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Abstract: Digital microfluidic biochips (DMFBs) are attractive instruments for obtaining modern
molecular biology and chemical measurements. Due to the increasingly complex measurements
carried out on a DMFB, such chips are more prone to failure. To compensate for the shortcomings of
the module-based DMFB, this paper proposes a routing-based fault repair method. The routing-based
synthesis methodology ensures a much higher chip utilization factor by removing the virtual modules
on the chip, as well as removing the extra electrodes needed as guard cells. In this paper, the routing
problem is identified as a dynamic path-planning problem and mixed path design problem under
certain constraints, and an improved Dijkstra and improved particle swarm optimization (ID-IPSO)
algorithm is proposed. By introducing a cost function into the Dijkstra algorithm, the path-planning
problem under dynamic obstacles is solved, and the problem of mixed path design is solved
by redefining the position and velocity vectors of the particle swarm optimization. The ID-IPSO
routing-based fault repair method is applied to a multibody fluid detection experiment. The proposed
design method has a stronger optimization ability than the greedy algorithm. The algorithm is
applied to 8× 9, 8× 8, and 7× 8 fault-free chips. The proposed ID-IPSO routing-based chip design
method saves 13.9%, 14.3%, and 14.5% of the experiment completion time compared with the greedy
algorithm. Compared with a modular fault repair method based on the genetic algorithm, the ID-IPSO
routing-based fault repair method has greater advantages and can save 39.3% of the completion
time on average in the completion of complex experiments. When the ratio of faulty electrodes is
less than 12% and 23%, the modular and ID-IPSO routing-based fault repair methods, respectively,
can guarantee a 100% failure repair rate. The utilization rate of the electrodes is 18% higher than
that of the modular method, and the average electrode usage time is 17%. Therefore, the ID-IPSO
routing-based fault repair method can accommodate more faulty electrodes for the same fault repair
rate; the experiment completion time is shorter, the average number of electrodes is lower, and the
security performance is better.

Keywords: DMFB; fault repair; routing-based; improved Dijkstra algorithm; improved particle
swarm optimization algorithm

1. Introduction

With the continuing revolution in fabrication and packaging processes, microfluidics-based
biochips, also referred to as labs on chips, have the potential to replace conventional laboratory
equipment due to their limited need for human intervention, their portability, and their high throughput
and sensitivity [1,2]. These instruments can be applied in various areas, such as drug discovery,

Micromachines 2020, 11, 1052; doi:10.3390/mi11121052 www.mdpi.com/journal/micromachines

http://www.mdpi.com/journal/micromachines
http://www.mdpi.com
https://orcid.org/0000-0002-2812-6102
http://dx.doi.org/10.3390/mi11121052
http://www.mdpi.com/journal/micromachines
https://www.mdpi.com/2072-666X/11/12/1052?type=check_update&version=2


Micromachines 2020, 11, 1052 2 of 16

clinical diagnosis, DNA sequencing, protein analysis, and immunoassays [3,4]. Clinical diagnosis is
one of the important links in disease diagnosis. Traditional clinical disease detection usually relies
on the large testing equipment of a testing center, which not only takes a long time to detect but also
consumes a large amount of reagents and faces great controversy due to the need to collect many
biological specimens such as blood [5–7]. Digital microfluidic biochips (DMFBs) use discrete amounts
of fluids of nanoliter volume, named droplets, to perform operations such as dispensing, transport,
mixing, splitting, and detection. Many chemical and biological measurements can benefit from the
small size of these biochips; bioassay protocols are scaled down in terms of both sample volumes and
completion times, and they can be performed in a significantly smaller laboratory space. At present,
the applications of digital microfluidic chips mainly focus on the biological and medical fields, where all
kinds of body fluids can be moved and analyzed [8–10]. DMFBs are widely used in clinical diagnostics
and require high-precision output for each operation.

On the DMFB analysis system, each droplet can be controlled independently, and each cell in
the array has the same structure. Therefore, a DMFB consists of a two-dimensional (2D) electrode
array and some peripheral devices, including the detecting sensor and dispensing port, as shown in
Figure 1. Figure 1a shows a 2D electrode array. Figure 1b shows a cross-sectional view of the DMFB.
The basic droplet movement is based on the electrowetting on dielectric (EWOD) principle [11–13].
Hence, the operations can be executed anywhere on the chip by occupying a set of electrodes in
a reconfigurable way. By applying a series of voltages to adjacent control electrodes, the droplets
between the top and bottom plates move to different cells, as expected. The sensors on the DMFB
have multiple functions. The reaction product can be detected by an integrated light-emitting diode
(LED)–photodiode sensor. A DMFB with a sensing feedback signal can monitor intermediate products
during execution [14].
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The design methods of DMFBs are mainly divided into two types: modularization design [15]
and droplet path design [16]. The former is widely used and more popular, and its core idea is to
define an electrode area on the chip as the corresponding module. When the biochemical experiment
needs to complete this operation, it only needs to send the droplet into the module. The authors of [17]
presented the first module and sensor co-placement algorithm for cyber-physical digital microfluidic
biochips that considered the sensor constraint and minimized the actuation times of the electrodes.
The authors of [18] first formalized the error-recovery objectives and then synthesized the optimal
error-recovery protocols using a model based on stochastic multiplayer games (SMGs). These works
also presented a global error-recovery technique that can update the schedule of fluidic operations
in an adaptive manner. Using three representative real-life bioassays, these works showed that the
proposed approach can effectively reduce the bioassay completion time and increase the probability
of success for error recovery. The authors of [19] first proposed an online synthesis strategy that
resynthesizes the application at runtime when operations experience variability in their execution time,
thus exploiting the slack to obtain shorter application completion times. These works also proposed
a quasi-static synthesis strategy that determines a database of alternative implementations offline.
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During the execution of an application, several implementations are selected on the basis of the current
execution scenario with operation execution time variability. The proposed strategies were evaluated
using several benchmarks and compared to related works.

