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Abstract

Micro electrode dot array (MEDA) have attracted attention in the biochemical and medical industries.
MEDA biochips enable biochemical experiments such as DNA analysis by manipulating droplets on
the chip. Since the manipulation of droplets on the chip is based on the electro wetting on dielectric
(EWoD) effect, a certain percentage of droplets may remain on the chip. Contamination cells on the chip
due to left droplet has been considered as unavailable in previous studies. However, as the number of
contaminated cells increases, droplets may not be able to move to the desired position if the contaminated
cells are avoided. In order to clean the contamination, it is necessary to manually wash the chips or
to move the droplets on the chips for washing. In this paper, we propose a method for simultaneous
routing of washing droplets and functional droplets when a blockage occurs due to residual droplet
contamination and reduce the droplet routing time by an average of 55% compared to existing method.
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1. Introduction

Digital Microfluidic Biochips (DMFBs), a subset of Labs on a Chip (LoCs), have garnered attention
in the fields of biochemistry and healthcare [1] [2] [3]. However, existing DMFBs face challenges
in controlling the volume and shape of droplets during operation, as well as real-time droplet
detection, posing functional and reliability issues for practical applications [4] [5].

Micro Electrode Dot Array (MEDA) biochips have been designed to deal these challenges.
DMFBs control droplets using one electrode per cell, but MEDA biochips divide each cell into
microelectrode cells (MCs). By utilizing MCs to control droplets, MEDA biochips enables
precise manipulation of droplet size and shape, which was previously unattainable with DMFBs.
Furthermore, real-time sensing is facilitated by integrating droplet detection circuits within
MGCs.
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In DMFBs, the time required for droplet movement often constituted a small part of the
overall process due to the complexity of mixing processes. However, MEDA biochips require
fewer steps for mixing than DMFBs. As a result, the time required for droplet movement using
MEDA biochips becomes more dominant in the overall process compared to using DMFBs.

During droplet movement on the biochip, there is a possibility of contamination when droplets
partially remain in cells through which they have passed. These remain droplets have potential
affecting the properties of subsequently passing droplets. There are lot of works to avoid the
effect by remain droplets. One method has been proposed such as allowing only one type of
droplet to pass through each cell to prevent interference from remain droplets [6], and the
other method has been proposed such as washing cells to eliminate remain droplets [7] [8] [9].
However, these methods may cause to the no mixing routes of droplet under some conditions
or to degradation of biochip cells due to unnecessary washing. Therefore, this paper proposes a
routing method with washing droplets in MEDA biochips.

The contributions of this paper are as follows.

1. We achieve simultaneous routing method of target droplet and washing droplet on MEDA
biochips.

2. We realize a routing method that solves problems caused by route contamination by using
washing.

3. We solve routing problems with different droplet volume ratios.

The rest of this paper is organized as follows. Section 2 describes related work, and Section
3 formulates our droplet routing problem that routing with washing droplets simultaneously.
Section 4 describes the experiments and a comparison of the results, and Section 5 describes the
conclusions of this paper.

2. Related Work

Since the 2000s, extensive research has been conducted on efficient droplet routing in digital
microfluidic biochips (DMFB) [5] [10]. However, due to the limitation of DMFBs to perform
mixing only at a 1:1 volume ratio, the impact of droplet routing time is considered minimal
for complex mixing ratios. Furthermore, the characteristic of DMFBs allowing movement only
along the x and y axes affects routing efficiency [11]. Thus, DMFBs have many constraints, and
most research on DMFBs has been conducted under these constraints.

In contrast, MEDA biochips achieves diverse droplet operations by dividing electrodes into
microelectrode cells (MCs) [12] [13] [14] [15]. Droplets are moved using Electro Wetting on
Dielectric (EWOD) achieved by operating MCs electrodes. MCs is equipped with devices to detect
and control droplets, enabling real-time droplet detection within 10ms, which is impossible with
conventional DMFBs [16]. By grouping MCs, it is possible to manipulate droplets of various
volumes and perform non-1:1 mixing [17] [18]. Dilution and mixing operations that required
several steps in DMFBs can be performed in a single step using the characteristics of MEDA
biochips, significantly reducing the time required for each operation [19]. Given the higher
flexibility and more numerous operations possible with MEDA biochips compared to DMFBs,
methods used for DMFBs are not necessarily optimal for MEDA.
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There is also extensive research on droplet routing leveraging the functions of MEDA biochips
[6] [12] [13] [14] [15] [20]. Keszocze et al. proposed a method utilizing the deformation of
droplets, a feature of MEDA biochips [12]. By taking advantage of the change in droplet
movement speed due to droplet shape [20], there are methods that effectively use droplet
deformation to minimize the time required for droplet movement [6]. In routing problems for
MEDA biochips, it is often assumed that some cells are unusable due to MC or electrode failures.
Many problems also consider scenarios where a part of the droplet remains as residue on a cell
after a failed movement, preventing other droplets from using the cell to avoid interference
with the residual droplet. It is known that if a certain number of unusable cells occur, there
might be no possible paths for droplets [6].

