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ABSTRACT Digital microfluidic biochips (DMFBs) are increasingly important and are used for point-of-
care, drug discovery, clinical diagnosis, immunoassays, etc. Pin-constrained DMFBs are an important part 
of digital microfluidic biochips, and they have gained increasing attention from researchers. However, 
many previous works have focused on the problem of electrode addressing and aimed to minimize the 
number of control pins in pin-constrained DMFBs. Although the number of control pins can be effectively 
redistributed through broadcast addressing technology, the chip reliability will be reduced if the signals are 
shared arbitrarily. Arbitrary signal sharing can lead to a large number of actuations for many idle electrodes, 
and as a result, a trapping charge or decreasing contact angle problem could occur for some electrodes, 
reducing the reliability of the chip. To address this problem, the appropriate electrode matching object 
should be carefully selected, and the influence of these factors on chip reliability should be fully considered. 
For this purpose, we aimed to fully consider electrode addressing and the reliability of the chip in 
improving the reliability of DMFBs. This paper proposed a pin addressing method based on a support 
vector machine (SVM) with the reliability constraint algorithm, which can fully consider the electrode 
addressing method and the reliability of the chip together. The proposed method achieved an average 
maximum number of electrode actuations that was 53.8% and 18.2% smaller than those of the baseline 
algorithm and the graph-based algorithm, respectively. The simulation experiment results showed that the 
proposed method can efficiently solve reliability problems during the DMFB design process. 

INDEX TERMS digital microfluidic biochips, pin assignment, reliability, actuation times, SVM  

I. INTRODUCTION 
Clinical diagnosis is an important link in disease diagnosis 
[1]. Traditional clinical disease detection usually relies on 
large testing equipment at a testing center, which not only 
takes a long time to detect diseases but also consumes a 
large amount of reagents and attracts great controversy due 
to the need to collect many biological specimens such as 
blood [2]. With continuing innovations in manufacturing 
and packaging processes, modern microelectromechanical 
systems (MEMSs) and microfluidic systems are being 
applied to combine many chemical, mechanical, or 
electrical devices into a single package [3-7]. A 
microfluidic chip can provide detection results in a short 
time by using a small number of samples, and it has a high 
detection sensitivity, good specificity, a simple operation 
process and short cycles; it has become one of the best 
solutions to the current problem [8]. Many traditional 

biological programs can be implemented efficiently in 
digital microfluidic systems by applying a prescheduled 
electrical drive sequence to control the micro-, nano- or 
pico-liter volume of droplets [9]. Therefore, microfluidic 
biochips have the ability to substitute for traditional 
laboratory equipment, as they integrate all the necessary 
functions to complete a bioassay [10,11]. Biochips are 
being applied in many areas, such as point-of-care clinical 
diagnostics, drug discovery, protein analysis and 
immunoassays [12-15]. DMFBs use discrete droplets to 
perform operations such as dispensing, transport, mixing, 
splitting and detection. The basic droplet movement is 
based on the electrowetting on dielectric (EWOD) principle 
[16,17]. Hence, the operations can be executed anywhere 
on the chip by occupying a set of electrodes in a 
reconfigurable way. 
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The design process for DMFBs is shown in Figure 1, 
which consists of two main stages: fluidic-level synthesis and 
chip-level design. In the past decade, there have been notable 
advances in computer-aided design methodology for fluidic-
level synthesis, including resource binding, operation 
scheduling, module placement, chip washing and functional 
droplet routing. The typical objectives are to minimize the 
assay execution time and the number of used cells so that the 
number of driving electrodes can be minimized for power 
and interconnection savings. The chip-level design is also of 
great importance, as it directly determines the fabrication cost 
and reliability of the DMFBs. The sequential graph of a 
bioassay in Figure 1(a) is synthesized onto a given sized chip 
and the schedule result is shown in Figure 1(b). The 
placement and routing results are shown in Figure 1(c). The 
used electrode results are shown in Figure 1(d). Figure 1(e) 
and 1(f) show the design results of electrode addressing and 
of wire routing, respectively. 
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FIGURE 1.  (a) The sequential graph of a bioassay. (b) The schedule 
result of a bioassay. (c) The placement and routing result. (d) The used 
electrode results. (e) The design results of electrode addressing. (f) The 
design results of wire routing. 