This modularization design idea has a simple design process and good portability [20]; however,
after defining the electrode area as a functional module, it cannot fully take advantage of the
reconfigurability of a digital microfluidic chip, and there are problems such as resource waste in
the design process [21]. The design idea of a digital microfluidic chip based on a droplet path plans
the droplet’s movement path directly. Different biochemical experiments need to be redesigned,
but personalized chip design can be carried out according to specific requirements. For droplet path
design approaches, a series of solutions have been proposed. The authors of [22] proposed a fluid-level
design for DMFBs that considered cross-contamination and degrading electrodes together, and a
graph model was used to address them. An exact algorithm was presented. The obtained results
were validated with several benchmarks. A comprehensive routing solution was also proposed for
DMFB chip-level designs in [23]. This paper presented an exact routing method to find the minimal
solution with respect to the completion time. For the first time, this allowed the benefits of DMFBs to be
evaluated in comparison to their conventional counterparts, as well as allowing a quality assessment
of previously proposed routing methods in this domain to be conducted. The authors of [24–26]
proposed the module-less synthesis (MLS) process and modified MLS process to ensure improved
security measures and demonstrated various attack scenarios for the modified MLS method on a DMFB.
These works also proposed a checkpoint-based novel attack detection method for the modified MLS
technique. The authors of [27] proposed a novel heuristic routing technique for DMFB architecture
to address routing complexities due to overlapping nets, interfering blockages, and deadlock zones
formed by conflicting nets. These works categorized various region-based movements of droplets on
a chip and derived a metric named the snooping index to improve the routing performance of the
droplets in the first phase. Next, an exhaustive search was applied to find the routing path for the
remaining nets considering different constraints specific to the DMFB platform.

Routing-based fault repair method design removes the concept of a resource module, allowing
the operation to perform biochemical experiments via any electrode sequence on the array. We call
this approach the routing-based synthesis method [28–30]. In the design process, the main operation
that needs to be designed is the reconfigurable operation, namely, the mixing operation. The mixing
operation needs to complete two steps. First, the electrodes are controlled to make the two droplets
that are to be mixed move to the same position, and then the droplets can move along any path to
complete the mixing operation. Therefore, this task requires designing the droplet path of the mixing
operation in order to complete the biochemical experiment. The mixing operation needs to complete
two mixed droplet movements in the same location and find the shortest path between the two droplets.
The chip of failure electrodes and other droplets can be regarded as failing, and then the problem can be
considered equivalent to the path-planning problem; in an environment with obstacles, a collision-free
path from start to finish is sought. In the first step, the shortest path between the two droplets is to
be found. This problem is Non-deterministic Polynomial (NP ) hard [31]. The main feature of the
traditional Dijkstra algorithm [32–34] is to search for a path from the starting point to all nodes on the
outside until all nodes in the map are found. That is, the shortest path from start to finish is found
by breadth-first traversing all nodes in the map. Because this algorithm traverses all nodes to obtain
the shortest path, it can ensure the global optimal solution; however, there are many traversal nodes
with low efficiency, and this strategy is not suitable for the obstacle dynamics of this task. In the
second step, the droplet movement path is designed to complete the mixing operation. The particle
swarm optimization (PSO) algorithm is a kind of evolutionary algorithm that starts from a random
solution, finds the optimal solution through iteration, and evaluates excellent solutions by using a
fitness function [35–37]. Its evolution rules are simple, and the global optimal solution is determined
by following the global and local optimal values currently found. Because of its high parallelism,
the PSO algorithm is easy to implement and converges quickly; thus, it is suitable for solving large-scale
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path-planning problems. The authors of [21] eliminated the concept of virtual devices and allowed
the droplets to move on the chip along any route during operation execution. Thus, the synthesis
problem was transformed into a routing problem. An algorithm was developed on the basis of a
greedy randomized adaptive search procedure (GRASP); we show that routing-based synthesis leads
to significant improvements in the application completion time compared to traditional synthesis
based on virtual devices. However, the routing of droplets becomes more complex and difficult when
the electrodes on the chip fail. Therefore, the disadvantage of the routing-based approach is that the
fault tolerance of the chip is very weak and, hence, the fault tolerance of the chip needs to be considered
in the design of the chip.

This paper proposes an improved Dijkstra and improved particle swarm optimization (ID-IPSO)
routing-based fault repair method. The routing problem is identified as a dynamic path-planning
problem and mixed path design problem under certain constraints. By introducing a cost function into
the Dijkstra algorithm, the path-planning problem under dynamic obstacles is solved, and the problem
of mixed path design is solved by redefining the position and velocity vectors of particle swarm
optimization. The ID-IPSO routing-based fault repair method is applied to a multibody fluid detection
experiment. Through the combination of the ID and IPSO algorithms, a DMFB routing-based fault
repair method is proposed; a humoral detection experiment is taken as the verification experiment,
and various experiments with different humoral detections are applied to the routing-based and
modularized DMFB fault repair method.

The remainder of this paper is organized as follows: Section 2 presents a mathematical model of
routing-based methods. Section 3 presents the ID-IPSO routing-based fault repair method, including
path scheduling based on the ID algorithm and droplet mixing path design based on the IPSO algorithm.
Sections 4 and 5 show the experimental results and conclude this paper, respectively.

2. Mathematical Model of Routing-Based Methods

Routing-based repair of a digital microfluidic chip involves designing the chip under the condition
of failure and ensuring that the biochemical experiment is completed on the broken chip in the
minimum period of time. A digital microfluidic chip is an array of electrodes formed by a series of
electrodes in a certain layout. In this study, only shape rules were considered, and the electrode array
was a rectangular DMFB chip. A mathematical model of the DMFB electrode array was established,
as shown in Figure 2. The mathematical model was composed of a 25-electrode array with five rows
and five columns.
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Figure 2. A microelectrode array distribution with 25 electrodes.

