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ABSTRACT 
Digital microfluidic biochips (DMFBs) is one of the 

most actively researched technologies in the recent 

information technology and biotechnology fields. In 

particular, microfluidic chip technology is 

implemented to practice research upon various life 

phenomena, such as biomaterials, cells and tissues. 

However, to further optimize time-efficiency and 

performance quality, it is crucial to set effective 

pathway and initial position for each droplets 

within the limited area. In this study, a program is 

designed to calculate efficient droplet pathways for 

DMFDs by combining a heuristic-based algorithm 

and a genetic algorithm.  

 

Since there are more moving obstacles on a 

microchip when droplets are manipulated 

simultaneously, it is more difficult to find the 

shortest route than conventional problems. It is vital 

to maintain a safe distance between the droplets as 

they will get merged when the distance between 

them becomes too close. 

 

Therefore, the cost function was defined based on 

the distance from the start and end points, as well as 

the relative distance from the other droplets to help 

determine efficient pathways for droplets through 

the existing Dijkstra algorithm. In addition, based on 

the newly defined cost function, a genetic algorithm 

was used to find the most efficient initial location of 

each droplet. By randomly generating scenarios in 

the experiment, it was confirmed that the algorithm 

presented performs up to two times faster than the 

general method. 

1. INTRODUCTION 

There are many problems with the conventional 

procedures of conducting droplet experiments, 

essential experiments to conduct blood tests, drug 

tests, etc. Due to the reliance on manual labor, 

droplet experiments are often error-prone; in fact, 

sixty percent of errors in wet labs come from human 

mistakes. In addition, due to the usage of pipettes 

when analyzing droplets, droplet experiments are 

also very harmful to the environment. Four million 

pounds of plastic are used to produce pipettes, and 

seventy percent of it goes to landfill, demonstrating 

the impact pipettes have on the environment.  

 

With the improvement in nanotechnology, DMFBs 

(digital microfluidic biochips) have become much 

more prevalent in conducting these 

biological/chemical reactions in the form of droplets. 

Unlike the conventional procedures described above, 

DMFBs do not require pipettes and manual labor, 

making this solution much more environment-

friendly and less error-prone.  

 

However, currently, coming up with an efficient 

routing algorithm for droplets on DMFBs is difficult 

as it is hard to find the shortest path when there are 

many moving obstacles (other droplets). Also, in 

certain conditions, deadlocks can occur, which is 

when droplets are unable to move at all due to 

obstacles. On top of this, efficiency can be 

dramatically different with slightly different paths 

for the droplets. Therefore, developing an efficient 

routing algorithm for DMFBs requires us to take all 

these factors into account. 

 

In this paper, we introduced a genetic droplet routing 

algorithm with a Dijkstra-based heuristic strategy to 

create an efficient algorithm for these DMFBs. 

Instead of encoding a complete path from the source 

to the target for each droplet, we considered an 

indirect representation in the genetic algorithm, 
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allowing simple permutation operators to be directly 

applied in the evolutionary process without any 

complex population initialization process. In the 

Dijkstra-based heuristic algorithm, a problem-

specific cost function is introduced into the Dijkstra 

algorithm to find a more time-efficient path for each 

droplet. The experimental results demonstrate the 

superiority of the proposed method based on a 

synthetic benchmark scenario and a real-world 

bioassay benchmark scenario. 

 

2. BACKGROUND 

2.1 DMFB 
A DMFB is composed of a two-dimensional 

electrode array and also consists of devices such as 

optical detectors, dispensing ports (where droplets 

are distributed from), waste reservoirs (where 

droplets are collected from), and control pins, 

creating an electric field that can be used to 

manipulate and move droplets. Electric fields can be 

used to maneuver the droplets as electric fields can 

influence the shape of droplets.  

 

Figure 1. Model structure of DMFD 

 

Therefore, by rapidly turning on and off specific 

squares in the electrode grid, droplets can be moved. 

The electrode array also has a hydrophobic layer on 

it, allowing the droplet and the layer to repel from 

each other, which maintains the droplet’s shape. In 

the two-dimensional electrode array, basic 

operations (such as transporting, splitting, merging, 

mixing, and storing the droplets) can be performed. 

The area where these operations are performed is 

called modules [1].  

There are two approaches to modeling DMFBs. The 

first is the modular design approach. While the 

modular design approach clearly demonstrates how 

droplets will be matched in a simple manner, it does 

not model the empty spaces when the droplets move. 

The second approach is a droplet path design, which 

models the movement of droplets, meaning that the 

empty spaces will also be modeled. There are many 

coding algorithms that people use to model the 

droplet path design, but among them, the greedy 

algorithm is the most common. 