 
At present, digital microfluidic biochips have attracted 

increasing attention and have been applied in many areas. In 
the process of chip design, all electrodes should be connected 
to their corresponding control pins; this process is called 
electrode addressing or pin assignment [18]. The purpose of 
pin addressing is to receive control signals from external 
controllers for the correct drive electrode. In the conventional 
pin allocation scheme for a chip, each electrode is controlled 
with an independent control pin; this is called direct 
addressing [19]. In the direct addressing scheme, each 
electrode can be controlled independently. As the complexity 
of the biological and chemical analysis implemented on the 
chip and the chip size increase, the scale of the chip also 
increases [20]. However, the numbers of external controller 
pins and signal ports are limited; hence, it is necessary to 
limit the number of control pins [21]. The broadcast 
addressing method, which is widely used for pin allocation, 
was proposed to address this problem [22]. Broadcast 

addressing utilizes the concept of pin sharing to assign an 
individual control pin to multiple electrodes without affecting 
the execution and analysis of the biochemical experimental 
processes. Therefore, broadcast addressing can effectively 
reduce the number of control pins during the DMFB design 
process. 

In the literature, there are many previous works focusing 
on the design of pin-constrained DMFBs. Many previous 
works focus only on the problem of electrode addressing and 
aim to minimize the number of control pins [23-28]. 
Reference [27] focuses on pin count minimization for 
general-purpose DMFBs and presents a pin count 
minimization algorithm based on sophisticated electrode 
chaining for regular and irregular electrode arrays. The key 
idea of the proposed method is that actuation information can 
be transmitted from previous neighborhood electrodes to 
later ones in a chain. Some essential sufficient pin 
assignment architecture for pin-constrained DMFBs and a 
pin assignment technique for multifunctional biochips are 
presented in [28] to solve the pin reduction problem. 

Although the number of control pins can be effectively 
redistributed through broadcast addressing technology, the 
chip reliability will be reduced if the signals are shared 
arbitrarily [29]. In the design process for a broadcast 
addressing chip, arbitrary signal sharing can lead to a large 
amount of switching for many idle electrodes; as a result, the 
trapping charge or decreasing contact angle problem could 
occur for some electrodes [30,31]. Thus, in order to deal with 
the reliability problem, when electrodes are assigned to the 
same control pin, the appropriate electrode matching object 
should be carefully selected, and the influence of these 
factors on chip reliability should be fully considered. 

Many works consider both electrode addressing and the 
reliability problem. Reference [32] presented the first 
matching-based reliability-oriented broadcast addressing 
algorithm for DMFBs. This algorithm identifies the factors 
that affect reliability and incorporates them into the design 
technique attributes that enhance reliability and make the 
DMFBs more feasible in practical applications. Reference 
[33] presents a network-flow-based algorithm for reliability-
driven pin-constrained DMFBs. The proposed algorithm not 
only minimizes the reliability problem induced by signal 
merging but also prevents operational failures caused by 
inappropriate addressing results. A comprehensive routing 
solution is also proposed for chip-level DMFB designs in 
reference [33]. References [34,35] present a graph-based 
chip-level design algorithm. By setting the switching-time 
constraint, the switching times can be limited to minimize the 
impact of the contact angle change reduction problem. The 
reliability and electrode addressing problems are considered 
in the chip-level design of DMFBs, and a progressive 
addressing and routing approach are proposed to overcome 
the complex wire-routing problem. However, the reliability 
of the chip is not fully considered in the design of the chip. 
Prior works consider only the effect on reliability of the 
trapping charge or the contact angle change reduction, but 
not the effect of both of them together. Furthermore, in this 
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paper, we aim to fully consider the electrode addressing and 
the reliability of the chip for improving the reliability of 
DMFBs during the design process. 

