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Abstract. Insulator-based dielectrophoresis is a recently developed technique in which
insulating posts are used to produce non-uniformity in the electric �eld in a microchannel.
This study presents the e�ects of insulating posts' geometry and arrangement on the
trapping e�ciency of red blood cells in an alternating current-insulator-based dielec-
trophoresis system. Microchannels containing square, circular, and diamond-shaped posts
with particles under the inuence of positive dielectrophoresis force and uid ow were
considered in this study. The �nite element method was used to compute the velocity
of the ow and electric �eld. The numerical method was veri�ed by comparing the
numerical results with experimental data. Two distinct criteria for examining particle
trapping for distinct shapes and arrangements of insulating posts were introduced. Particle
tracing simulation was implemented to observe particle trapping and compare the trapping
performance of systems with distinct posts. As shown in the results for the system with
circular and square posts, insulators should be narrowed to improve particle trapping, while
the diamond post should be widened to increase the trapping e�ciency. In addition, the
particle tracking results showed that the microchannel with square posts was more e�cient
in particle trapping.
© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Dielectrophoresis (DEP) is one of the most commonly
used techniques for manipulating microparticles, cells,
viruses, DNA, and other components in microuidic
devices. DEP microuidic devices are employed for
trapping, isolating, classifying, and identifying micro
and nanoparticles [1{4]. Trapping and isolation of
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bioparticles is an important part of many processes
in biological and biomedical applications. DEP is
described as the electrokinetic motion of a particle
caused by polarization e�ects in the presence of non-
uniform electric �elds [5{7]. The response of particles
to DEP force is dependent on the physical and electri-
cal properties of the particle and surrounding media,
particle volume, and the spatial gradient of the square
of the electric �eld and the frequency [8{11].

In conventional techniques, an interdigitated elec-
trode array, through which the sample uid passes
to generate Alternating Current (AC) electric �elds,
is employed [12{14]. This non-uniform electric �eld
produces DEP force in the microchip. This DEP tech-
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nique is utilized in the manipulation, separation, and
enrichment of bioparticles [1,15,16]; however, electrode
fouling, bubble formation (caused by electrolysis), and
delamination are the drawbacks of this method [17].
Insulator-based Dielectrophoresis (iDEP) is an alter-
native approach to concentrating and trapping bio-
particles with embedding insulating obstacle between
two electrodes [18]. In the iDEP technique, the non-
uniform electric �eld can be produced with alternat-
ing (AC) and Direct Current (DC) potentials. In
DC-iDEP, two external electrodes are placed at the
reservoirs of the microchip. In microchips based on
DC-iDEP, the particles are under the inuence of
the combination of electrophoresis, electroosmosis, and
DEP [19{22]. Hernandez et al. [23] illustrated the sep-
aration of E. coli and yeast cells by introducing a DC-
iDEP microuidic device that contains a microchannel
with cylindrical insulating posts. In this paper, the
e�ects of dielectric properties of di�erent cells and
media were considered to predict the behavior of cells
in the microchannel.

Microchannel geometry has signi�cant impacts on
the gradient of an electric �eld that, in turn, inuences
particle trapping [24,25]. The authors found that the
geometry of an insulating post with sharper angles
required lower applied voltage to trap the particle.
The e�ects of the insulating post geometry and ma-
terial on the distortion of the electric �eld using the
multipole expansion method were studied by Pesch
et al. [26]. This paper investigated the inuence of
the sharpness of the post's edge on particle trapping
e�ciency. Lalonde et al. [27] investigated the e�ect of
circular and diamond-shaped insulating structures on
bioparticle trapping of a DC-iDEP microuidic device.
They studied the e�ect of various insulator posts on
the gradient square of an electric �eld to reach high
trapping e�ciency. Mohammadi et al. [28] optimized
circular insulating post spaces to minimize the required
voltage for the particle trapping in a DC-iDEP micro-
device. This optimization can be utilized for high
trapping e�ciency and reduce the inuence of Joule
heating on bioparticles.

