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ABSTRACT

This paper discusses the 3-dimensional (3D) electric field distributions on the surface and across the bulk volume of 
dielectrophoresis (DEP) electrodes. The importance of obtained high electric field is to ensure that biological particles 
will be able to separate even at low voltage potentials in order to avoid damage to the biological particles. Two 
electrodes - straight and castellated, were designed using the COMSOL Multiphysics Software Version 5.2 to compare the 
surface distribution and volume electric fields along the x, y and z axes. The results showed that castellated electrodes 
showcased higher electric fields for both the surface and volume factors along all axes. The maximum value of volume 
electric field results was 3.94×105 V/m along the x-axis, 3.80×105 V/m along the y-axis and 1.65×105 V/m along the z-axis. 
The maximum value of surface electric fields distributions was 3.39×105 V/m along the x-axis, 2.87×105 V/m along the 
y-axis and 1.14×105 V/m along the z-axis. Additionally, the uniformity of the electric field lines distribution from the 
COMSOL Multiphysics also indicated that castellated electrodes have a much higher uniformity. The experimental results 
showed that the castellated electrodes separated particles much faster at 69 s, as compared to straight electrodes at 
112 s. Henceforth, this has proven that castellated electrodes have a high electric field as it separates much faster as 
compared to straight electrodes.
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ABSTRAK

Kajian ini membincangkan aliran medan elektrik 3-dimensi (3D) pada permukaan dan isi padu elektrod dieletroforesis 
(DEP). Medan elektik begitu penting bagi memastikan sel zarah biologi mampu untuk dipisahkan walaupun pada 
voltan yang rendah bagi mengelakkan kerosakan pada sel zarah tersebut. Dua elektrod, lurus dan kekota direka bentuk 
menggunakan perisian COMSOL Multiphysics versi 5.2 bagi membandingkan taburan medan elektrik di permukaan 
elektrod dan isi padu elektrod pada paksi x, y dan z. Keputusan menunjukkan bahawa elektrod kekota mempunyai medan 
elektrik yang tertinggi pada kedua-dua medan elektrik permukaan dan medan elektrik isi padu. Keputusan pada medan 
elektrik berisi padu adalah bernilai 3.94×105 V/m pada paksi x, 3.80×105 V/m pada paksi y dan 1.65×105 V/m pada paksi 
z, manakala keputusan pada medan elektrik permukaan adalah 3.39×105 V/m pada paksi x, 2.87×105 V/m paksi y dan 

1.14×105 V/m pada paksi z. Tambahan pula, keputusan COMSOL Multiphysic juga menjelaskan keseragaman medan 
elektrik pada elektrod kekota adalah lebih tinggi. Keputusan menunjukkan elektrod kekota berjaya mengasingkan zarah 
dengan lebih cepat iaitu pada 69 s berbanding elektrod lurus pada 112 s. Oleh yang demikian, ini telah membuktikan 
bahawa elektrod kekota mempunyai daya medan elektrik yang tinggi setelah ia berjaya memisahkan sampel sel zarah 
tersebut lebih laju daripada elektrod lurus.

Kata kunci: DEP; dielektroforesis; elektrod kekota; elektrod lurus; medan elektrik; zarah biologi

INTRODUCTION

For decades, dielectrophoresis (DEP) has been widely 
used in clinical analysis, across many research areas, for 
medical treatment, and drug development. In fact, DEP is 
well known to be used for separation (Rabiatul et al. 2018), 
manipulations (Tada et al. 2018), transportation (Ismail et 
al. 2017), cell sorting and trapping (Qian et al. 2014) and 
handling biological particles (Díaz & Payen 2013; Morgan 
et al. 1999). On the other hand, previous literature works 
by Buyong et al. (2016) elucidated that it was possible to 
use DEP as artificial kidney membranes. The separation of 