Electrodes degrade over time with increased use, raising the likelihood of failures. Addi-
tionally, it is known that droplet movement time depends on droplet size [6] [19]. Therefore,
when using larger droplets, certain electrodes endure prolonged stress to move the droplets. To
extend the biochip’s lifespan, it is necessary to use smaller droplets and distribute the load on
the electrodes.

If a certain number of unusable cells occur or if there are too many droplets relative to the
biochip’s size, making it impossible to avoid interference with residual droplets, the biochip
needs to be cleaned. In the former case, cleaning before routing solves the issue [21], but in
the latter case, functional droplets, which are droplets intended for operations such as mixing,
and cleaning droplets must be routed simultaneously. There are studies on simultaneously
routing functional droplets and cleaning droplets [7] [8] [9]. These studies primarily focus on
cleaning the crossing points of droplets when moving multiple functional droplets. However,
since these three studies target DMFBs, they are not necessarily optimal for MEDA biochips due
to differences in droplet sizes between cleaning and functional droplets. Therefore, this paper
addresses the problem of routing functional droplets while cleaning unusable cells caused by
residual droplets in MEDA biochips as an integer programming problem. It has been revealed
that droplet movement can be hindered by contamination from residual droplets, making some
paths nonviable. This study proposes a method to preemptively clean such residual droplet
contamination and solve the routing problem, thereby minimizing the movement time for
functional droplets.

3. Simultaneous Routing with Washing Droplets in MEDA
biochips

3.1. Problem Description

In this section, we formulate the problem of simultaneous routing of washing droplet and target
droplet on MEDA biochips. We assume that MEDA biochips is composed of W x H cells, and
the coordinates of each cell are defined as (z,y) with the bottom-left corner of the biochip
being (1, 1). The washing droplet is set to the minimum volume of 1 to distribute the load on
the electrodes. We assume a problem where the target droplet’s route does not exist due to
contamination from past moving droplets, as shown in Figure 1(a). These contamination cells
form a continuous block from the left edge to the right edge of the biochip. The washing droplet
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(a) Contamination cells (b) Move example : washing droplet (c) Move example : target droplet

Figure 1: Contamination cells and move example

(Figure 1(b)) and target droplet (Figure 1(c)) move to each goal cells from each start cell. The
target droplet move from the bottom-left to the top-right of the biochip, while the washing
droplet move from the bottom edge to the top edge. The start and goal cells of the washing
droplet can be set to any cell on the edges. In this condition, we realize routing problem that no
mixing routes of target droplet by past moving droplet’s contamination.

MEDA biochips can reshape droplet. Reshaping a droplet takes the time as same as one
moving, but it provides the advantage of potentially reducing the number of cells the droplet
needs to pass through, depending on the direction of movement. This paper determines the
routes that minimizes the moving time of the target droplet while using the smallest washing
droplet to reduce the electrode load.

3.2. Example

We consider a problem where pre-existing contaminated cells can be washed, and volume-1
washing droplet and volume-2 target droplet are routed simultaneously. The start and goal cell
for the washing droplet are given. Figure 2 shows a 6 x 6 biochip, the contaminated cells, the
start and goal cells of each droplet, and the initial shapes of the droplets.

Both the washing droplet and the target droplet move from their start cells to their goal cells.
Once the washing droplet reaches its goal cell, they are discharged into a reservoir and thus
are no longer present on the biochip. Since there is a possibility of interference between the
washing droplet and the target droplet, a certain distance must be maintained between them
during movement. Contaminated cells, indicated by black cells in Figure 2, are washed once the

Goal : Target Droplet

\' Goal : Washiné Droplet

I
Contamination Cells

[ Start : Washing Droplet |
_
Start : Target Droplet

Figure 2: Initial state of MEDA Biochips
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(a) Move of washing droplet (b) Move of target droplet

Figure 3: Step for moving droplets [21]

washing droplet pass through them and become usable from the next operation cycle.