 

2.2 Dijkstra Algorithm 

2.2.1 Overview 
Dijkstra’s Algorithm helps us find the shortest 

distance from a starting vertex to another vertex by 

constantly updating the distance from that vertex to 

another. By default, the initial distance from the 

starting vertex to other vertices will be set as infinity 

because the distance will be updated when the newly 

calculated distance is smaller than the current value 

of the distance. Subsequently, the current node will 

be reallocated to the node that has the smallest 

assigned distance. Again, the neighboring nodes are 

analyzed, and the distance is updated if the newly 

calculated distance is smaller than the current 

distance, which will also reallocate the current node. 

This process is repeated until the destination 

becomes the current node [2]. 

 

2.2.2 Application to Pathfinding in DMFBs 

As mentioned earlier, our algorithm to efficiently 

route droplets on DMFBs is based on a Dijkstra 

algorithm, an algorithm that finds the shortest path 

between a node and other nodes in a graph, and in 

our case, these nodes represent each droplet. The 

Dijkstra algorithm uses the weight of the edges in a 

graph, which is the distance between two droplets in 

our case, to minimize the total distance between that 

node and any other node in the graph. As our 

algorithm is to efficiently route these droplets, a 

Dijkstra algorithm is a perfect match for our goal as 

it can be used to calculate the shortest distance 

between two droplets. 

However, since the original Dijkstra algorithm 

doesn’t consider moving obstacles (simultaneous 

movement of other droplets) we couldn’t directly 

apply this algorithm to pathfinding problems in 

DMFBs. So in section 3, we introduce a modified 

Dijkstra algorithm to deal with this situation. 



iJournals: International Journal of Software & Hardware Research in Engineering (IJSHRE) 

    ISSN-2347-4890 

Volume 11 Issue 4 April 2023 

©iJournals Publications 2023 | 19 

2.3 Genetic Algorithm 

As mentioned earlier, our algorithm also uses a 

genetic algorithm, which is inspired by the process 

of Charles Darwin’s natural selection as it picks the 

fittest responses and produces a new population 

based on those responses. When implementing the 

genetic algorithm, you must have a gene (which 

represents the variables) and a chromosome (a 

response, which is a set of these genes). After 

creating an initial population of random 

chromosomes, mutations and crossovers need to 

occur in order to have a variety of responses [3]. 

From there, a method of measuring fitness is needed 

to select the fittest chromosomes that will be used to 

create the next generation. This process, similar to 

natural selection, repeats until the best possible 

response is produced.  

 

The genetic algorithm was implemented in two parts. 

When determining the best setup for the start and 

destination of the droplets, the genetic algorithm 

was used by mutating the coordinates to another 

empty location until the best pair of the start and 

destination coordinates were found. In addition, 

when finding the most efficient path for the droplets 

by using our modified Dijkstra algorithm, a genetic 

algorithm was also implemented to determine which 

droplet pathways should be prioritized (which will 

be explained in more detail in section 3). 

 

3. EXPERIMENT 

3.1 Modeling 
For our algorithm, we have source electrodes and 

target electrodes to determine the start and goal 

locations for each droplet. In addition, we satisfied 

the static fluidic constraint to determine the safe 

distance between two droplets according to their 

fluidic properties, preventing any unexpected 

mixing between two droplets. When testing our 

algorithm, we used an N x N grid coordinate system 

and ignored blockages and timing constraints to 

simplify the scenario.  

To summarize, our algorithm inputs N (the size of 

the grid), the set of droplets D = {d1, d2, …, dn} with 

the source electrodes S = {s1, s2, …, sn} and target 

electrodes G = {g1, g2, …, gn}. In addition, we take 

into account the static fluidic constraint, but 

blockages and timing constraints are both ignored. 

3.2 Genetic Algorithm Setup 

3.2.1 Initial Location Planning Algorithm 
The path-finding algorithm (the modified Dijkstra 

algorithm) finds the shortest path between droplets 

given the start and end locations, meaning that the 

overall efficiency of our algorithm also depends on 

what the start and end locations are set as. However, 

since there are many pairs of start and end locations, 

we implemented a genetic algorithm to determine 

the best start and end coordinates for the droplets.  

 

For this purpose of implementing a genetic 

algorithm, the chromosomes will represent the pair 

of coordinate values for the start and destination for 

every droplet: chromosome = 

{ (StartingCoordinates, EndingCoordinates) pairs 

for every droplet i }. Meanwhile, the mutations will 

represent the random change of the starting and/or 

ending locations for each droplet. Finally, each 

crossover will represent each swap between the 

chromosomes defined earlier. 

3.2.2 Choosing Priority Between Droplets 

When finding the most efficient path for the droplets 

by using our path-finding algorithm, a genetic 

algorithm was also implemented to determine which 

droplet pathways should be prioritized [4]. The 

ranking of priority between 2 droplet pathways can 

influence the routing result greatly.  