particles occurs when the particles respond toward different 
frequencies when an alternating current (AC) is applied. 
Examples of biological particles that can be separated are 
stem cells (Pethig et al. 2010), red blood cells (Yunus et al. 
2017), proteins (Seyedi & Matyushov 2018), DNA (Nakano 
et al. 2011), yeast cells (Çetin et al. 2009), breast cancer 
cells (Becker et al. 1995), bacteria (Pethig 2010; Stevens 
& Jaykus 2004), and platelets (Piacentini et al. 2011a).
	 Research by Qian et al. (2014) has shown that DEP is 
a much more practical solution for use in the separation of 
cells due to a high electric field. Table 1 shows five methods 
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and comparisons which are controllability, operation, 
efficiency, cost and resulting damage for the separation 
cells. As for controllability, Table 1 shows that all, except 
the microfluidic method has a strong controllability, 
while the operation factor is hard for three methods, 
with the exception of the electric fields and microfluidic 
methods. Moreover, the efficiency of the electric fields and 
microfluidics methods were rated high, and they are low in 
cost, while the other methods are high in cost and low in 
efficiency. However, the electric fields method displayed 
slight damage, while the microfluidic method had little 
damage. Therefore, electric fields are a better method to 
use as it is easy to handle, takes on low damage impact 
and is much cheaper, as shown in Table 1. 
	 Moreover, in previous research works, castellated 
electrodes and interdigitated castellated electrodes have 
been frequently used to test living cells such as blood cells 
(Becker et al. 1995; Piacentini et al. 2011a; Yang et al. 
2000). All three studies (Becker et al. 1995; Piacentini et 
al. 2011b; Yang et al. 2000) used glass substrates in their 
research. In Becker et al. (1995), whole blood cells were 
separated from cancer cells by using electrodes made with 
gold, while Yang et al. (2000) used human leukocytes to 
separate the major mixture of human white blood cells. 
Additionally, for Piacentini et al. (2011b), platinum 
electrodes were used to separate platelets and red blood 
cells. Nevertheless, in this research, two electrodes were 
designed, namely castellated and straight. The electrodes 
were designed with membranes in between them. The aim 
of this research was to separate biological particles from 
the membranes for use as an artificial kidney. It has been 
noted in a previous research work by (Burham et al. 2014a, 
2014b) that the silicon membranes had some flaws as the 
biological particles tend to clog. Therefore, application of 
dielectrophoresis will be used to improve and separate the 
biological particles. Thus, both electrodes were compared 
to find better distribution and high electric fields using 
the COMSOL Multyphysics Software for the separation of 
biological cells for the artificial kidney membranes. In the 
later stages, both electrodes were fabricated and tested 
using red blood cells. 

THEORY OF DIELECTROPHORESIS (DEP)

Dielectrophoresis refers to the movement of particles in 
a non-uniform electric field due to a time variation (AC) 
(Buyong et al. 2014b; Yunus et al. 2017). Dielectrophoresis 
depends strictly on the particle shape and size, the 

frequency of the electric field, the medium and the 
particle’s electrical properties. Dielectric particles behave 
as an effective dipole with dipole moment ρ, proportional 
to the electric field E (Buyong et al. 2014b):

	 ρ α E	 (1)

	 The proportional constant depends on the geometry 
of the dielectric particle. In the presence of an electric 
field gradient, the force on a dipole can be represented as 
(Buyong et al. 2014b):

	 F = (ρ . d ) E 	 (2)

where ρ is the constant of a dipole moment vector; d is 
del vector; and E is the external electric field. When the 
two equations are combined, (FDEP) acts as a homogenous 
particle suspended in an electric field gradient given by 
(Buyong et al. 2014b):

	 FDEP = 2πεmedium R
3 CMF (dE2)		  (3)

where dE is the gradient of the rms electric field; r is 
the radius of particle; and εm is the permittivity of the 
suspending medium. The defining component in the 
dielectrophoresis reaction is the Clausius-Mossotti factor 
(CMF) which is written as (Buyong et al. 2014a):

	 CMF = (εparticle –εmedium)/ (εparticle – 2εmedium)		  (4)

εmedium and εparticle represent the complex permittivity of the 
particles for the medium and cells, respectively (Buyong 
et al. 2014a).

