode but also
counts the entire traversal time for a fault-free biochip.

We have routed the test droplets in parallel to optimize
the traversal time. Parallelism is achieved by actuating the
row electrodes (for vertical movement) or column electrodes
(for horizontal movement) [ 14, 17, 34]. Due to the possibility
that two drops may mix and violate the fluidic constraints [3]
during concurrent execution, we have to be very meticulous
while calculating the pseudo sources. In each traversal phase,
droplets start their journey from (1,1) location of the microar-
ray and end at (M,N) location. Those locations are connected
with the source and sink reservoirs, respectively. As men-
tioned earlier, one unit of time has been considered for each
edge movement of the test droplet, and according to this, we
have computed the traversal time in the proposed approach.

The proposed traversal technique is simulated in OpenMP-
C++ on a Linux multicore environment. We have considered
a large number of microarrays from 5x5 to 48x48.

Table 1 shows the proposed time (T) using Eq. 2 to tra-
verse the fault-free biochip, where T is the time to complete
Borderline Traversal and calculated using Eq. 1; To(H PT)
and T>(V PT) represent Horizontal Pebble Traversal time
and Vertical Pebble Traversal time which are computed
in Egs. 3 and 4, respectively, as described earlier. In all
cases, the droplet placement time from source reservoir to
pseudo sources through (1,1) electrode, the traversal time
from pseudo sources to pseudo sinks (end electrodes), and
finally the droplet placement time from pseudo sinks to sink
reservoir through (M,N) electrode have been considered. We
have compared the result of our proposed technique with Par-
allel scan-like test [14] and Knight traversal [32] and listed
them in Table 2. We have also computed the percentage of
improvement using the formula given in Eq. 5. It is noticeable
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Fig. 11 (a) Roll-back path for ceased droplet D (b) roll-back path for ceased droplet D, from their faulty locations

that the proposed technique shows far better result compared
to Parallel scan-like test and moderate improvement over the
Knight Traversal approach.

existing — proposed

Improvement (%) = x 100 (5)

existing

The proposed technique also requires a reduced number of
test droplets to visit each electrode of the microarray. Here,

Manhattan distance and droplet placement

B
|
I
|
|

X

) iy — 1§

g

(a)

we have considered n as the number of test droplets and T as
the total traversal time. DT T [32] is the metric, which defines
the ratio between the number of used test droplets () and the
traversal time (7'), and it is calculated by Eq. 6. Table 3 shows
a comparative study of the proposed technique with some of
the contemporary works [11, 32, 35] in terms of DTT,

DTT —

(6)

Rest of the traversal process

/
/

‘\

(b)

Fig. 12 (a) Droplet placement to cover unvisited sites (b) traversal process from new starting position
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Table 1 Time to traverse of

error-free microarrays Matrix Size (MxN) (T T(HPT) T(VPT) Proposed time (T)
5x5 10 - 54 64
7x8 15 86 - 101
9x9 18 - 110 128
10x8 18 - 104 122
11x9 20 - 116 136
14x16 30 188 - 218
15x15 30 - 192 222
17x18 35 226 - 261
23x22 45 - 294 339
25x25 50 - 334 384
28x28 56 - 376 432
32x32 64 - 432 496
36x36 7 - 488 560
42x42 84 - 572 656
4848 9 - 656 752

5 Reconfiguration Technique

Reconfiguration is the prerequisite task if the proposed tech-
nique locates any faulty electrode in the testing phase. Prior
to deployment of this device for safety-critical analysis, the
reconfiguration process detours the droplet flow by avoid-
ing the defective electrode in the microarray by changing the
control voltages of some electrodes. Here, we consider the
feasibility of reconfiguring a faulty biochip and propose a
suitable online reconfiguration strategy.