Prior work on the pin addressing problem has typically 
modeled it as clique partitioning problem on a compatibility 
graph [36]. Each clique of electrodes in the graph represents 
a potential pin group, that is, a group of electrodes that can 
share the same control pin and all of whose electrode 
actuation sequences are mutually compatible. The general 
clique partitioning problem is an NP-hard problem [37,38] 
and has been a popular research topic in many areas. Tomita 
proved that the time complexity of enumerating maximal 
cliques is /3(3 )nO  in the worst case in any graph with n  
nodes and m  edges because in a graph of n  vertices, there 
are at most /33n  maximal cliques [39]. 

With the great success of machine learning methods in 
computer vision [40], natural language processing [41], 
biometric identification [42], medical diagnosis [43], DNA 
sequencing [44] and other fields, researchers have tried to use 
machine learning methods to solve problems in the design 
process of digital microfluidic chips [45]. The goal of 
machine learning is to learn a function that is well adapted to 
“new samples” and “new environments” [46]. Therefore, 
compared with traditional methods, the machine learning-
based digital microfluidic chip design method can better 
adapt to dynamic changes in the design environment (such as 
changes in the chip size, electrode occupation and application 
environment) and various performance index optimization 
requirements during the chip design process. Therefore, the 
design method of digital microfluidic chips based on 
machine learning shows great potential in the chip design 
process. Arbitrary signal sharing can lead to a large number 
of actuations for many idle electrodes; the appropriate 
electrode matching object should therefore be selected 
carefully, and the influence of these factors on chip reliability 
should be fully considered. For this purpose, we aim to fully 
consider the electrode addressing process and the reliability 
of the chip for improving the reliability of DMFBs. This 
paper proposes a pin addressing method based on an SVM 
with a reliability constraint, which can fully consider 
electrode addressing and the reliability of the chip together 
during the DMFB design process. 

The rest of this paper is organized as follows: Section II 
presents electrode addressing in pin-constrained DMFB 
designs and formulates the pin addressing problem. Section 
III presents an overview of the proposed SVM algorithm, and 
Section IV describes the proposed SVM algorithm in detail 
to solve the practical pin addressing problem. Sections V and 
VI describe the experimental results and conclude the paper, 
respectively. 

II. SYSTEM MODEL 

A. PROBLEM FORMULATION 
Broadcast addressing utilizes the concept of pin sharing to 
assign an individual control pin to multiple electrodes 
without affecting the execution or analysis of biochemical 

experimental processes. Figure 2(a) and (b) show an 
electrode set and the corresponding actuation sequences. 
Two electrode actuation sequences are compatible if either 
the values of the two bits are the same at every time step or 
the value of one bit is “ X ”. Specifically, we can replace the 
status “ X ” with “1” or “0”, and therefore, different actuation 
sequences become identical sequences. For example, let the 
actuation sequences of electrodes 6e  and 8e  be 00001X  and 

10000X , respectively. We can obtain the same result of 
100001  by replacing each “ X ” in the actuation sequences of 

6e  and 8e  with one. Therefore, because the actuation 

sequences of 6e  and 8e  are compatible, the same control pins 

can be processed for both. Broadcast addressing aims to find 
electrode groups with compatible actuation sequences and 
assign a dedicated control pin to each group; that is, one 
control pin can control multiple electrodes, thereby reducing  
the total pin count required for pin assignment without 
affecting the bioassay operation. During pin assignment, 
broadcast addressing is usually modeled as a compatibility 
graph in which a vertex represents an electrode and an edge 
between two electrodes indicates that they are compatible 
with each other. Therefore, the derivation of a broadcast 
addressing result can be mapped to a graph problem of clique 
partitioning. The equivalent graph is split into five parts, as 
shown in Figure 2(d), and the broadcast addressing results 
are as shown in Figure 2(c). With broadcast addressing, the 
pin count needed to control a bioassay can be dramatically 
reduced. 
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FIGURE 2.  (a) Electrodes used for biochemical experimental processes. 
(b) Actuation sequences of biochemical experimental processes. (c), (d) 
Broadcast addressing result and corresponding clique-partition result 
in a compatibility graph. 