MATERIALS AND METHODS

COMSOL MULTIPHYSICS SOFTWARE

The COMSOL Multiphysics software version 5.2 was used 
in this research to determine the distribution of the electric 
field. The AC/DC electric fields module was selected in this 
study (Marsi et al. 2014). The electrodes were designed 
using a 3D model in order to find the maximum and 
minimum values of the electric fields and electric field 
line distributions from the surface and volume of the 
electrodes. The study was carried out at a frequency of 500 
kHz with a 10V potential for both electrodes. A frequency 
of 500 kHz was used in this study due to the response of 

TABLE 1. Comparison of particle control methods. Adapted from Qian et al. (2014)

Methods Controllability Operation Efficiency Cost Damage
Optical
Microfluidic
Mechanical
Magnetic
Electric fields

Strong
Weak
Strong
Strong
Strong

Hard
Easy
Hard
Hard
Easy

Low
High 
Low
Low
High

High
Low
Low
Low
Low

Slight
Little
Large
Slight
Slight
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the particles which were attracted to the electrodes at this 
frequency. This resulted in the particles movements which 
were separated from the membranes. Materials such as 
aluminum (Al), silicon (Si), and silicon nitride (SiN3) were 
identified in this study as well. 

DESIGN OF ELECTRODES

There are two types of electrodes; castellated (Abidin et al. 
2013) and straight. Both electrodes are made of aluminum 
and deposited with silicon membranes etched in between 
them. Silicon nitride is used as a passivation layer to 
prevent contact between the aluminum electrodes and the 
silicon membranes. Figure 1(a), 1(b) and 1(c) shows the 
design of the electrodes using the simulation software.

STRAIGHT ELECTRODES

Straight electrodes are the simplest of known electrode 
designs. Straight electrodes have been used for many 
years, but in this research the electrodes were improved 
by adding membranes in the center of the electrodes for 
use in the artificial kidney membrane application. Figure 
1(b) shows the magnified image of the straight electrode 
design.

CASTELLATED ELECTRODES

The design of castellated electrodes is quite similar to that 
of the straight electrodes. The differences between the two 

designs are the additions of some finger electrodes for the 
castellated electrodes. Figure 1(c) shows an image of the 
castellated electrode design.

FABRICATIONS

Electrodes were made using a 4-inch silicon wafer (Marsi 
et al. 2014) that had been deposited with silicon nitride 
on the top and bottom sides of the wafer. The fabrications 
steps were divided into two parts; silicon membranes and 
electrodes. 

FABRICATION OF SILICON MEMBRANES

Figure 2(a), 2(b), and 2(c) shows the fabrication steps of 
the silicon membranes. Photolithography was carried out 
using a positive resist to form a pattern of the intended 
membranes. Subsequently, the silicon nitride was etched 
away using a buffer oxide etching (BOE) solution to open 
the window for the membranes (Burham et al. 2015; 
Hamzah et al. 2013). 

FABRICATION OF ELECTRODES

Figure 2(c) and 2(d) shows the second part of fabrication 
step. Photolithography was performed to pattern the 
electrode’s design. Aluminum was deposited (Mmm et 
al. 2018) on the top of the silicon nitride (Hamzah et 
al. 2008; Yunas et al. 2009). A lift off step was carried 

FIGURE 1. a) Design of electrodes using the COMSOL Multiphysics Software 5.2, b) The magnified image for 
straight electrodes, and c) The magnified image for castellated electrodes
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FIGURE 2. a) silicon wafer, b) pattern of window membranes are exposed to uv light, c) BOE of nitride to open the window of 
membranes, d) metal was deposited on top of the silicon nitride, e) lift off process took place to form 

the electrodes patterned, and f) Setup of experiment. Adapted from: (Yunus et al. 2018)
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out to remove any unwanted metal and finally form 
the required design of the electrodes. Lastly, annealing 
process (Shamsudin et al. 2018) was done to improve the 
structure of aluminums. 

SETUP OF EXPERIMENTS

The electrodes were put under a microscope and a drop 
of blood was placed on the electrode. The electrodes 
were then connected to the AC function generator at 10V 
with a frequency of 500 kHz as the particles started to 
respond toward the electric field. The time taken for the 
particles to respond until they cleared the membrane was 
measured. An illustration of experiment setup is shown 
in Figure 2(f).