5.1 Feasibility of Reconfiguration

The partial reconfiguration process relocates the defective
module to a set of spare locations [36]. The tiny dimension
of the microfluidic biochip is one of the major issues when
attempting to relocate it. In case, insufficient availability of
spare cells, the partial reconfiguration is more challenging. In
this scenario, the local reconfiguration provides the way out
by relocating the module to a significant spare location of that
module [37]. However, local reconfiguration is not feasible

Table 2 Comparative study of proposed traversal time with Parallel scan-like test [14] and Knight traversal [32] approaches

Matrix Size Existing [14] Improvement(%) Existing [32] Improvement(%) Proposed Time
5x5 80 20.00 62 -3.23 64
7x8 135 25.19 102 0.98 101
9x9 164 21.95 130 1.54 128
10x8 169 27.81 135 9.63 122
11x9 185 26.49 152 10.53 136
14x16 295 26.10 227 3.96 218
15x15 290 23.45 232 4.31 222
17x18 345 24.35 272 4.04 261
23x22 450 24.67 362 6.35 339
25x25 500 23.20 402 448 384
28x28 568 23.94 453 4.64 432
32x32 652 23.93 521 4.80 496
36x36 736 2391 589 4.92 560
42x42 862 23.90 691 5.07 656
48x48 988 23.89 793 5.17 752
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I;?}:eeiisgggg}r?twe study Matrix Size Existing D77 [11] Existing D77 [35] Existing D77 [32] Proposed DT

5x5 0.2046 0.2703 0.129 0.0625

7x8 0.1892 0.3269 0.1078 0.0594

9x9 0.3607 0.1848 0.1 0.0469

10x8 0.3771 0.1848 0.1259 0.0574

11x9 0.3881 0.1827 0.1053 0.0515

14x16 0.4021 0.1768 0.1278 0.0459

15x15 0.4124 0.1768 0.0948 0.0405

17x18 0.4196 0.1753 0.0956 0.0421

23x22 0.4437 0.1732 0.0912 0.0383

25x25 0.4459 0.1725 0.092 0.0365

28x28 0.1719 0.2477 0.0762 0.0370

32x32 0.1712 0.2274 0.0758 0.0363

36x36 0.1707 0.2174 0.0756 0.0357

42x42 0.1701 0.22 0.0753 0.0351

48x48 0.1696 0.2058 0.075 0.0346

due to a lack of adjacent spare cells. A Module Sequence
Graph (MSG) based reconfiguration technique was presented
to overcome these issues [32]. The MSG approach relocates
the cells of the faulty module to adjacent spare electrodes.
MSR (Module-Spare Ratio) is the ratio between the adjacent
spare cells (ASC) of a faulty module and the number of cells
(C) of that faulty module and it is computed by Eq. 7.

ASC,
CV

MSR(y) = 7

where ASC,, is the number of adjacent spare cells of defec-
tive module y, C, is the number of cells of faulty module
v, and MSR,, signifies Module-Spare Ratio of y module.
The MSG-based reconfiguration does not provide a solution
in cases of low MSR and fails to produce a unique solution
for higher MSR. In this work, we have proposed a recon-
figuration technique by rearranging the cells of the faulty

.-IIE-llm

(@)

Sink

module that produces a unique solution. Additionally, the
technique also reconfigures the defective module having low
MSR value by rearranging certain fault-free modules.

The reconfiguration process is only possible with the avail-
able spare cells. Reconfiguration with Spare (Rg) [32] is the
ratio of the number of spare cells (SC) and the number of
active cells (AC) of the microarray and is defined by Eq. 8.

SC

Rs == ®)

Local and partial reconfiguration techniques may suffer to
relocate the defective module if Rg and M SR both are less
than one [32]. An example of a 6 x5 microarray is illustrated
in Fig. 13(a), where the droplet path is marked from the 1st
column of the 1st row to the 6th column of the 1st row. In this
traversal path, the droplet passes through four different func-
tional modules (named M, M, M3, and My), and the Rg

Faulty cell

~~e

D Th
aul .
Spare cells‘ E . . M3f

(b)

Pseudo
sink

Pseudo
source

Fig. 13 (a) Droplet moving path for a 6x5 microarray (b) Sy faulty cell in module My
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value is 0.25 which is obtained by Eq. 8. The proposed fault
detection technique detects a fault at the S, position of My
as shown in Fig. 13(b) and the MSR(M3,) is computed using
Eq. 7 which is 0.17. It is observed that MSG-based recon-
figuration is not feasible if the MSR value of a particular
module is less than 0.25. Due to the lack of spare cells, local,
partial, and MSG-based reconfigurations are not possible for
My as depicted in Fig. 13(b). However, local and MSG-based
reconfigurations are feasible for M3 since the MSR(M3) is 0.5
as shown in Fig. 13(b). In this article, we have proposed an
Advanced Module Sequence Graph (AMSG) based recon-
figuration by combining the MSG approach with the local
reconfiguration method to ensure an error-free bioassay using
a pipeline of reconfiguration processes.