 

For example, in the diagram below, when dpB is 

prioritized, the droplets from group A and group B 

would collide in the narrow pathway, meaning that 

it would not be possible for the droplets to be routed 

in this case. 

 

 
Figure 2. When Droplet Pathway B is prioritized, 

pathways are blocked 

 

However, as shown in the next diagram, if dpA is 

prioritized, the droplet from group A will move 
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through the narrow pathway while the droplets from 

path B will go through the top pathway (as it is not 

the prioritized pathway, in this case). This would 

allow the routing of the droplets to be possible, and 

in this case, the time taken would be 9 as that is the 

maximum distance (distance of pathway B is 7 and 

distance of pathway A is 9).  

 

 
Figure 3. When Droplet Pathway A is prioritized, 

maximum distance is 9 

 

3.2.3 Crossover 

In our implementation of the genetic algorithm, the 

partially mapped crossover (PMX) (Goldberg and 

Lingle, 1985) is applied as it is one of the most 

widely used operators for permutation-based 

chromosomes.  

 

When implementing the PMX crossover function of 

the genetic algorithm, two positions are randomly 

determined along the parent chromosomes, and then 

the segments from the first position to the second 

position are swapped between the two parents. For 

example, two parents 𝑝𝑎𝑟𝑒𝑛𝑡1 = (1 2 3 4 5 6 7 8 9 

10) and 𝑝𝑎𝑟𝑒𝑛𝑡2 = (2 3 5 7 10 9 8 4 6 1), with two 

positions, 4 and 7, are shown in Figure 4a, and the 

genes in the range from 4 to 7 are exchanged to make 

the offspring as shown in Figure 4b. 

 

 
Figure 4a. The positions that will be swapped for 

 parent1 and parent2 
 

 

Figure 4b. The selected positions swapped 

correspondingly to form a new proto-child1 and 

proto-child2 

As the resulting offspring in Figure 4b is illegal due 

to duplicates (for example, there are two eights in 

proto-child 1), we need to swap duplicates outside 

of the segment with a non duplicate that it swapped 

with, as shown in Figure 4c.  

 

 
 

Figure 4c. The positions arranged with the 

corresponding positions that they are swapped 

with 

 

With this, the duplicate genes in the offspring are 

detected and modified, resulting in the two offspring 

shown in Figure 4d. 

 

 
Figure 4d. If there are duplicates, the positions 

replace outside of the selected position to their 

corresponding position 

 

3.2.3 Mutation 

In our implementation, an offspring chromosome is 

chosen for mutation according to the mutation 

probability, and two different genes are randomly 

selected and swapped in the chromosome (unlike the 

crossover where we swap a segment of genes). For 

example, as shown in Figure 5, positions 3 and 9 are 

selected for mutation, causing genes 5 and 6 to be 

exchanged with each other. In our case, this would 

mean that the scheduling orders of droplets 𝑑5 and 

𝑑6 are exchanged. 

 

 
Figure 5. An example of the swap mutation 
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3.3 Modified Dijkstra Algorithm 
The original Dijkstra algorithm calculates the 

shortest distance with fixed obstacles (non-moving 

obstacles). However, in our problem, several 

droplets move, so the distance would need to be 

updated according to each individual droplet 

movement that occurs simultaneously. In addition, 

if the droplet paths have the same distance, it would 

be advantageous to have them take a different path 

than other droplets (to prevent a collision). 

Therefore, with all these factors in mind, we 

modified the Dijkstra algorithm to implement it for 

our problem.  

 

Our modified Dijkstra algorithm finds the shortest 

path of droplets by also using the priority rankings 

of the droplet paths. The algorithm would determine 

the shortest path for the droplets with the highest 

priority, and with this path in mind, it would 

calculate the shortest possible route for the next 

prioritized droplets while preventing collisions with 

droplets having a higher priority. This process 

would repeat until all the droplet paths are iterated 

through. At this time, the cost function, the function 

to calculate the shortest path of droplets, is defined 

as follows: 

 

cost(p) = 𝛼 * distance from p to destination + 𝛽 * 

minimum distance to other droplet path 

 

The value p indicates the starting location, and the 

values for 𝛼 and 𝛽 were defined experimentally, 

explained in section 3.3. 

 

Moreover, in order to prevent a deadlock situation, 

the droplets can pass through the place where it has 

already been or stay in the current place.  