RESULTS AND DISCUSSION

ELECTRIC FIELDS

The simulations result of the electric fields for both 
castellated and straight electrodes will be discussed in this 
section. The results have been separated into three parts; 
the surface of electric field, electric field line distributions 
and volume of the electric field. Additionally, electric 
fields were studied along the x-axis, y-axis and z-axis 
in order to determine the best electrodes for use as an 
artificial kidney. 

MAXIMUM AND MINIMUM VALUES OF VOLUME ELECTRIC 
FIELD AT X, Y AND Z AXES FOR STRAIGHT ELECTRODES 

AND CASTELLATED ELECTRODES

Figure 3 shows the results of the maximum and minimum 
volumes of the electric fields across all three axes. Figure 
3(a) and 3(b) shows the results from the x-axis. The 
maximum value of the electric field is shown at the edge of 
the straight electrodes at a value of 2.14×105 V/m, while the 
minimum value was recorded at -2.18×105 V/m, as shown 
in Figure 3(a). On the other hand, Figure 3(b) shows that 
the maximum value of the electric field for the castellated 
electrode along the x-axis was at 3.94×105 V/m, while the 
minimum value was at -3.95×105 V/m. 
	 The results along the y-axis are as shown in Figure 3(c) 
and 3(d). The simulation results showed that the volume of 
the electric fields are highest at 1.36×105 V/m and lowest at 
-2.18×105 V/m. Furthermore, the maximum and minimum 
electric fields for the castellated electrodes are as shown in 
Figure 3(d). The results dictate that the maximum values 
are at 3.80×105 V/m while the minimum recorded value 
was at -4.40×105 V/m.
	 Lastly, Figure 3(e) and 3(f) depicts the results from the 
z-axis. The straight electrode results are shown in Figure 
3(e). The volume of the electric field along the z-axis has 
a maximum at 8.96×104 V/m and a minimum at -7.26×104 

V/m. The maximum and minimum values of the volume 
electric field using the castellated electrodes are as shown 
in Figure 3(f). The maximum recorded value was 1.65×105 

V/m, and the minimum value was -1.79×105 V/m. 
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FIGURE 3. a) Maximum and minimum value of volume electric field at x-axis for straight electrodes, b) Maximum and minimum value of volume 
electric field at x-axis for castellated electrodes, c) Maximum and minimum value of volume electric field at y-axis for straight electrodes, 
d) Maximum and minimum value of volume electric field at y-axis for castellated electrodes, e) Maximum and minimum value of volume 
electric field at z-axis for straight electrodes, and f) Maximum and minimum value of volume electric field at z-axis for castellated electrodes
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	 Thus, in this section, it is shown that the castellated 
electrodes have a much higher electric field along all three 
axes. 

ELECTRIC FIELD LINES DISTRIBUTIONS AT X, Y AND Z AXES 
FOR STRAIGHT AND CASTELLATED ELECTRODES

The electric field lines of the straight and castellated 
electrodes were compared along the x, y and z axes as 
shown in Figure 4. Color scales depict that the higher 
electric fields will show a much brighter colors, while 
lower electric fields are shown as faded colors. The results 
are discussed as follows.
	 The results in Figure 4 shows that the castellated 
electrodes along all three axes have a much brighter color 
of electric field lines, thus, it indicates that the castellated 
electrodes have a higher electric field. The electric fields 
across the castellated electrodes are strongest at the edges 
of the electrode fingers as shown in Figure 4(b), 4(d), and 
4(f). On the other hand, the straight electrodes showed 
that the electric field distribution lines were brighter at 
the edges of the silicon membranes, as shown in Figure 
4(a), 4(c), and 4(e). The results along the z-axis for both 

the castellated and straight electrodes are seen to be the 
weakest as compared to the other two axes. However, the 
castellated electrodes were seen to have much better results 
as all three axes showed much better electric field lines.