The objective of this problem is to minimize the time it takes for both the target droplet and
the washing droplet to reach their goal cells.

First, we calculate the routing time based on the existing method [21]. The existing method
optimizes the route of the washing droplet and does not consider simultaneous routing with
target droplet. In other words, the existing method determines the route for the target droplet
only after the washing droplet have completed their washing.

As shown in Figure 3(a), the washing droplet move and require 6 steps. Then, as shown in
Figure 3(b), the target droplet move, requiring 9 steps. In the existing method, the total routing
steps are the sum of two droplets requiring steps both washing droplet and target droplet,
resulting in a total of 15 steps.

Next, we calculate the routing time based on the proposed method in this paper. The proposed
method moves the washing droplet and target droplet simultaneously. Therefore, it is necessary
to avoid interference between the washing droplet and the target droplet.

(a) Phase 1 (b) Phase 2

N
1

(c) Phase 3 (d) Phase 4

Figure 4: Routing method in proposed method
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Table 1

Notations
Character Meaning Range
Vol Volume of target droplet given
Wash.Num The number of washing droplets given
Num The number of target droplets given
(X .Wash.start; , Y.Wash.start; ) Start cell of washing droplets ¢ given,1 < i < Wash.Num
(X.Wash.goal; , Y.Wash.goal; ) Goal cell of washing droplets ¢ given,1 < ¢ < Wash.Num
( X.start; , Y.start; ) Start cell of target droplets i given,1 < i < Num
(X.goal; , Y.goal; ) Goal cell of target droplets 4 given,1 < ¢ < Num
(Contami.x , Contami.y ) Contamination cells given
(z.wash;, s, ywash; ) The reference point of washing dropleti atsteps | 1 < z.wash;, s < W, 1 < ywash; , < H
(i, sy Yi,s) The reference point of target droplet 7 at step s 1 <2, W, 1<y < H
(wi, s, his) The aspect ratio of target droplet ¢ at step s 1 < (wi,s, his) < Vol
dir.wash; 4 The operation of washing droplet 7 at step s 0 < dirwash; 4 < 2
dir; s The operation of target droplet i at step s 0 < dir;, s <4
time; The routing time of target droplet i 0 < time;

In Figure 4(a), the washing droplet moves for 2 steps, but the target droplet does not move to
avoid interference. In Figure 4(b), the washing droplet moves upwards for 2 steps, while the
taarget droplet moves rightwards for 2 steps. At this point, the contamination cells that the
washing droplet passes through are washed, allowing the target droplet to pass through.

Subsequently, in Figure 4(c), the washing droplet moves upwards for 2 steps, and similarly,
the target droplet moves for 2 steps. Once the washing droplet reaches goal cell, it is discharged
into a reservoir and disappears from the biochip. Finally, in Figure 4(d), the target droplet moves
to the goal position in 5 steps.

From the above, we show the example that the washing droplet requires 6 steps and the
target droplet requires 11 steps. In the proposed method, the total routing steps are determined
by the longer routing steps between target droplet and the washing droplet, resulting in a total
of 11 steps. This shows an improvement of 4 steps compared to the existing method.

3.3. Formulation

We present the formulation of the routing problem with washing based on integer programming.
Table 1 shows the character used in this formulation and their meanings.

We define the coordinates and shapes of the droplets are expressed using formulation. Let
i represent the droplet number, which depends on the number of droplets, and s denote the
operation step. (z.wash; s,y.wash; ) is defined as the reference point of washing droplet 7 at
step s. Similarly, (z; s, ys, s) is defined as the reference point of target droplet i at step s. The
reference point is the coordinate at the bottom-left of the droplet. The shape of target droplet ¢
at step s can be expressed as (w;, s, h;, 5), where (w; s, h;, s) represent the width and height of
the droplet, respectively.