Constraints: Two droplets should not be placed directly adjacent to each other or aligned along
a diagonal line; otherwise, the droplets will exhibit unanticipated fusion. The locations of the two
droplets are (mi, ni) and (m j, n j), and the static fluid constraint condition can be expressed as
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∣∣∣mi −m j

∣∣∣ ≥ 1∣∣∣ni − n j
∣∣∣ ≥ 1∣∣∣mi −m j
∣∣∣+ ∣∣∣ni − n j

∣∣∣ ≥ 3
. (1)

Objection: DMFB fault repair reconstructs the chip design according to the needs of the biochemical
experiment under the condition of failure. The goal is to ensure the shortest completion time of the
experiment. Fault repair on the chip is constrained by the fault constraints and time constraints.
The actual experiment completion time cannot exceed the maximum completion time required by the
biochemical experiment. The maximum completion time is expressed as Treal, and the total number of
operations is expressed as K. The completion time required for operation l is Tl; then, the experimental
completion time is expressed as Equation (2).

Treal =
K∑

l=1

Tl. (2)

The objective is to minimize the completion time of the experiment, as well as to achieve
the objective.

Tmin = min{Treal}. (3)

3. The Improved Dijkstra and Improved Particle Swarm Optimization (ID-IPSO) Algorithm

Routing-based DMFB fault repair aims to complete the corresponding biochemical experiments
on a chip with a fault using the routing-based repair method, and it involves the design and planning
of the droplet path for the operation of the controlled droplets moving on the chip. In all biochemical
operations, in addition to separating liquid droplets from each other and splitting the droplets,
the moving path of the droplets needs to be designed. The hybrid operation needs to first be designed
to move droplets in different electrode units to the same path by moving the shortest path to this path,
which is called the path planning problem. Then, the droplets are controlled to move along a certain
path. The completion percentage continuously accumulates during the movement process until the
mixing or dilution ratio reaches 100%. This is called a hybrid path design problem.

In this paper, a grid method was used to build a map model for digital microfluidic chips. The ID
algorithm was used to solve the problem of droplet path planning. The main idea of the traditional
Dijkstra algorithm is to search all nodes with the starting point as the center to all the nodes in the map.
That is, through the breadth-first traversal of all nodes in the map, the shortest path from the beginning
to the end is obtained. The traditional algorithm traverses many nodes, has low efficiency, and does
not apply to the dynamic situation of this task. In this paper, we propose an ID algorithm, a heuristic
search factor, and a cost function. This algorithm can use the path selection heuristic and search the
path in the direction of the most likely optimal solution. The problem of droplet mixing path design
is solved by the IPSO algorithm. The IPSO algorithm begins with a random feasible solution and
optimizes the objective function according to the evolutionary method. The problem of path design in
this project cannot yield a feasible solution at random. Only in the process of continuous search can
the optimal solution be obtained. In this paper, the IPSO algorithm was used to redefine the position
vectors and velocity vectors of the particles, and the IPSO algorithm was used to optimize the droplet
mixing path.

3.1. Path Scheduling Based on the ID Algorithm

The traditional Dijkstra algorithm can access each point only once, and according to the idea of the
greedy algorithm, every search process ensures the shortest node in the current path. The cost function
is introduced into the Dijkstra algorithm to improve the heuristic method. There are two kinds of fault
points on the map: faulty electrodes and other droplets. The position of a faulty electrode does not
change with time; however, the position of the other droplets varies with time, and the droplets can
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only move one electrode unit between adjacent time slices. The Dijkstra algorithm finds the shortest
path in the current time slice according to the current fault mode because the fault location changes in
the next time slice.

In the next location path calculation, we need to consider three areas: first, we consider selecting
the shortest path to ensure the current path; second, we consider the nearest point to the terminal
distance that does not have a fault; third, we select the moving position that is the farthest from
the fault point. With the introduction of the cost function, the breadth-first search mechanism in all
directions can be improved into a directional depth-first search mechanism. In the process of selection,
the influences of a variety of factors are integrated to avoid obtaining a local optimal solution in the
dynamic failure condition.

The cost function is used to estimate the cost of moving from a point to the endpoint. A greater
value of the cost function results in a longer path-planning path. A path that continues to be searched
may deviate from the optimal solution or fall into a local optimum. A smaller cost function results in a
greater likelihood of the algorithm continuing to search in that direction. The cost function is defined as

fcos t(Dk,i) = a× dis(Dk,i, Dk,i,start) + b× dis(Dk,i, Dk,i,end) +
g

min
[
dis(Dk,i, E f )

] , (4)

where dis(Dk,i, Dk,i,start) represents the distance from the point to the beginning node, dis(Dk,i, Dk,i,end)

indicates the distance between the point and the endpoint, and min
[
dis(Dk,i, E f )

]
indicates the distance

between the point and the nearest fault point. The closer a point is to the starting node, the closer it is
to the endpoint, and the farther it is from the fault point, the smaller the cost function is of the point
and, thus, its selection priority is higher.