 
Although the number of control pins can be effectively 

redistributed through broadcast addressing technology, the 
chip reliability will be reduced if the signals are shared 
arbitrarily. In the design of a broadcast addressing chip, 
arbitrary signal sharing can lead to a large amount of 
switching for many idle electrodes, and as a result, the 
trapping charge or decreasing contact angle problem could 
occur for some electrodes, thus reducing the reliability of the 
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chip. For example, in Figure 3, there are three electrodes, 1e , 

2e  and 3e , and their corresponding actuation sequences are 

1 10 0 0s X X , 2 1 0 00s X X  and 3 01 1s X X X , respectively. 

According to these actuation sequences, electrode 1e  can 

share a control pin with 2e , or 1e  can share a control pin with 

3e . Although both broadcast addressing results are same in 

terms of the number of control pins reduced, the number of 
actuations varies greatly for electrode 1e . In the first case, if 

electrode 1e  shares a control pin with 2e , the actuation 

sequence of electrode 1e  becomes 1 100000s  , and the 

number of actuations of 1e  is one. However, in the second 

case, if electrode 1e  shares a control pin with 3e , the 

actuation sequence of electrode 1e  becomes 1 101010s  , and 

the number of actuations of 1e  is three. The number of 

actuations in the second case is greater than that in the first 
case, and the maximum number of actuations must be taken 
into consideration when performing broadcast addressing. 
Thus, our optimization objective is to minimize the 
maximum number of actuations of all electrodes in 
performing broadcast addressing. 
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FIGURE 3.  1s , 2s  and 3s  are the actuation sequences of electrodes 

1e , 2e  and 3e , as shown in (a), (b) and (c), respectively. The number of 

actuations of electrode 1e  is one in the first case, as shown in (d). The 

number of actuations of electrode 1e  is three in the second case, as 

shown in (e). 

 

B. APPLICATION MODEL 
The problem of electrode addressing and the reliability of the 
DMFBs during the design process can be formulated as 
follows: The set of electrodes used for biochemical 
experimental processes is modeled as 1 2{e ,e , , }nE e  , 

where ie  represents the i th electrode and n  represents the 

number of electrodes. The corresponding actuation sequences 
of E  are represented by 1 2{ , , }nS s s s  . The constraint on 

the number of pins is defined as maxP . The set of pins used 

for the biochemical experimental processes is defined as 
1 2{ , , }mP p p p  , where m  represents the number of pins, 

so the constraint on the number of pins can be represented by 
equation (1). 

maxm P  (1) 

To ensure that the pin assignment is determined correctly, 
each electrode ie E , 1 i n  , must be assigned to exactly 

one pin jp P , 1 j m  . The set of electrodes controlled by 

pin jp  is defined as jEp , where electrodes ke  and le  belong 

to jEp . That is, k je Ep   and l je Ep  , 1 k n  , 1 l n  . 

To determine the compatibility of an electrode sequence, we 
define rules such as 1& 1X  , & 1X X   and 0 & 1X  , and 
the broadcast addressing constraints are represented by 
equation (2). 

& 1k ls s   (2) 

As mentioned above, the electrode addressing and 
reliability problems can be solved by reducing the number of 
electrode drives during the DMFB design process. Therefore, 
the global effect of reliability can be reduced by minimizing 
the maximum number of actuations of ie . We define the 

value “1” in the electrode actuation sequence to represent 
that the electrode is actuated; then, the number of activations 
of electrode ie E  can be expressed as equation (3). 

i
1

( ),
step

i i
t

St S t e E


   , (3) 

where iSt  represents the number of activations of electrode 

ie  and step represents the number of time steps in a sequence. 

In this paper, we aim to fully consider electrode addressing 
and the reliability of the chip for improving the reliability of 
DMFBs during the design process. Consequently, this paper 
can average the number of actuations of electrodes to achieve 
good chip reliability. The objective formula used in this 
research can be defined as equation (4). 
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  (4) 

III. OVERVIEW 
We propose a pin addressing method based on an SVM with 
a reliability constraint in this study. This section provides a 
detailed description of the algorithm. First, we briefly 
introduce the whole procedure, as shown in Figure 4. The 
components and functions of the proposed algorithm are 
introduced in three subsections, including (1) the 
initialization of the algorithm, (2) the constrained 
compatibility graph construction, and (3) the pin addressing 
method based on the SVM. Figure 4 shows an overview of 
our pin addressing method based on an SVM with a 
reliability constraint. First, the set of electrode actuation 
sequences is taken as input, and the constraint on the 
maximum number of pins is set as maxP . Then, the 

compatibility graph of all electrodes is constructed, and the 
reliability constraint is fully considered. Finally, the 
addressing results for the DMFB are obtained by the pin 
allocation method based on the SVM. 
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FIGURE 4.  Overview of the pin addressing method based on an SVM 
with a reliability constraint. 