 

If our modified Dijkstra algorithm is expressed in 

pseudo-code, it would be as followed: 

 

for each droplet i from the highest priority: 

for every position p:  

let x = the distance from p to the 

destination 

let y = min distance(other droplet 

path) 

cost(p) = 𝛼*x + 𝛽*y; 

move droplet i to the position where 

distance is minimum 

 

3.3 Experiment Procedures 
To demonstrate the performance of the proposed 

algorithm, experiments were conducted with various 

sizes and numbers of droplets. The size of the 

DMFB used in the experiment was set to 12x12, 

16x16, and 24x24, and the number of droplets were 

also set to 12, 16, and 24. For each experiment, the 

experiment was conducted 10 times with the same 

random seed number, and the time required to 

complete the experiment was averaged in order to 

rule out any possible outliers in the data set. 

 

To find out the effectiveness of using a genetic 

algorithm to determine the start and end positions 

and to find out the effectiveness of our modified 

Dijkstra algorithm to route the droplets, we 

experimented with four algorithms. The first 

algorithm would be to randomly generate the start 

and end locations while using a greedy algorithm to 

determine the shortest path . By doing so, we could 

control certain variables to compare the individual 

effectiveness of the two parts to our algorithm, 

shown in the table in section 4. Algorithm 1 would 

be the combination of randomly creating the start 

and end locations while using the normal Dijkstra 

algorithm. Algorithm 2 would be the combination of 

randomly creating the start and end locations while 

using the modified Dijkstra algorithm. Algorithm 3 

would be the combination of using a genetic 

algorithm to determine the start and end locations 

while using the normal Dijkstra algorithm. Finally, 

algorithm 4 would be the combination of using a 

genetic algorithm to determine the start and end 

locations while also using the modified Dijkstra 

algorithm. 

 

For the parameters for the genetic algorithm, the 

crossover rate and the mutation rate are set as 1 and 

0.5 respectively. The population size and the number 

of generations should increase as the number of 

droplets increases. In the cost function of the path, 

the parameters are set as 𝛼 = 2, 𝛽 = 1 experimentally. 

The proposed algorithms are implemented using 

python language, and all the experiments are 

performed on a 4.2 GHz Intel(R) Core(TM) i7- 8700 

windows workstation with 16 GB memory. 
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4. RESULTS AND ANALYSIS 
 

Table 1. Results for the use of Dijkstra and 

genetic algorithm 

 
As shown in the table, algorithm 4 showed the best 

performance. Overall, the smaller the size of the grid 

and the larger the number of droplets, the higher the 

time required to complete the experiment. First, by 

comparing algorithm 1 and algorithm 2, we can see 

how effective the modified Dijkstra algorithm was. 

In all three experimental scenarios, algorithm 2 

finished about 10% faster on average, indicating that 

the pathfinding using our modified Dijkstra 

algorithm was efficient even if it started at the same 

random position (both algorithms 1 and 2 created the 

start and end locations randomly). 

 

By comparing algorithm 1 and algorithm 3, you can 

find out how effective the starting position using GA 

was (both algorithms 1 and 3 used the normal 

Dijkstra algorithm for pathfinding, making the 

variable of pathfinding controlled). Specifically, 

when the size of the grid is small, it was found that 

the set-up/placement of the positions has a much 

greater effect on the performance. This is believed 

to be due to the fact that when the size of the grid is 

small and the initial position is set incorrectly, a 

bottleneck may occur in which many droplets want 

to pass through, resulting in inefficiency. 

 

Finally, looking at algorithm 4, it can be seen that 

the performance is much better when both the 

genetic algorithm for setting the location and the 

modified Dijkstra algorithm are implemented, 

unlike algorithm 2 and algorithm 3 where these two 

algorithms were not used together. With this in mind, 

it is thought that the initial position setting and the 

path-finding algorithm have a synergistic effect. 

 

5. CONCLUSION 
In this study, an efficient path design algorithm was 

proposed by combining a heuristic-based modified 

shortest-distance algorithm and a genetic algorithm. 

In DMFBs, it is important to route the droplets so 

that they move simultaneously and do not collide 

with each other. To this end, chromosomes 

representing the initial position and droplet priority 

were designed, and mutations and crossovers 

suitable for each were also defined. And in the 

modified Dijkstra algorithm, a new cost function 

was created by considering how close the path is to 

other paths in addition to the distance to the 

destination. 

 

As a result of comparing the performance of the 

algorithm presented in this paper through randomly 

generated scenarios in the experiment, it was shown 

that both the initial position calculation using the 

Genetic Algorithm and the modified Dijkstra 

algorithm were effective [5]. In particular, when 

both methods were applied, it was confirmed that the 

experiment could be completed up to twice as fast as 

the general method. 

 

As DMFBs are applied in various fields today (such 

as for blood testing, drug testing, antibody screening, 

etc), it is hoped that the efficient path-finding 

algorithm studied in this paper can be further 

developed and applied to the actual industry. 
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