3.2. Droplet Mixing Path Design Based on IPSO

The PSO algorithm is based on the behavior of a group of organisms, such as a group of insects,
birds, or fish. The PSO algorithm takes a population (such as birds or particles) to solve the target
problem and uses them to test the search space. A particle Xi = (xi1, xi2, . . . , xin)

T is defined as
the position of a moving particle in an N-dimensional space. For each dimension, each bird in the
population has an adjustable velocity (change in position) V = (vi1, vi2, . . . , vin)

T depending on its
position in the search space. The performance of each particle is evaluated by an objective function.
The particles in the optimal position in the current population are specified as follows: the local best
Xlb, the index of the best particle position of all previous iterations, and the global best Xgb are stored
and used for obtaining the new particle speed and position. The following equations describe the
updates of the position and velocity:

vid
n+1 = vid

n + c1r1(Xlb
n
− xid

n) + c2r2(Xgb
n
− xid

n), (5)

xid
n+1 = xid

n + vid
n, (6)

where n represents the number of iterations, id is the current dimension, and the parameters c1r1 and
c2r2 are uniformly distributed random numbers, which can prevent the algorithm from obtaining a
local optimal solution. Parameters c1 and c2 are scalars that control the individuals and population,
which affects the study ratio of the particles. Parameters r1 and r2 range from 0 to 1 and have a uniform
distribution of random numbers.

xi
t represents the sequence number of the particle at any time. Xi

T = (xi
1, xi

2, . . . , xi
T) is the

position vector of the particle, representing the moving path of the particle i designed for the droplet.
XT

gb = (xgb
1, xgb

2, . . . , xgb
T) represents the global optimum, and Xlb

T = (xlb
1, xlb

2, . . . , xlb
T) represents

the location vector of the locally optimal particles. The velocity vector is defined as the direction
of motion of the droplets, indicated as Vi

t. The droplets have at most five kinds of motion at every
moment: steady, upward, downward, left, and right.
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The velocity direction of the particles is determined by the optimal solution of the historical
population Xgb

T, the optimal solution of the current population Xlb
T, and the best choice at present vi

t.
The velocity direction of the particles is expressed as

→

Vi
t = ci

→

vi
t
⊕ c2(xgb

t
− xgb

t−1) ⊕ (xlb
t
− xlb

t−1). (7)

In the first part, vi
t, ensures the current maximum mixing direction. The method is as follows:

the current motion is the same as that of the last time slice.
The second part is the information about the global optimal solution for the current search, that is,

the moving direction of the global optimal solution at time t; the third part is the moving direction of
the optimal solution of the current population.

Parameters c1 and c2 determine the influence of the current speed, global optimum, and local
optimal solution on the current particle velocity. When determining the speed at the current time,
a random number r7 is generated, and the direction of the particle velocity is determined according to
the following conditions:

→

Vi
t =


→

vi
t 0 < r7 ≤

c1r1
c1r1+c2r2+c3r3

xgb
t
− xgb

t−1 c1r1
c1r1+c2r2+c3r3

< r7 ≤
c1r1+c2r2

c1r1+c2r2+c3r3

xlb
t
− xlb

t−1 c1r1+c2r2
c1r1+c2r2+c3r3

< r7 ≤ 1

. (8)

The particle location update function can be expressed as

Xi
t+1 = Xi

t
⊕Vi

t. (9)

With the increment of the time slice, the position of each particle is constantly updated, and the
mixing degree of the droplets increases. The movement of the particles from a certain electrode unit
to the adjacent electrode unit leads to an increase in the degree of mixing, which is defined as the
percentage of the particles i that go from moving to completion. This value is defined as

mi
t =



mixperhold xi
t = xi

t+1

mixper0 <
→

Vk
t−1,

→

Vk
t >= 90◦

mixper180 <
→

Vk
t−1,

→

Vk
t >= 180◦

mixper0 <
→

Vk
t−1,

→

Vk
t >= 0◦

, (10)

where mi
t is the percentage of the cumulative mixing degree completed in time slice t for particle i;

the cumulative percentage of the mixture is updated continuously as the particle position is updated
until the particle satisfies mi

t > 1, and then the mixture is completed. The position vector of the particle
is a feasible solution to the problem; the droplet is moved in order of the electrode unit provided by
the particle position vector.

4. Experimental Results

4.1. Multiple Body Fluid Detection Experiment

In this paper, the method of path design was used to perform an experiment with multiple body
fluid detection. We mapped the multiplexed experiment to digital microfluidic biochips. The experiment
with multiple body fluid detection was composed of a glucose assay and a lactate assay based on
colorimetric enzymatic reactions. The mixing process of the experiment is shown in Figure 3. Two sample
droplets and two reagent droplets were dispensed into the chip. They consisted of four pairs of droplets
to be mixed, {S1, R1}, {S1, R2}, {S2, R1}, and {S2, R2}. Lastly, the analysis was completed by sequencing
at the detection site.
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4.2. Simulation of the Improved Dijkstra Algorithm

The routing-based fault repair method of a DMFB directly designs the droplet moving path,
and the droplet on the chip should complete mixing, diluting, and transporting. The chip design
method based on droplet routing needs to solve two problems: droplet transport and droplet mixing.
Droplet transport moves the droplet from the starting point to the destination. Finding the shortest
path from the starting point to the end is called path planning. There are two kinds of obstacles in this
task: the first kind of obstacle is a faulty electrode, and the position of this obstacle does not change
with time; the second kind of obstacle is the other droplets on the chip, and the obstacle locations
change at all times. The digital microfluidic chip is reconfigurable; that is, electrodes can perform
different operations in any position at any time. In one time slice, there can be other droplets on the
chip. To verify the effectiveness of the ID algorithm for path planning, a fault point was set on a
10× 10 chip, and the locations and movements of the other droplets were designed. As shown in the
diagram, there were four other droplets on the chip. The experimental droplets should move from
electrode E1(1, 1) to position E98(9, 10), and the parameters were α = 0.2, β = 0.4, and γ = 0.7.

The droplet paths designed by the traditional Dijkstra and ID algorithms are shown in Figure 4a,b,
respectively. The two kinds of shortest droplet moving paths were 27 and 21, respectively, and the
distance between the starting point and endpoint was decreased by the ID algorithm.

The traditional Dijkstra algorithm originates from the greedy algorithm: when searching a
path, the shortest path among the current paths is always selected, and the whole problem is not
considered. The Dijkstra algorithm gives priority to the shortest distance between the current path and
the starting point and does not consider the distance between the current position and the endpoint.
In the algorithm, when the droplet searches a path, the distance between the current droplet and the
destination is chosen as the heuristic factor. Observing the paths of both can show that the ID algorithm
is more systematic and objective in the path search process.
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Figure 4. Path planning from the starting position to the end position in the traditional and improved
Dijkstra algorithms. (a) The traditional Dijkstra algorithm (b) The improved Dijkstra algorithm.