Washing droplet is always assumed to be of size 1 and exist only at the reference point
to reduce the load on the electrodes. In this paper, droplets are assumed to always occupy a
rectangular cells, so target droplet ¢ occupies the cells from (x;, s, ¥i, s) to (s, s + Wi, s — 1, ¥i, s
+ hi’ s — 1)

Formula (1) shows that the target droplet reshapes while maintaining a constant volume. For
example, if the volume of the droplet is 2, it can be in one of the two states: (w; sxh; 5) = (1x2)
or (2 x1).
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Vi, s, wis X his = Vol; (1)

There is no change in the formulation of the washing droplet and target droplet from Formula
(2) to Formula (5). dir.both;,  refers to both dir.wash;, s and dir; s. (x.both;, s,y.bothL o) refer
to both (z.wash;, s,y.wash; ;) and (z; sYi, s)-

Formula (2) represents the initial positions of the washing droplet and target droplet. The
coordinates at step 0 for both washing and target droplets are given.

Vi, (xz.both;o = X.Both.start;)
A (y.both; o = Y.Both.start;) 2)
Next, we formulate the operations of the droplets. We assume that droplets can move in
various directions and reshape during routing. Droplets can move in horizontal (x-axis), vertical
(y-axis), and diagonal directions. When dir.both; s = 0, the washing droplet 7 and the target
droplet ¢ do not move at step s. When dir.both; s = 1, the washing droplet ¢ and the target
droplet < move one cell horizontally at step s. When dir.both; s = 2, the washing droplet 7 and
the target droplet ¢ move one cell vertically at step s. dir; s = 3, the target droplet ¢ reshapes
at step s. When dir; s = 4, the target droplet i moves one cell diagonally at step s.
Formula (3) represents the condition where both the washing droplet ¢ and the target droplet ¢
do not move when dir.both; s = 0. This is mainly used to avoid interference between droplets.
Vi, s, (dir.both;, s = 0) —
(w.both; s = w.both; s—1) A (y.both, , = y.both; , ;) (3)
Formula (4) represents the condition where both the washing droplet ¢ and the target droplet
1 move one cell horizontally when dir.boths = 1. This is mainly used to avoid interference
between droplets. The reference points of the washing droplet ¢ and the target droplet ¢ move
horizontally, but the vertical coordinates remain unchanged.
Vi, s, (dir.both;, s = 1) —
(z.both;, s—1 —1 < x.both; s < m.both; s—1 +1)
A (y.both; , = y.both, . ;) 4)
Similar to Formula (4), Formula (5) shows the vertical motion of dir.both; , = 2:
Vi, s, (dir.both;, s = 2) —
(z.both;, s = x.both;, s—1)
A (yboth; , | —1 < yboth, , < yboth; ., +1) (5)
Formula (6) represents the deformation of a droplet when dir; = 3. When the target droplet
1 is reshaped, the shape at step s is different from the one at step s — 1:
Vi,s,  (diri,s = 3) —
(wi, s # Wi, s—1) A (hi,s # hi,s—1) (6)
Formula (7) also shows the case of dir; 5. Droplets have several ways of reshaping the droplet.
The reference point changes depending on the way of reshaping. The expression that allows
such possible shapes is given by:

Vi, s, (dirs,s = 3) —
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(Ti,s < Xy s—1) AN (Yi,s > Yi,s—1)

A (T, s + ws, s Zi, s—1 + Wi, s—1)

A (yi, s + hi, s Yi, s—1 + hi, s—1)
(zi,s > Ti,s—1) AN (Ui, s < Yi, s-1)

>
<

< Ty, -1 + Wi, s—1)
A (Yi,s +hi,s > Yi,s—1+ hi, s—1) (7)

Formula (8) represents the diagonal movement when dir.boths = 4.

Vi, s, (diry,s = 4) —
(Ti,s = Tiys—1 1) A (Yi,s = Yi,s—1 £ 1) (8)
Formula (9) shows whether the droplet is finished routing. Formula (9) determines if at least
one cell of the droplet reaches the destination cell.

(z.both;, s > X.goal,)
A (z.both;, s +wi, s —1 < X.goal;)
A (y.both; , > Y.goal,)
A (y.both;  +hi s —1 < Y.goal;) 9)
Formula (10) represents the constraints related to unusable cells. Target droplet cannot enter
contamination cells. However, target droplet can enter contamination cells after the washing

Vi, >

s=1

droplet have passed through.
Vi, s,t,
(z.both;, s < Contami.x)
A (z.both; s + wi, s —1 > Contami.x)
A (y.both; , < Contami.y)
A (ybothgy +hi s —1 > Contami.y)
(t < s) A (mi,s < zwash;y)
A (zwashiy < i s +wi s — 1)
A (yi,s < ywash, )
A (ywash;y < yi,s +yi,s — 1) (10)
Formula (11) defines time;, which represents the number of operations for target droplet s.
In this paper, the operation steps of the droplets are defined as the time required for movement,
so the total number of operations corresponds to the movement time.