In addition to negative DEP employed in most of
the studies, positive dielectrophoresis (pDEP) can be
utilized to manipulate bioparticles. pDEP systems deal
with AC voltage depending on hydrodynamic pumps
to trap bioparticles [29{32]. In these systems, particles
are trapped on the surface of the insulating posts at
the maximum gradient squared of electric �eld regions.
Sano et al. [33] introduced a novel microuidic device
for manipulating bioparticles with a combination of
contactless dielectrophoresis (cDEP) and EK pumping,
containing insulator obstacles for trapping and enrich-
ment applications. They manipulated bioparticles at
relatively lower applied electric potential using AC-
iDEP and EK pumping. AC electric �eld allows adjust-

ing the dielectrophoretic response of particles by chang-
ing the frequency of the applied AC voltage [34{36].
The traditional insulator-based DEP requires higher
applied electric potential than those based on AC-
iDEP [37]. Consequently, the main drawback of tra-
ditional iDEP is the joule heating increment inside the
microchannel due to a relatively high applied voltage.

In this study, the e�ect of insulating posts' ar-
rangement and geometry on the particle trapping e�-
ciency of an iDEP system was investigated. Red blood
cells were considered as particles in a microchannel
containing circular, diamond, and square insulating
posts. Unlike studies in the literature, the particles
in this study are inuenced by ow velocity and pDEP
force. In order to compute the velocity of the ow and
electric �eld, the �nite element method was employed.
By comparing the experimental data from the study of
Demierre et al [38] with numerical results, the proposed
numerical simulation was validated. Trapping capacity
and the force ratio of the perpendicular to longitudinal
components were introduced as the trapping criteria of
particles. The optimum shape and arrangements of the
insulating post were captured by probing the trapping
capacity and force ratio for a range of geometrical
parameters of insulators. Finally, particle trapping was
investigated by the particle tracing method, and the
particle trapping e�ciency of systems with di�erent
posts was compared.

2. Governing equation

2.1. DEP force
DEP force is described as a force that is applied to a
dielectric particle in a non-uniform electric �eld. We
can de�ne DEP force exerted on a spherical particle as
follows [39]:

FDEP = 2�"mR3Re [fCM ]rjEj2 ; (1)

where "m is the permittivity of the medium, R is the
radius of the particle, E represents the electric �eld, Re
denotes the real part, and fCM is the Clausius-Mossotti
factor, which can be stated as follows:

fCM =
"�p � "�m
"�p + 2"�m

; (2)

where "�p and "�m correspond to the particle and medium
complex permittivity, respectively. The complex per-
mittivity is given as follows:

"� = "� j �
!
; (3)

where " is the permittivity, j is the imaginary unit, � is
the conductivity, and ! is the angular frequency. Many
of the biological cells can be described as a single shell.
In order to estimate the permittivity of these particles,
the following equation was used [29]:
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where "�mem and "�i demonstrate the membrane and
cytoplasm complex permittivity. Moreover, Ro and Ri
are the outer and inner radii of the shell, respectively.

2.2. Hydrodynamic friction (Stokes drag force)
A particle in a ow is a�ected by the uid velocity,
which can be described by the hydrodynamic drag
force. For a spherical particle, the hydrodynamic drag
force is de�ned as follows [29,36]:

fdrag = 6�R� (up � uf ) ; (5)

where up and uf are the velocity of the particle and
medium, respectively, � is the dynamic viscosity of the
medium, and R is the particle radius.

Figure 1(a) gives a schematic view of a particle in
a microchannel with circular insulating posts along the
ow streamlines. In addition, the two forces exerted
on the particle are shown in Figure 1(b). The direction
of DEP force and hydrodynamic drag force depends
on the electric �eld and ow streamlines, respectively.
The velocity, which is induced on the particle, can
be computed by a balance between DEP force and
hydrodynamic drag force [29,36]:

~up = ~uf � �deprE2; (6)

where �dep is the dielectrophoretic mobility and can be
calculated as follows:

�dep =
R2

3�
"mRe (fCM ) : (7)

Trapping of particles occurs when DEP force
overcomes the hydrodynamic drag force in the ow

direction. This can be stated as follows:

�dep =
R2

3�
"mRe (fCM ) : (8)

Hence, the trapping criterion can be de�ned as follows:

�deprE2

~uf � ~uf � ~uf � 1: (9)

3. Development of numerical simulation

3.1. Computational domain
In this study, a microchannel containing arrays of
distinctly shaped insulation posts is considered. Fig-
ure 2(a) presents one of the computational domains,
which was employed in the current simulations. The
width and length of the microchannel are constant and
equal to 0.75 and 3.5 mm, respectively, and the system
contains just one inlet and one outlet for the uid
ow. Figure 2(b) depicts the con�guration of three
shaped insulation posts, considered in this study. In
order to study the e�ects of the posts' arrangement
on the particle trapping e�ciency, three geometrical
parameters were considered. a=b represents the ratio
of posts' length with respect to their width, bs is the
perpendicular distance of the posts, and as denotes
their longitudinal distance.