 

A. COMPATIBILITY GRAPH CONSTRUCTION 
When applying broadcast addressing, an essential task is 
grouping the set of electrodes such that all electrodes in the 
same group are mutually compatible. Then, a compatibility 
graph ( , )G V O  is constructed, where the vertex set V  
represents the electrode set and the edge set O  between two 
electrodes indicates that their corresponding actuation 
sequences are compatible. Note that compatibility is 
examined for both identical and complementary signals. 

The set of electrodes: V
the set of actuation sequences 

EA_S, the matrix O 

Select vi and vj, if compatible and 
satisfied reliability constraints

 All vi are compared

Oij=Oji=1

G(V,O)
 

FIGURE 5.  The process of compatibility graph construction. 

 

According to the set of actuation sequences _EA S , a 
compatibility graph is constructed as shown in Figure 5. First, 
a compatibility graph node is constructed, which represents 
the current selected electrode iv . Then, the actuation 

sequence of the selected electrode is compared with the 
actuation sequence of another electrode jv  in the set of 

actuation sequences; if the electrodes can be actuated using 
the same actuation sequence, the new electrode is added to 
the compatibility graph and a side line is added between the 
electrodes to form the adjacency matrix 1ij jiO O  . The 

side line between the electrodes represents that the actuation 
sequences between the electrodes are compatible. The 
compatibility diagram can be constructed by comparing the 
actuation sequences of each electrode with those of other 
electrodes in the set of electrodes and drawing the lines one 
by one. 

B. THE PRINCIPLE OF THE SVM 
In this paper, a pin addressing method is proposed, and the 
core idea of our prediction model is based on an SVM. The 
fundamental principle of the SVM is shown in Figure 6. 
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FIGURE 6.  The fundamental principle of the support vector machine. 

 
Given a training set 1 1 2 2{( , ),( , ), , ( , )}m mD x y x y x y  , 

classification learning aims to find a partition hyperplane in 
the sample space and then separate the samples into different 
categories. In the sample space, the partition hyperplane can 
be described by the following equation: 

0Tw x b  , (5) 

where 1 2( ; ; ; )dw w w w   is the normal vector and determines 

the direction of the hyperplane; b  is the displacement, which 
determines the distance between the hyperplane and the 
origin. Clearly, the partition hyperplane can be determined by 
the normal vector W  and the displacement B , and it is 
denoted as ( , )w b . The distance from any point x  in the 
sample space to the hyperplane can be expressed as 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2020.3034945, IEEE
Access

 

VOLUME XX, 2017 2 

| |

|| ||

Tw x b
r

w


 . (6) 

If the hyperplane ( , )w b  can correctly classify the training 
samples—that is, for ( , )i ix y D , if the equation 1iy    

holds—then 0Tw x b  . If 1iy   , then the equation 

0Tw x b   holds. This establishes equation (7). 

1, 1

1, 1

T
i i

T
i i

w x b y

w x b y

     


    
 (7) 

As shown in Figure 7, the equals sign of equation (7) is 
established by the training sample points closest to the 
hyperplane, which are called the "support vectors". The sum 
of the distances between two heterogeneous support vectors 
and the hyperplane can be expressed as: 

2

|| ||w
   (8) 

where   is called the margin. 
To find the partition hyperplane with the "maximum 

margin", the parameters W  and B  that satisfy the constraints 
in equation (7) should be found that make   maximal, 
namely: 

,

2
max

|| ||

. . ( ) 1, 1,2, ,

w b

T
i i

w

s t y w x b i m




    

. (9) 

Clearly, in order to maximize the margin, we only need to 
maximize 1|| ||w  , which is equivalent to minimizing 2|| ||w , 
so equation (9) can be rewritten as: 

2

,

1
min || ||

2
. . ( ) 1, 1,2, ,

w b

T
i i

w

s t y w x b i m




    

.   (10) 

Equation (9) is the basic model of an SVM. 