Vi, time; = Maxs { (dir;,s # 0) X s} (11)

The objective function is to minimize the movement time of the target droplet.

Minimize : Max; (time;) (12)

4. Simulations

4.1. Simulations Setup

We conduct simulations to demonstrate the effectiveness of our proposed method. We compare
the proposed method with the existing method for the problem of simultaneous routing of
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washing droplet and target droplet. The size of the biochip, the positions of contamination cells,
the volume of the two droplets, and their respective start and goal cells are given. The objective
function of this experiment is to minimize the routing time of the droplets from the start cell to
the goal cell. We compare the routing time with the following two techniques:

« Existing Method: A method where the movement of the target droplet begins after the
washing droplet have completed the washing process [21].

+ Proposed Method: The method presented in Section 3, where washing droplet and target
droplet move simultaneously.

The following conditions are given for the experiment. The size of the washing droplet is
set to 1, with only one present on biochips. Similarly, the size of the target droplet is set to 2,
with only one present on biochips. Simulations are conducted in two scenarios: one where
there is a single sequence of contamination cells on biochips and another where there are two
sequences of contamination cells. The size of MEDA biochips is assumed tobe W = 10, H = 15.
The start and goal cells of the washing droplet are randomly assigned. In the case of a single
sequence of contamination cells, 20 patterns are conducted by changing the start and goal cells
of the washing droplets. Similarly, 20 patterns are conducted for the case of two sequences of
contamination cells.

The experiments are executed on a Ryzen Threadripper 3970X (3.7 GHz, 32 cores, 64 threads)
with 256 GB of memory. We use IBM ILOG CPLEX Optimization Studio 20.1.0 to solve both the
existing method and the proposed method. The computation time is limited to a maximum of
10 hours of CPU time. If the optimal solution is not obtained within the computation time, the
best feasible solution found within the time limit is used for comparison.

4.2. Results

Figures 5:(a) and 5:(b) show the experimental results for cases with one and two sequences of
contamination cells. The horizontal axis represents the problem number, while the vertical axis

12 12
™ Existing method ™ Proposed method M Existing method ™ Proposed method

0 ”|”""’|"“i“ ol““““|““|““

o
=3
=3
3

Routing Time
o o
- o
Routing Time
o o
- o

o
N
o
N}

1234 56 7 8 91011121314 15 16 17 18 19 20 123 4 56 7 8 910111213 14 15 16 17 18 19 20
Problem instances Problem instances
(a) A single sequence of contamination cells (b) Two sequences of contamination cells

Figure 5: Simulation results
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indicates the normalized routing time of the proposed method, using the routing time of the
existing method as a baseline.

The proposed method successfully reduces routing time in all patterns compared to the
existing method. As shown in Figure 5, the proposed method successfully reduces routing
time by simultaneously moving the washing droplet and the target droplet. On average, the
proposed method achieves a 55% reduction in routing time. In the results for one sequence of
contamination cells shown in Figure 5:(a), an average 50% reduction in routing time is achieved.
For two sequences of contamination cells shown in Figure 5:(b), an average 60% reduction
in routing time is achieved. This indicates that the increase in the number of contaminated
cells requiring washing cause a more widespread distribution of contamination cells. Multiple
points requiring mandatory washing emerged with the increase in the number of sequences
of contamination cells, extending the washing droplet routing time. However, the proposed
method alleviated this problem to some extent by moving the target droplet simultaneously
with the washing droplet. If there were lot unusable cells which caused by broken, proposed
method would not alleviate. Therefore, setting unusable cells that the washing droplet cannot
handle due to electrode failures, or setting a limit on the number of cells that can be washed
per unit volume of the washing droplet, can create more realistic problems. Additionally, it is
known that droplet movement speed varies depending on their shape [6]. For this problem,
it is also necessary to consider speed from the perspective of interference between the target
droplet and the washing droplet. Therefore, future challenges include solving these issues.

5. Conclusion

We proposed a simultaneous routing method for washing droplet and target droplet on MEDA
biochips to minimize the routing time of target droplet, including the washing process. The
proposed method successfully reduced the droplet routing time by an average of 55% compared
to existing method. The future challenges include extending the problem to consider droplet
movement speed and washing limits, and experimenting on actual biochips.
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