3.2. Computation of governing equations
In this study, water was considered as the medium and,
to con�gure particle speci�cations, the characteristics
of red blood cells were implemented. Tables 1 and 2

Table 1. Medium characteristics.

�m �m �m "m
103 kg/m3 1 mPa.s 55 ms/m 80

Figure 1. (a) Schematic diagram of the particle in a microchannel with circular insulating posts. (b) The forces exerted
on the particle in the system.
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Figure 2. (a) Schematic representation of one of the computational domains. (b) Con�guration of three shaped insulation
posts besides three geometrical parameters considered in this study.

Table 2. Particle characteristics.

�p ro ri �i "i �mem "mem
1050 kg/m3 4 �m 3.91 �m 0.31 s/m 59 10�6 s/m 4.44

present the medium and particle characteristics, which
are employed in this study.

The inlet boundary condition was set as fully
developed inow with a peak velocity of 100 �m/s. The
ambient pressure was speci�ed for the outlet boundary
condition. The electrodes induced the electric �eld
to the system with Vpp = 20 V and an angular
frequency of 2 MHz. Considering medium and particle
characteristics and angular frequency, the Clausius-
Mossotti factor is positive. Hence, the particles are
inuenced by positive dielectrophoretic force (pDEP).
In order to calculate the governing equations, Finite
Element Method (FEM) was used. For discretization of
velocity and electric potential, quadratic interpolation
and, for the pressure, linear interpolation were used.

3.3. Particle tracing method
Particle tracing method was used to compare the
trapping e�ciency of optimal insulating post shapes
with other cases. Particle path can be determined
based on the second law of Newton:

F (t) = m
d2r
dt2

; (10)

where F is the combination of all forces exerted on the

particle, m is the particle mass, and r is the particle
position. An iterative approach was used to compute
this Ordinary Di�erential Equation (ODE):

rn+1 = 0:5
Fn
m
dt2 + vndt+ rn; (11)

where rn and rn+1 represent the position of the particle
in previous and present time steps, Fn denotes the
combination of forces, and vn is the velocity of the
particle that can be computed as follows:

vn =
(rn � rn�1)

dt
; (12)

where rn�1 is the position of the particle in two
previous time steps. Combining Eqs. (11) and (12), we
are able to describe the iterative method for particle
tracing as follows [40]:

rn+1 = 2rn � rn�1 + 0:5
Fn
m
dt2: (13)

In particle tracing simulation, the freeze boundary
condition at walls is considered since the particles stick
to the insulators in reality.
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Figure 3. Independency of rjEj2 results with respect to
the number of elements in Section A-A.

3.4. Mesh generations
For mesh generations, this study implemented trian-
gular elements to enable complex geometry discretiza-
tion. Due to the unstructured grid, grids with great
exibility around the posts were generated. For mesh
independency studies, the rjEj2 pro�le in Section A-A
(Figure 1(a)) was considered. As shown in Figure 3, the
mesh re�nement from 2:3�103 and 1:1�104 elements to
5:8 � 104 elements alters the rjEj2 pro�le. However,
the use of a �ner mesh with 1:2 � 105 elements does
not change the velocity pro�le. Thus, the latter mesh
is used for the computational results, presented in this
paper.

4. Results and discussion

4.1. Validation of numerical code
In order to validate the FEM solver, the study of
Demierre et al. [38] was employed. In this study,
focusing of particles using DEP force was studied. The
ratio of stream width of particles was measured with
respect to channel width at the outlet for distinct ow
velocities analytically and experimentally. Figure 4
depicts the computational domain of this study in

Figure 4. Schematic diagram of the computational
domain for FEM solver validation. The highlighted section
illustrates the particle's trajectory.