The path-planning problem based on digital microfluidic chip path planning is to design the
shortest path under dynamic obstacles. The uncertainty of the locations of other droplets leads to
a geometric rise in the solution space of the problem. At this time, the exhaustive method based on
the depth-first traversal of the traditional Dijkstra algorithm does not have the advantage in solving
the problem. For example, the path of the two-party planning in the graph shows that the Dijkstra
algorithm would search the path without the guidance of the heuristic factor. The movement of the
other droplets causes conflicts that increase the path length. In the ID algorithm proposed in this
project, because the moving path of the other droplets is continuous, the fault location in the adjacent
time slice has an association system, a fault heuristic factor is introduced in the Dijkstra algorithm,
and a location far from the fault is chosen in the path. When the parameters are set, the parameters
of the current path are affected. The factors affecting the distance between the current point and the
end of the selection and the influencing factors of the distance between the current point and the
obstacles when making choices focus on the location of other droplets and have a heuristic obstacle
avoidance function.

4.3. Simulation of the Improved Particle Swarm Optimization (IPSO) Algorithm

The design of the droplet mixing path aims to optimize the path length under the constraint
of a certain iteration termination condition under the premise of a known motion weight. In this
paper, the IPSO algorithm was applied to 10× 10 chips with one fault point to achieve five droplet
mixing operations.

The number of particles per generation was 50, the total number of iterations was GEN = 200,
and the parameters were set as c1 = 0.8 and c2 = 0.3.

To analyze the convergence of the algorithm, we used the iteration number as the horizontal axis
and the optimal solution in each generation as the longitudinal axis to draw the convergence curve of
the algorithm, as shown in Figure 5. As the iteration continued, the path length decreased continuously,
and the path length became stable at 868 when the number of iterations was 122. The droplets needed
0.01 s for each moving electrode unit; thus, the droplets were mixed along the path, and the mixing
time required was 8.86 s.
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To verify the performance of the droplet mixing path design algorithm in the case of failure,
the IPSO algorithm was applied to a chip with a breakdown number of 1–25 and an array size of
10 × 10, and five droplets and mixing paths were designed. The relationship between the average
mixing time of five droplets and the number of faulty electrodes is shown in Figure 6.
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Figure 6. The relationship between the average mixing time and the number of faulty electrodes.

The plot used the number of faulty electrodes as the abscissa and the mean mixing time as the
ordinate to draw scatter plots and add trend lines. With the increase in the number of faulty electrodes,
the mixing time increased gradually and fluctuated in some intervals. The randomness of the location
of the faulty electrode and the uncertainty of the droplet moving path affected the completion time
for some faulty electrodes. From the overall trend, the average mixing completion time increased
exponentially. When there were more faulty electrodes, each additional faulty electrode increased the
mixed completion time.
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4.4. Simulation of the ID-IPSO Algorithm for a Routing-Based DMFB

To address the problems and defects of modular fault repair methods, this study designed a fault
repair method using the idea of paths. Through the ID algorithm and the IPSO algorithm, the ID-IPSO
routing-based fault repair method was implemented. The method proposed in this paper could also be
designed on a chip without faults. The algorithm was applied to 8× 9, 8× 8, and 7× 8 fault-free chips.
The method of path design was used to complete an experiment with multiple body fluid detection.
The proposed design method was compared with the greedy algorithm [21], and the experimental
data are shown in Table 1.

Table 1. The design result of the health chip. ID-IPSO, improved Dijkstra and improved particle
swarm optimization.

Size of DMFB
Completion Time of Experiment (s)

ID-IPSO Algorithm Greedy Algorithm

8 × 9 59.22 68.77
8 × 8 59.21 69.13
7 × 8 59.36 69.46

The proposed ID-IPSO routing-based chip design method saved 13.9%, 14.3%, and 14.5% of
the experiment completion time. The chip design method based on the greedy algorithm obtained
the shortest moving direction of the current path when determining the moving path of the droplet.
It was easy to obtain the optimal solution; only one search was carried out, and the optimization
ability was not available. A heuristic factor was introduced into the search process to improve the
path-planning ability. The IPSO algorithm was introduced, and swarm intelligence was used to search
for the optimal solution.

To verify the performance of modular and routing-based fault repair methods, two fault repair
methods were applied to multiple body fluid detection experiments. The performance parameters of
the two methods were compared under the conditions of different scales of biochemical experiments
and numbers of faulty electrodes. The advantages, disadvantages, and applicability of the two methods
were analyzed.

First, the two methods were applied on 10× 10 DMFB chips to complete multiple fluid tests with the
patients. A total of 18 experiments were conducted, and, with the increase in the experimental sequence
number, the test interval increased by 1 as the number of patients increased. Each patient underwent
two fluid testing operations, and the fluid type and the test project were randomly determined. Over the
18 experiments, with the increase in the experimental sequence number, the experiment operand
increased gradually. In the 18th experiment, 18 people were subjected to two tests with two body
fluids, for a total of 288 operations.

Figure 7 shows the number of the experiments and the completion time of the experiments.
The figure shows that the complexity of an experiment increased as the number of patients increased.
Under the same experimental conditions, the experimental completion time of the routing-based fault
repair method was lower than the modular-based experiment completion time, and, with the increase
in the number of patients, the difference between the two became increasingly large. In the completion
of the more complex experiments, the path design method had a greater advantage and could save an
average of 39.3% of the completion time.