IV. ALGORITHM IMPLEMENTATION 
In the overall flow of the pin addressing method based on an 
SVM with the reliability constraint method, an important step 
is the generation of SVM-based models. 

A. SVM-BASED MODELS 
Figure 7 presents the flow of the training step in the SVM-
based electrode addressing method. In this flow, first, a 
compatibility graph is generated according to the electrode 
drive sequence, and a set of pin addressing solutions is 
randomly generated according to the compatibility graph. 
Then, the SVM features for each pin addressing solution are 
extracted as a part of the training set. When the SVM features 
for each pin addressing solution are extracted, the pin 
addressing solutions are labeled according to equation (11). 
We use equation (11) to evaluate the quality of each pin 
addressing solution. In addition, we classify the quality of the 
electrode pin addressing solutions into several levels. The 

training set is thereby obtained for the SVM classifier. 
Finally, we learn an SVM multiclass classifier based on the 
training set using the SVM kernel in [38]. 
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FIGURE 7.  The flow of the training step in the SVM-based electrode 
addressing method. 

 

B. FEATURE EXTRACTION 
Feature extraction is one of the most important steps in an 
approach based on machine learning. In this study, we use 
two pin assignment attributes as the feature vectors, the 
number of pins CP , and the variance of the number of 
electrode actuations D  to obtain a pin addressing solution.  

C. EVALUATION SCORE 
To deal with the pin-constraint problem of DMFBs, we use a 
feature CP . The feature CP  represents the number of control 
pins in a pin addressing solution. The smaller the value of 
CP  is, the higher the quality of the pin addressing solution of 
the chip. To deal with the reliability problem of DMFBs, we 
use a feature D . The feature D  presents the variance of the 
number of actuations of all the electrodes in a pin addressing 
solution. The smaller the value of variance D  is, the higher 
the reliability of the chip. The feature D  appears in the 
definition of a reliability problem, which is computed by 
equation (4). 
After the pin addressing stage, we define a function Score  to 
evaluate the quality of a pin addressing solution as follows:  

core=
R

S TE TC
CP D

 


 (11) 

where R  is a user-defined parameter, which is acquired 
through experiment and experience; the parameters TE  and 
TC  are used for normalization, the parameter TE  is the total 
number of electrodes for the benchmark, and the parameter 
TC  is the total area of a chip. 
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V. SIMULATION AND RESULTS 
The SVM algorithm was applied to the pin-constrained 
design of biochips as a protein assay representative, a 
multiplexed immunoassay, and the polymerase chain 
reaction (PCR) procedure in this paper. First, all of the 
experiments were mapped to a chip with 15 15  and 13 21  
electrode arrays by direct addressing for pin assignment, then 
the driver sequences of all electrodes were obtained. Then, 
according to the driving sequence of each electrode, the 
proposed SVM method was used to reduce the number of 
control pins and assess the reliability of the chip. Finally, we 
evaluated the proposed method for pin-constrained design by 
simulation for these bioassays. 

A. EXPERIMENTS 
(1) Protein analysis experiment 
We mapped the protein assay to the 13 21  array. Figure 8 
shows the operational sequence diagram of the protein 
analysis experiment. There were 103 operating nodes in total; 
the first node represented the sample droplet, operations 2 to 
40 represented the buffer droplets, operations 41 to 48 
represented the reagent droplets, operations 49 to 87 
represented the dilution operation, operations 88 to 95 
represented mixed operations, and operations 96 to 103 
represented the optical detection operation. 
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FIGURE 8.  Sequence diagram of the protein analysis experiment. 