Figure 5. Schematic diagram of the computational
domain for FEM solver validation.

addition to particles trajectory, which is illustrated by
a highlighted section. Electric potentials V1 and V2
were applied identically with � phase shift.

Figure 5 shows the comparison of numerical re-
sults and analytical and experimental data of Demierre
et al. [35] in 2 distinct Electric potentials. Figure 5
shows good agreement between the FEM solver results
and data of Demierre et al. [35], validating our numer-
ical simulation.

4.2. Velocity and rE2 distribution
Velocity of the ow has signi�cant e�ects on the
trapping capacity of the particles. Figure 6 depicts
the velocity of the ow distribution in the vicinity of
distinct posts. The insulating posts in all three arrays
share identical geometrical parameters. Diameter or
width, length, and perpendicular and longitudinal
distance of posts were set at 100, 100, 20, and 40
�m, respectively. Since the cross-sectional area of the
channel is the least between the posts, the maximum
velocity occurs in this area in the three cases. The
ow path around the square posts is more con�ned
than that around the other two posts; hence, the
velocity of the ow around the square post is higher
than that around the circular and diamond posts. In
addition, the area in which the maximum velocity
occurs is further extended in the microchannel with
square posts. In areas with low ow velocity, the
time in which DEP force is exerted on the particles
is longer since the particles take a longer time to
cross the channel in these sections. Consequently, in
channels with lower speed, the deviation of particles is
the greatest.

The square of the electric �eld gradient (rE2)
distribution is considerably inuenced by the shape of
the posts. Figure 7 illustrates the distribution of rE2

around the circular, diamond, and square insulating
posts. High magnitude of rE2 in a small area may
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Figure 6. Velocity of the ow distribution in the microchannels with (a) circular, (b) diamond, and (c) square insulating
posts.

Figure 7. Distribution of rE2 in the microchannels with (a) circular, (b) diamond, and (c) square insulating posts.

not generate e�cient particle movement. Thus, both
of size and value of the area with a high magnitude
of rE2 are important for study. The maximum rE2

occurs at angled points in microchannels with diamond
and square posts, and the magnitude of rE2 alters
instantly at the sharp and angled areas. However, the
distribution of rE2 occurs even to a greater degree
in the microchannel with circular posts. It should
be noted that, in this study, all particles experience
positive DEP. Hence, they were absorbed on areas with
a high magnitude of rE2.

4.3. Trapping capacities
As discussed earlier, the combination of drag and DEP
forces inuences trapping e�ciency. Drag and DEP
forces are dependent on the velocity of the ow and
electric �eld, respectively (considering Eqs. (1) and
(5)). Further, the shape of the insulating posts a�ects
the ow velocity and electric �eld. Thus, trapping
e�ciency can be modi�ed by altering the posts' geo-
metrical parameters. In order to investigate the e�ect
of insulator shape on the trapping e�ciency of the
system, three geometrical parameters are considered:
ratio of length to the width of posts (a=b), perpendicu-
lar distance of the posts (bs), and longitudinal distance
of the posts (as).

Trapping e�ciency of the system over a unit cell
(as shown in Figure 2(a)) was assessed to compare
the e�ect of geometrical parameters on the trapping
e�ciency. Hence, trapping capacity was de�ned as the
average of dimensionless variables described in Eq. (9)
over a unit cell:

TC =
1
A
s
�����deprE2

~uf � ~uf � ~uf
���� dA; (14)

where the area of the unit cell is denoted by A.
Trapping capacity can be employed to compare

the e�ect of the insulating post's length and width
(a=b) on the particle trapping. However, TC is not the
ideal criterion for examining the e�ect of perpendicular
and longitudinal distances of the posts. Since DEP and
drag force have the same direction and criterion in some
cases by altering the distance of posts, TC � 1 will
not be satis�ed, while particle trapping is observed.
Thus, another concept was implemented to study
the inuence of post distances on trapping e�ciency.
The average force ratio (FR) of the perpendicular to
longitudinal components over a unit cell is described as
follows:

FR =
1
A
s
����Fdrag;y + Fdep;y
Fdrag;x + Fdep;x

���� dA; (15)

where A denotes the area of the unit cell, and Fdep
and Fdrag represent the DEP and drag force de�ned in
Eqs. (1) and (5). The rate of particle transport towards
the post can be determined by FR. For a system with
larger FR, particles deviate quicker towards the post;
therefore, the e�ciency of particle trapping may be
higher.