To verify the fault repair performance based on modular fault repair and routing-based fault repair
for different numbers of faults, a number of different fault points were set on a scale of 10× 10 DMFB
chips, and the number of fault points was gradually increased at intervals of 1. For each fault number,
50 independently repeated experiments were randomly set up at the fault location, and two testing
items for two kinds of body fluids of eight patients were completed using a modular and a routing-based
fault repair method. The success rate of fault repair was obtained. The number of faulty electrodes was
analyzed for each of the two methods. The relationship with the rate of failure repair was determined.
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Figure 8 shows the bar statistics for the number of faults and the repair rate of failure as the
number of faulty electrodes increased. The overall failure rate of repair was maintained at a total of
100% and then gradually declined. A failure repair rate of 100% could be guaranteed when the number
of faulty electrodes was less than 12.
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At this time, the number of faulty electrodes was 12% of the total number of electrodes; when the
number of faults was more than 28 (the faulty electrodes were 28% of the total number of electrodes),
the fault repair rate was lower than 50%, and the chip has no means of repairing the fault. For the
routing-based fault repair method, when the number of faulty electrodes was less than 23, a repair
rate of 100% could be guaranteed. The number of faulty electrodes was 23% of the total number of
electrodes. When the number of faults was more than 35 (35% of the total number of electrodes),
the chip had no means of repairing the fault. From the experimental data, the routing-based fault
repair method could guarantee a 100% fault repair rate for a large number of faulty electrodes and
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could improve the reliability and stability of the chip. When the number of faults was too large, it was
necessary to sacrifice the completion time of the experiment to repair the fault of the chip, which led to
a reduction in the fault repair rate.

Five fault points were randomly set on the 10× 10 electrode array, and two testing items for two
body fluids of eight patients were completed using the modular method and the drop path method.
This paper analyzed the use of electrodes based on modularization and path-based fault repair when
chip failure occurred. Figure 9 presents a comparison of the modular fault repair method based on the
genetic algorithm and the heuristic routing-based fault repair method. The number of electrodes used
in a region based on the modular design method was higher, and the number of electrodes used in the
path-based design method was more average.
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Table 2 shows the usage of electrodes in modular and routing-based fault repair methods.
Eighteen percent more electrodes were used in the routing-based fault repair method than in the
modular method, and the electrode utilization rate was higher. The maximum electrode usage was
20.2% lower, and the average electrode usage was 17.0% lower. The more times an electrode was used,
the more prone it was to failure. Therefore, comparing the two fault repair methods, the path-based
method was safer.

Table 2. Comparison of the module-based and routing-based design methods.

Use Rate of Electrode Maximum Usage Times of Electrodes Average Usage of Electrodes

Routing-based method 91% 59 39
Module-based method 73% 74 47

5. Conclusions

The ID-IPSO routing fault repair method proposed in this study saved 14.2% of the experimental
completion time on average compared to the greedy algorithm. The routing-based failure repair method
averaged approximately 39.3% of the experimental completion time compared to the modular method.
When the ratio of faulty electrodes was less than 12% and 23%, the modular and routing-based fault
repair methods, respectively, could guarantee a 100% failure repair rate. The utilization rate of the
electrodes was 18% higher than that of the modular method, and the average electrode usage time
was 17%. Therefore, the ID-IPSO routing-based fault repair method could accommodate more faulty
electrodes for the same fault repair rate; the experiment completion time was shorter, the average
number of electrodes was lower, and the security performance was better. This study took the location
of the fault point as assumed; however, in the process of the experiment, the electrodes on the chip
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may malfunction. In the future, the method of online fault repair should be studied on the basis of the
design method proposed in this study, and the cleaning technology after the use of the chip should be
further studied.

Author Contributions: Conceptualization and methodology, W.Z.; formal analysis, P.F.; writing—original draft
preparation, A.W. and J.S.; writing—review and editing, W.Z.; supervision, H.J. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Heilongjiang Postdoctoral Fund, grant number LBH-Z16081.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dinh, T.A.; Yamashita, S.; Ho, T.-Y.; Chakrabarty, K. A general testing method for digital microfluidic biochips
under physical constraints. In Proceedings of the 2015 IEEE International Test Conference (ITC), Anaheim,
CA, USA, 6–8 October 2015.

2. Hu, K.; Yu, F.; Ho, T.-Y.; Chakrabarty, K. Testing of flow-based microfluidic biochips. In Proceedings of the
2013 IEEE 31st VLSI Test Symposium (VTS), Berkeley, CA, USA, 29 April–2 May 2013; IEEE: Piscataway, NJ,
USA, 2013; pp. 1–6.

3. Chakraborty, S.; Chakraborty, S. A Novel Approach towards Biochemical Synthesis on Cyber-physical Digital
Microfluidic Biochip. In Proceedings of the 2017 30th International Conference on VLSI Design and 2017 16th
International Conference on Embedded Systems (VLSID), Hyderabad, India, 7–11 January 2017; pp. 355–360.

4. Lu, F.-R.; Kuo, C.-H.; Chiang, K.-C.; Banerjee, A.; Bhattacharya, B.B.; Ho, T.-Y.; Chen, H.-M. Flexible Droplet
Routing in Active Matrix-Based Digital Microfluidic Biochips. ACM Trans. Des. Autom. Electron. Syst. 2018,
23, 37. [CrossRef]

5. Park, J.K.; Lee, S.J.; Kang, K.H. Fast and reliable droplet transport on single-plate electro-wetting on dielectrics
using non-floating switching method. Biomicrofluidics 2010, 4, 024102. [CrossRef] [PubMed]

6. Luo, Y.; Chakrabarty, K.; Ho, T.-Y. Error recovery in cyber-physical digital microfluidic biochips. Trans.
Comput. Aided Des. Integr. Circuits Syst. 2013, 32, 59–72. [CrossRef]

7. Shi, J.; Fu, P.; Zheng, W. Pin Addressing Method Based on an SVM With a Reliability Constraint in DMFBs.
IEEE Access 2020, 8, 199792–199802. [CrossRef]