MAXIMUM AND MINIMUM VALUES OF SURFACE ELECTRIC 
FIELD DISTRIBUTION AT X, Y AND Z AXIS FOR STRAIGHT 

AND CASTELLATED ELECTRODES

Figure 5 illustrates the comparisons between the straight 
and castellated electrodes for the surface electric field 
distributions along the x, y and z axes. Maximum and 
minimum values and electric fields distribution uniformity 
were compared to find the best electric field between the 
two electrodes. 
	 Figure 5(a) examines the results from the x-axis for 
the straight electrodes, while Figure 5(b) depicts the results 
of the castellated electrodes. The maximum value for the 
straight electrode was recorded at 1.86×105 V/m, while the 
minimum recorded value was 1.76×105 V/m. The results 
showed that the castellated electrodes have a maximum 
value of 3.39×105 V/m and a minimum value of -3.39×105 
V/m for the electric fields. 

 FIGURE 4. a) Volume electric field distribution lines at x-axis for straight electrodes, b) Volume electric field distribution 
lines at x-axis for castellated electrodes, c) Volume electric field distribution lines at y-axis for straight electrodes, d) 
Volume electric field distribution lines at y-axis for castellated electrodes, e) Volume electric field distribution lines at 

z-axis for straight electrodes, and f) Volume electric field distribution lines at z-axis for castellated electrodes
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	 Figure 5(c) and 5(d) showcases the results from 
the y-axis. The maximum electric field for the straight 
electrodes was at 1.27×105 V/m while the minimum was 
at -2.12×105 V/m. The maximum electric field was at 
2.87×105 V/m and the minimum value was at -2.86×105 
V/m for the castellated electrode. 
	 The results across the z-axis is shown in Figure 5(e) 
and 5(f) for the straight electrode, of which the maximum 
recorded value was at 6.88×104 V/m and the minimum 
value was at -4.71×104 V/m. The maximum value for 
the castellated electrode was at 1.14×105 V/m and the 
minimum was at -1.12×105 V/m. 
	 The castellated electrode shows a much better 
distribution across all three axes, as shown in Figure 5(b), 
5(d) and 5(f). The electric field distributions strength is 
shown to be much stronger for the castellated electrodes 
as the amount of orange shades were brighter and had a 

much more stable and uniform distribution as compared 
to the straight electrode in Figure 5(a), 5(c) and 5(e). 
	 Based on the results shown for the maximum and 
minimum values of the surface electric fields, volume 
electric fields and electric field lines distributions, the 
castellated electrodes have a much higher electric field 
along all 3 axes. Despite the fact that at the z-axis the 
electric field is less uniform, it still had a much higher 
electric field compared to that of the straight electrode. A 
summarization of the results is shown in Table 2.
	 It also has been noted that the electric fields strength, 
electric field line and electric fields distributions are 
dependent on the distance between the electrodes. The 
closer the distance between the electrodes, the stronger the 
electric field strength that will produced. Hence, stronger 
electric field strength, higher electric field lines and more 
uniform of electric field distributions will be achieved. 

FIGURE 5. a) Surface electric field distribution at x-axis for straight electrodes, b) Surface electric field distribution at x-axis for 
castellated electrodes, c) Surface electric distribution lines at y-axis for straight electrodes, d) Surface electric field distribution at 

y-axis for castellated electrodes, e) Surface electric field distribution at z-axis for straight electrodes, 
and f) Surface electric field distribution at z-axis for castellated electrodes
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Equation 5 shows the connection between the distance of 
the electrodes and the electric field,

	 E = F / q	 (5)

where E is the electric field strength; F is the force; and q 
is the charge. E is proportional to to force and inversely 
proportional to q. When a potential is supplied toward the 
electrodes, two charges are produced,

	 F = k q Q / d2	  (6)

where k is the constant; Q is the source charge; q is the 
test charge; and d is the separation distance. Equations 5 
and 6 were combined to form (7), 

	 E = k Q / d2 		  (7)

where E is inversely proportional to d; of which Q is the 
charge; k is the constant and d is the separation distance. 
Accordingly, the straight and castellated electrodes were 
designed to have fingers which had a distance between 
electrodes which were much closer, as compared to those 
of the straight electrodes. Thus, the castellated had resulted 
in a much higher values of the electric field, stronger 
presence of the electric field and uniform electric field 
distributions lines. 