 
(2) Multiplexed experiment 
We mapped the multiplexed experiment to the 15 15  array. 
The multiplexed experiment was composed of a glucose 
assay and a lactate assay based on colorimetric enzymatic 
reactions. The sequencing graph of the multiplexed 
experiment is shown in Figure 9. Two sample droplets and 
two reagent droplets are dispensed into the chip. They 

consisted of four pairs of droplets to be mixed, 1 1{ , }S R , 

1 2{ , }S R , 2 1{ , }S R , and 2 2{ , }S R . Finally, the analysis was 

completed by sequencing at the detection site. 
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FIGURE 9.  Schedule result for the multiplexed bioassay. 

 
(3) Polymerase Chain Reaction 
A PCR is a molecular biology technique used to amplify 
specific DNA fragments, which can be regarded as specific 
DNA replication in vitro. We also mapped the PCR to the 
15 15  array; the sequencing graph of the PCR is shown in 
Figure 10. These stages are used for rapid enzymatic 
amplification of specific DNA strands, and this process 
consists of seven mixed operations. The feasibility of 
performing droplet-based PCR on digital microfluidics-based 
biochips has been demonstrated. 
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FIGURE 10.  The schedule for the PCR assay. 

 

B. THE SIMULATION RESULTS 
To evaluate the performance of our methods, the simulation 
was implemented on MATLAB R2015a. Table I lists the 
experiment specifications, including the size of the chip, the 
number of electrodes, the time steps of the assay and the 
number of pin constraints. 
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TABLE I 
THE STATISTICS OF ALL EXPERIMENTS 

 
To verify the effectiveness of the proposed algorithm in 
reducing the numbers of pins and electrode actuations, this 
paper compares our experimental results with the baseline 
algorithm and the graph-based algorithm [27] in Table II. For 
the above three bioassays, we compare the electrode 
addressing results with the number of control pins (Np), the 
maximum number of electrode actuations (ACTm), and the 
CPU running time (CPU) for the three-pin addressing 
method. Table II shows the experimental results obtained 
from our proposed algorithm. Column 1 lists the three kinds 
of experiment: protein, multiplexed, and PCR. Columns 2, 3 
and 4 show the experimental results obtained by the baseline 
algorithm. Columns 5, 6 and 7 show the experimental results 
obtained by graph-based algorithm. Columns 8, 9 and 10 
show the experimental results of our study.  

TABLE II 
THE SIMULATION RESULTS OF DIFFERENT SIZE OF DMFBS 

 
Bench 
mark 

Baseline[34] graph-based[34] SVM 

Np ACT- 
max 

CPU 
(s) 

Np ACT- 
max 

CPU 
(s) 

Np ACT- 
max 

CPU 
(s) 

Multip 22 9 26.3 24 4 29.23 28 3 35.4 

PCR 28 8 23 30 6 92.55 32 5 106.8 

Protein 27 22 30.13 32 12 98.85 32 10 138.6 

average 25.6 13 26.5 28.7 7.33 73.5 30.67 6 93.6 

 
The experimental results are shown in Table II. The 

improvements in reducing the number of pins, the maximum 
number of electrode actuations and the CPU time are shown 
in the average rows. Although the CPU running time of the 
proposed algorithm is longer and the average number of 
control pins (Np) is greater than those of the baseline 
algorithm and the graph-based algorithm, the performance in 
terms of the maximum number of electrode actuations of the 
proposed algorithm is much better than those of the baseline 
algorithm and the graph-based algorithm. As shown in 
Columns 2-4, although the results of the baseline algorithm 
satisfy the design specifications, the experimental results of 
our proposed algorithm, shown in Columns 8-10, are much 
better than those of the baseline algorithm. The proposed 
algorithm can achieve an average maximum number of 
electrode actuations (ACTmax) that is 53.8% and 18.2% less 
than those of the baseline algorithm and the graph-based 
algorithm. The experimental results provide powerful 

evidence for the practicability of the SVM algorithm that was 
proposed in this paper. 
To further evaluate the reliability, the distribution of the 
electrode actuations in the three verification tests is shown 
in Figure 11. 

(a)

(b)

(c)  

FIGURE 11.  Distribution of the numbers of electrodes and electrode 
activations. (a) The baseline method; (b) the graph-based method; (c) 
ours. 