8. Schell, W.A.; Benton, J.L.; Smith, P.B.; Poore, M.; Rouse, J.L.; Boles, D.J.; Johnson, M.D.; Alexander, B.D.;
Pamula, V.K.; Eckhardt, A.E.; et al. Evaluation of a digital microfluidic real-time PCR platform to detect
DNA of Candida albicans in blood. Eur. J. Clin. Microbiol. Infect. Dis. 2012, 31, 2237–2245. [CrossRef]

9. Wulffburchfield, E.; Schell, W.A.; Eckhardt, A.E.; Pollack, M.G.; Hua, Z.; Rouse, J.L.; Pamula, V.K.;
Srinivasan, V.; Benton, J.L.; Alexander, B.D.; et al. Microfluidic Platform versus Conventional Real-time PCR
for the Detection of Mycoplasma pneumoniae in Respiratory Specimens. Diagn. Microbiol. Infect. Dis. 2010,
67, 22–29. [CrossRef]

10. Samiei, E.; Tabrizian, M.; Hoorfar, M. A review of digital microfluidics as portable platforms for lab-on a-chip
applications. Lab Chip 2016, 16, 2376. [CrossRef]

11. Shi, J.; Fu, P.; Zheng, W.; Yin, H.; Qiao, J.; Liu, B. Lifetime Improvement of Digital Microfluidic Biochips based
on the Improved Whale Optimization Algorithm for Protein Analysis Instrument System. In Proceedings of
the 2020 IEEE International Instrumentation and Measurement Technology Conference (I2MTC), Dubrovnik,
Croatia, 25–28 May 2020; IEEE: Piscataway, NJ, USA, 2020.

12. Chen, Y.-H.; Hsu, C.-L.; Tsai, L.-C.; Huang, T.-W.; Ho, T.-Y. A Reliability-Oriented Placement Algorithm for
Reconfigurable Digital Microfluidic Biochips Using 3-D Deferred Decision Making Technique. IEEE Trans.
Comput. Des. Integr. Circuits Syst. 2013, 32, 1151–1162. [CrossRef]

13. Ho, T.-Y.; Zeng, J.; Chakrabarty, K. Digital microfluidic biochips: A vision for functional diversity and more
than moore. In Proceedings of the 2010 IEEE/ACM International Conference on Computer-Aided Design
(ICCAD), San Jose, CA, USA, 7–11 November 2010; IEEE: Piscataway, NJ, USA, 2010; pp. 578–585.

14. Ibrahim, M.; Chakrabarty, K.; Scott, K. Synthesis of Cyberphysical Digital-Microfluidic Biochips for Real-Time
Quantitative Analysis. IEEE Trans. Comput. -Aided Des. Integr. Circuits Syst. 2016, 36, 733–746. [CrossRef]

http://dx.doi.org/10.1145/3184388
http://dx.doi.org/10.1063/1.3398258
http://www.ncbi.nlm.nih.gov/pubmed/20697587
http://dx.doi.org/10.1109/TCAD.2012.2211104
http://dx.doi.org/10.1109/ACCESS.2020.3034945
http://dx.doi.org/10.1007/s10096-012-1561-6
http://dx.doi.org/10.1016/j.diagmicrobio.2009.12.020
http://dx.doi.org/10.1039/C6LC00387G
http://dx.doi.org/10.1109/TCAD.2013.2249558
http://dx.doi.org/10.1109/TCAD.2016.2600626


Micromachines 2020, 11, 1052 15 of 16

15. Zheng, W.; Wang, A.; Fu, P.; Jiang, H. A defect tolerant high level synthesis method for digital microfluidic
biochips based on the improved genetic algorithm. In Proceedings of the 2018 IEEE International
Instrumentation and Measurement Technology Conference (I2MTC), Houston, TX, USA, 14–17 May 2018.

16. Chakraborty, A.; Datta, P.; Pal, R.K. Fluid-level synthesis unifying reliability, contamination avoidance, and
capacity-wastage-aware washing for droplet-based microfluidic biochips. Comput. Digit. Tech. IET 2019, 13,
166–177. [CrossRef]

17. Kuo, C.-H.; Lu, G.-R.; Ho, T.-Y.; Chen, H.-M.; Hu, S. Placement optimization of cyber-physical digital
microfluidic biochips. In Proceedings of the 2016 IEEE Biomedical Circuits and Systems Conference
(BioCAS), Shanghai, China, 17–19 October 2016.

18. Elfar, M.; Zhong, Z.; Li, Z.; Chakrabarty, K.; Pajic, M. Synthesis of Error-Recovery Protocols for
Micro-Electrode-Dot-Array Digital Microfluidic Biochips. ACM Trans. Embed. Comput. Syst. 2017,
16. [CrossRef]

19. Alistar, M.; Pop, P. Synthesis of biochemical applications on digital microfluidic biochips with operation
execution time variability. Integr. VLSI J. 2015, 51, 158–168. [CrossRef]

20. Wille, R.; Keszocze, O.; Drechsler, R.; Boehnisch, T.; Kroker, A. Scalable One-Pass Synthesis for Digital
Microfluidic Biochips. Des. Test Comput. IEEE 2015, 32, 41–50. [CrossRef]

21. Maftei, E.; Pop, P.; Madsen, J. Routing-based synthesis of digital microfluidic biochips. Des. Autom. Embed.
Syst. 2012, 16, 19–44. [CrossRef]

22. Chakraborty, A.; Datta, P.; Pal, R.K. Design Optimization at the Fluid-Level Synthesis for Safe and Low-Cost
Droplet-Based Microfluidic Biochips. In Proceedings of the 2018 31st International Conference on VLSI
Design and 2018 17th International Conference on Embedded Systems (VLSID), Pune, India, 6–10 January
2018; IEEE: Piscataway, NJ, USA, 2018; pp. 127–132.