TESTING

The electrodes were compared using experiment set ups 
to prove that the castellated electrodes were much more 

effective than the straight electrodes for cell separations. 
Figure 6 shows the results and discussions with regards to 
the types of electrodes used in the experiments. 
	 Both electrodes were tested using red blood cells 
as particles. The results showed that for the straight 
electrodes, the particles moved toward the right and left 
of the electrodes, as the simulation results indicated a high 
electric field on the left and right side of electrodes. On 
the other hand, for the castellated electrodes, the particles 
moved slowly towards the high electric field, toward 
the edge of the electrode’s fingers. As the electric fields 
generates 10 V at a frequency of 500 kHz, particles near 
the straight electrode started to react towards the electric 
field and slowly moved toward the electrodes. At 112 s, 
the silicon membranes started to clear. On the other hand, 
particles near the castellated electrodes reacted to the 
electric field and cleared the membranes at 69 s. Particles 
were measured three times and the average time was 
calculated. Table 3 shows the average time taken of the 
particles to clear the membranes. 
	 The experiment section and Figure 2(f) explain how 
the particles was introduced as well as the experiment set 
up. At 500 kHz, the particles responded to the positive DEP, 
which is why the particles are moved toward the electrodes. 
Referring to (1), the particles are likely dependent on the 
frequency and electric field, therefore, different frequencies 
will result in a different DEP movement. It has been proven 
that by using castellated electrodes, the membranes 
seperated much faster due to the high electric field, strong 
magnitude of electric field and uniform electric field lines 
distributions influence as shown through the simulation 
results.

TABLE 2. Summarize results of volume and surface electric fields

Types of electrodes

 Value of electric field
Castellated Straight

Volume E-field distribution x-axis 
(V/m)

Maximum electric field
Minimum electric field

3.94×105

-3.95×105
2.14×105

-2.18×105

Surface E-field distribution x-axis 
(V/m)

Maximum electric field
Minimum electric field

3.39×105

-3.39×105
1.86×105

-1.76×105

Surface electric field uniformity 
x-axis Uniformity Very uniform Uniform

Volume E-field distribution y-axis 
(V/m)

Maximum electric field
Minimum electric field

3.80×105

-4.40×105
1.36×105

-2.18×105

Surface E-field Distribution y-axis 
(V/m)

Maximum electric field
Minimum electric field

2.87×105

-2.86×105
1.27×105

-2.12×105

Surface electric field uniformity 
y-axis Uniformity Uniform Less uniform

Volume E-field distribution z-axis 
(V/m)

Maximum electric field
Minimum electric field

1.65×105

-1.79×105
0.89×105

-0.73×105

Surface E-field distribution z-axis 
(V/m)

Maximum electric field
Minimum electric field

1.14×105

-1.12×105
0.69×105

-0.47×105

Surface electric field uniformity 
z-axis Uniformity Less uniform Non-uniform
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CONCLUSION

Castellated electrodes have a higher electric field along 
the x, y and z axes. However, along the y-axis, the 
electric field lines distributions were less uniform than 
the z-axis. The uniformity of the z-axis on castellated 
electrodes is much more preferable compared to that of 
the straight electrodes. The results showcased stronger 
electric fields, as the experimental results also proved 
that the castellated electrodes have higher electric fields 
causing the particles to move faster and to separate faster 
as well. The results from Wang et al. (1997) shown that 
particles tend to trapped at the edge of electrodes due 
to high electric field at the edge of electrodes. Besides 
that, Markx (2007) represented results that forces tends 
to get high when the electric field intensities are high. 
In order to obtain high electric field, the distances 
between electrodes are nearer as in (5)-(7). Therefore, 
the castellated electrodes contain fingers that makes the 
edges nearer compared to the straight electrodes, thus, 
the particles are reacted to the electric field move faster 
compared to the straight electrodes. Based on the results, 
it’s shown that the castellated electrodes are much more 
preferable than the straight electrodes. The results from 
the simulations and experiments are strong to indicators 
that the castellated electrode is the best candidate to be 
used in artificial kidney applications. 
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