 

The distributions of the number of electrodes and electrode 
actuations of the baseline algorithm are shown in Figure 
11(a). For the baseline algorithm, a large number of 
electrodes are actuated many times; the maximum number 
of electrode actuations in the multiplex test, PCR, and DNA 

Benchmark Size Electrodes Time step Pmax 

Protein analysis 13*21 77 106 32 

Multiplexed 15*15 59 70 32 

PCR 15*15 62 20 32 
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preparation are nine, eight, and twenty-two, respectively, 
indicating that many electrodes suffer from a reliability 
problem. In addition, the distributions of the number of 
electrodes and electrode actuations for the graph-based 
algorithm are shown in Figure 11(b). The maximum 
number of electrode actuations for the multiplex test, PCR, 
and DNA preparation are four, six, and twelve, respectively. 
This is an improvement over the baseline algorithm, but the 
maximum number of electrode actuations in the tests is still 
high, indicating that many electrodes may still suffer from 
the reliability problem. On the other hand, the distribution 
of electrode actuations for the proposed algorithm is shown 
in Figure 11(c). The maximum number of electrode 
actuations in the multiplex test, PCR, and DNA preparation 
are three, five, and ten, respectively. Most electrodes are 
actuated a small number of times, indicating that the impact 
of the reliability problem can be controlled well by the 
proposed algorithm. 

The reliability of the chip is an important parameter for a 
biochip. Thus, the number of electrode actuations needs to 
be considered carefully in an efficient DMFB design 
process. To decrease the probability of electrode 
breakdown, we have to reduce the number of electrode 
actuations. Therefore, the main objective is the 
minimization of the number of actuations of all electrodes 
during the pin addressing process. Table II indicates that 
the proposed algorithm can minimize the number of 
activations of all electrodes during the pin addressing 
process and achieve an average distribution of activations 
for all electrodes. Figure 12 shows the addressing and wire 
routing result for the 15 15  array of the PCR chip with 62 
electrodes.  

 

FIGURE 12.  The addressing and wire routing result for the 15 15  
array of the PCR chip with 62 electrodes. 

 
The yellow grids around the chip represent control pins that 
can be wired, the red grid represents the electrodes used in 

the PCR experiment, and the red lines indicate wires 
between electrodes or between the electrodes and the 
external control pins. As shown in Figure 12, electrodes 
sharing a single control pin are successfully connected 
together and connected to the boundary control pins. 

VI. CONCLUSION 
This paper presented a novel pin addressing method based on 
an SVM with a reliability constraint method, which can fully 
consider electrode addressing and the reliability of the chip 
together. This study investigated the design parameters, such 
as the number of control pins, the maximum number of 
electrode actuations and the CPU running time, during the 
DMFB design process. Three experiments were used to 
evaluate the efficacy of the proposed method. The SVM 
algorithm was applied to the pin-constrained design of 
biochips for a protein assay representative, a multiplexed 
immunoassay, and the PCR procedure. The CPU running 
time of the proposed algorithm was longer and the average 
number of control pins was greater than those of the baseline 
algorithm and the graph-based algorithm. However, the 
performance in terms of the maximum number of electrode 
activations of the proposed algorithm is much better than that 
of the baseline algorithm and the graph-based algorithm. The 
proposed algorithm can achieve an average maximum 
number of electrode activations that is 53.8% and 18.2% less 
than those of the baseline algorithm and the graph-based 
algorithm, respectively, and the primary objective of DMFB 
design in this paper is achieved. The experimental results 
show that the proposed algorithm is much better than the 
baseline algorithm and graph-based algorithm and that the 
SVM algorithm can increase the reliability of chips. Most 
electrodes are actuated a small number of times, indicating 
that the impact of the reliability problem can be controlled 
well by the proposed algorithm. The good performance in 
terms of the simulation results provides powerful evidence 
for the practicability of the SVM algorithm proposed in this 
paper, and the simulation results are useful for the practical 
application of the algorithm in the future. Additionally, a real 
chip design method based on the SVM algorithm will be 
implemented on an actual microfluidic chip platform in the 
future. There are several important indicators that largely 
determine the performance of DMFBs, such as the overall 
chip cost, wire routing and routability. These objectives 
should also be optimized during the chip design process, 
which will be the main focus of future research. 
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