23. Keszocze, O.; Li, Z.; Grimmer, A.; Wille, P.; Chakrabarty, K.; Drechsler, R. Exact routing for
micro-electrode-dot-array digital microfluidic biochips. In Proceedings of the 2017 22nd Asia and South
Pacific Design Automation Conference (ASP-DAC), Chiba, Japan, 16–19 January 2017.

24. Chakraborty, S.; Das, C.; Chakraborty, S. Securing Module-Less Synthesis on Cyber-physical Digital
Microfluidic Biochips from Malicious Intrusions. In Proceedings of the 2018 31st International Conference
on VLSI Design and 2018 17th International Conference on Embedded Systems (VLSID), Pune, India, 6–10
January 2018; IEEE: Piscataway, NJ, USA, 2018; pp. 467–468.

25. Chakraborty, S.; Chakraborty, S. Module-less Synthesis on Cyber-physical Digital Microfluidic Biochip
Ensuring Error Detection and Routing Performance Optimization. Emerg. Technol. 2018, 1, 1.

26. Chakraborty, S.; Chakraborty, S. An efficient module-less synthesis approach for Digital Microfluidic Biochip.
SN Appl. Sci. 2020, 2, 1442. [CrossRef]

27. Chakraborty, S.; Chakraborty, S. Routing Performance Optimization for Homogeneous Droplets on
MEDA-based Digital Microfluidic Biochips. In Proceedings of the 2019 IEEE Computer Society Annual
Symposium on VLSI (ISVLSI), Miami, FL, USA, 15–17 July 2019; pp. 419–424.

28. Windh, S.; Phung, C.; Grissom, D.T.; Pop, P.; Brisk, P. Performance Improvements and Congestion Reduction
for Routing-Based Synthesis for Digital Microfluidic Biochips. IEEE Trans. Comput. Aided Des. Integr. Circuits
Syst. 2017, 36, 41–54. [CrossRef]

29. Maftei, E.; Pop, P.; Madsen, J. Tabu search-based synthesis of digital microfluidic biochips with dynamically
reconfigurable non-rectangular devices. Des. Autom. Embed. Syst. 2010, 14, 287–307. [CrossRef]

30. Bhattacharya, R.; Rahaman, H.; Roy, P. A new heterogeneous droplet routing technique and its
simulator to improve route performance in digital microfluidic biochips. In Proceedings of the 2016
International Conference on Microelectronics, Computing and Communications (MicroCom), Durgapur,
India, 23–25 January 2016.

31. Keszocze, O.; Niemann, P.; Friedemann, A.; Drechsler, R. On the complexity of design tasks for Digital
Microfluidic Biochips. Microelectron. J. 2018, 78, 35–45. [CrossRef]

32. Luo, M.; Hou, X.; Yang, J. Surface Optimal Path Planning Using an Extended Dijkstra Algorithm. IEEE Access
2020, 8, 147827–147838. [CrossRef]

33. Pratiwi, A.F.; Riyanto, S.D.; Listyaningrum, R.; Aji, G.M. The Shortest Path Finder for Tsunami Evacuation
Strategy using Dijkstra Algorithm. IOP Conf. Ser. Mater. Sci. Eng. 2020, 854, 012035. [CrossRef]

http://dx.doi.org/10.1049/iet-cdt.2018.5037
http://dx.doi.org/10.1145/3126538
http://dx.doi.org/10.1016/j.vlsi.2015.02.004
http://dx.doi.org/10.1109/MDAT.2015.2455344
http://dx.doi.org/10.1007/s10617-012-9083-0
http://dx.doi.org/10.1007/s42452-020-3173-6
http://dx.doi.org/10.1109/TCAD.2016.2557726
http://dx.doi.org/10.1007/s10617-010-9059-x
http://dx.doi.org/10.1016/j.mejo.2018.05.013
http://dx.doi.org/10.1109/ACCESS.2020.3015976
http://dx.doi.org/10.1088/1757-899X/854/1/012035


Micromachines 2020, 11, 1052 16 of 16

34. Chang, H.Y.; Wang, P.F.; Chen, H.C.; Chen, Y.-Z.; Chen, D.-R. On the Study of Shortest-path Problem on
Coal-transportation Networks using Dijkstra’s Algorithm. In Proceedings of the 2019 IEEE International
Conference on Consumer Electronics—Taiwan (ICCE-TW), Yilan, Taiwan, 20–22 May 2019.

35. Wang, P.; Lei, Y.; Agbedanu, P.R.; Zhang, Z. Makespan-Driven Workflow Scheduling in Clouds Using
Immune-Based PSO Algorithm. IEEE Access 2020, 8, 29281–29290. [CrossRef]

36. Zhang, W.; Fu, S. Time-optimal Trajectory Planning of Dulcimer Music Robot Based on PSO Algorithm.
In Proceedings of the 2020 Chinese Control and Decision Conference (CCDC), Hefei, China, 22–24 August 2020.

37. El-Hajj, R.; Guibadj, R.N.; Moukrim, A.; Serairi, M. A PSO based algorithm with an efficient optimal split
procedure for the multi-period vehicle routing problem with profit. Ann. Oper. Res. 2020, 291, 281–316.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/ACCESS.2020.2972963
http://dx.doi.org/10.1007/s10479-020-03540-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mathematical Model of Routing-Based Methods 
	The Improved Dijkstra and Improved Particle Swarm Optimization (ID-IPSO) Algorithm 
	Path Scheduling Based on the ID Algorithm 
	Droplet Mixing Path Design Based on IPSO 

	Experimental Results 
	Multiple Body Fluid Detection Experiment 
	Simulation of the Improved Dijkstra Algorithm 
	Simulation of the Improved Particle Swarm Optimization (IPSO) Algorithm 
	Simulation of the ID-IPSO Algorithm for a Routing-Based DMFB 

	Conclusions 
	References