5.2 Proposed AMSG Reconfiguration

The proposed reconfiguration technique inherits the cell
sequence and adjacent spare cells as introduced in [32].
Figure 14(a) shows the Module Sequence Graph represen-
tation of the faulty microarray from the previous example
(Fig. 13(a)) with the sequence number of the defective mod-
ule (My). The reconfiguration process starts with the MSR
calculation of defective module My. Since the value of MSR
is less than 0.25 for My, local reconfiguration, as well as
MSG-based reconfiguration processes, are not allowed. The
algorithm evaluates the possibility of relocating the previ-
ous module (M3) to create additional spare cells adjacent
to the defective module and applies the local reconfigura-
tion since the MSR(M3) is 0.5, and there is no such defect.
Figure 14(b) shows the sequencing graph after applying the
local reconfiguration of M3. In this step, if the MSR(M3)
is less than 0.5, it implies local reconfiguration is not fea-
sible; hence, the previous modules (y, where y = My,
M) are examined repeatedly until the MSR(y) > 0.5. Subse-
quently, local reconfiguration is performed on y . These steps
are executed repeatedly until the MSR of defective module is
increased to 0.25 or the total number of modules. After that,
the MSG-based reconfiguration is applied to rearrange the
flawed module as shown in Fig. 14(c) and restores the biochip
for typical bioassay operation. The detailed procedure of
AMSG-based reconfiguration is summarized in Algorithm
5.

The proposed AMSG algorithm also establishes a single
solution, in case where multiple spare cells are available just
before the pseudo source (Sp) of the defective module. It
computes the shortest edge distance for all paths from the
spare cells (adjacent to pseudo source) to pseudo sink and
selects a spare cell as pseudo source that uses more spare cells
in the respective path, to explore the possibility of relocation.

@ Springer

Then, MSG-based reconfiguration is applied to complete the
reconfiguration process.

Algorithm 5 AMSG Reconfiguration

Require: 1. Module sequence graph (G) of MxN microarray, where
M is the number of columns and N is the number of rows.
2. Module M; with S set of vertices where i is the number of
modules.
3. F is the spare cells and defective module (M p) with defective
cell (D).
Ensure: Fault-free path for droplet traversal.
1: Calculate Rg for graph G and MSR for Mp.
2: while (MSR(Mp) < 0.25) do
3 k=l

4:  Calculate the MSR for immediate module (M p-k).

5: if MSR(Mp-k) < 0.5) and (k < i) then

6: k=k+1.

7 Go to step 4.

8: else

9: if k > i then

10: Exit > Reconfiguration not possible

11: else

12: Relocate M p-k using the adjacent spare cells. > Local
reconfiguration.

13: end if

14:  endif

15:  Recalculate MSR for Mp.

16: end while

17: if (more than one adjacent F of pseudo source exists) then

18:  Let’s consider, F, and Fg are two spare cells adjacent to the
pseudo source.

19:  Calculate the edge distance from F, and Fy to the pseudo sink
of Mp with numbers of spare cells and plot to P, and Pg.

20:  if (Py > Pg) then

21: - =Fq.
22: else

23: F, =Fg.
24:  end if

25:  Relocate S; to F, and mark as S/l.
26:  Release S| as F.
27: end if

28: k=2.

29: while (k<j) do
30:  Relocate Sy to an adjacent F and mark as S;(.
31:  if (St # D) then

> j is the number of cells of defective module

32: Release Sy as F.
33:  endif
34:  k=k+lI.

35: end while

6 Conclusion

This article presents a multi-droplet traversal technique for
detecting multiple faults and identifying these faulty sites
within digital microfluidic biochips. Additionally, it deter-
mines the traversal time if the device is fault-free. The
outcomes of the proposed approach show comparable per-
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source

Fig. 14 (a) Module Sequence Graph representation of 6 x5 microarray (b) After local reconfiguration of M3 module (c) MSG-based reconfiguration

on M4 module

formance for calculating the journey time of the test droplet
and the droplet traversal time ratio for a fault-free large
microarray. It also presents an Advanced Module Sequence
Graph (AMSG) based reconfiguration technique to detour
the droplets by avoiding the defective electrode in this dig-
ital device. A potential future direction for this work is to
develop an online fault detection method for digital microflu-
idic biochips.
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