Figure 8 illustrates the percentage of average
trapping capacity (TC) of the system with respect
to a=b. It is noteworthy that the average trapping
capacities are normalized using TC in a=b = 1. This
study probed the trapping capacity for a=b = 0:1 to 6
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Figure 8. The percentage of trapping capacity (TC) with
respect to the ratio of length to the width of posts (a=b).

for microchannels with circular, diamond, and square
insulating posts. Perpendicular and longitudinal dis-
tances of posts were set at 60 and 100 �m, respectively.
For microchannels with square and circular posts, the
most trapping capacity occurs in a=b < 1 (narrowed
posts). The highest trapping capacity of the system
with square and circular posts is achieved in a=b = 0:5
and a=b = 0:9, respectively. However, in microchannels
with diamond posts, the most trapping capacity was
captured in a=b > 1 (widened posts). The highest
trapping capacity for the microchannel with a diamond
post was observed in a=b = 1:4. For the three posts, the
trapping e�ciency decreased when a=b approached 0.1
and 6. The variation of TC in square posts is more than
that of diamond and circular posts, since the deviation
of the electric �eld around the square post is sharper
than that around the other two posts.

Figure 9(a) presents the percentage of FR with
respect to the longitudinal distance of the posts (as).
The perpendicular distance of posts was set at 60 �m
and, for length and width of the posts, we employed
the values in which the maximum trapping capacity
was observed in the last �gure. The width of posts
(b) was �xed at 100 �m, and the length of the posts
for square, circular, and diamond posts was set at 50,
90, and 140 �m, respectively. The FR of the system
was calculated for as = 10 to 400 �m. Similar to
Figure 8, the FR was normalized using FR value at
as = 100 �m. In the three cases, the maximum FR
occurs in as � 100 �m. The highest FR for systems
with square, circular, and diamond posts was observed
in as = 50, 40, and 30 �m, respectively. Since the
variation of rE2 is considerable at edge points of
square and diamond posts (Figure 7(b) and (c)), the
variation of FR in these two cases is more than that of
circular posts. Similar to the last �gure, FR in all the
cases decreased when as approached 10 and 400 �m.

The percentage of FR with respect to the per-
pendicular distance of the posts (bs) is illustrated in
Figure 9(b). Like the last case, the width of posts (b)
was �xed at 100 �m, and the length of the posts for

Figure 9. The percentage of FR with respect to (a)
longitudinal distance of the posts (as) and (b)
perpendicular distance of the posts (bs).

square, circular, and diamond posts was set at 50, 90,
and 140 �m, respectively. Further, the value of as was
extracted from the cases where the highest FR was
achieved in Figure 8. The longitudinal distance of the
posts for square, circular, and diamond posts was deter-
mined to be 50, 40, and 30 �m, respectively. The FR of
the system was computed for bs = 30 to 200 �m. The
value of FR at bs = 60 �m was employed to normalize
the FR. According to Figure 9(b), the maximum FR
for square, circular, and diamond posts occurred at
bs = 40, 30, and 30 �m, respectively. As shown in
Figure 9(b), in the three cases, FR decreased with an
increase in the perpendicular distance of the posts.

4.4. Particle tracing
In order to observe the particle trapping, the particle
tracing simulation was performed using Eq. (13). The
particle trapping percentage of optimum shapes was
compared with other cases to con�rm the results of
TC and FR. A hundred particles at the inlet of
the microchannel were considered, and the number
of immobilized particles between the insulating posts
was computed to calculate the percentage of particle
trapping.

Figure 10 presents the percentage of particle trap-
ping e�ciency for the three posts with distinct values of
a=b at Vpp = 25 V. In the three posts, the optimum case
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Figure 10. Particle trapping e�ciency for microchannels
with circular, diamond, and square insulating posts in
district values of a=b at Vpp = 25 V.

of a=b shows the highest percentage of particle trapping
among other cases. In the microchannel with circular
posts, the optimum value of a=b is 0.9, where particle
trapping of 80% is achieved. In cases with narrower
(a=b = 0:5) and wider posts (a=b = 3), the particle
trapping is reduced to 75 and 65%, respectively. The
particle trapping of 100% was achieved in square posts
with a=b = 0:5, while an increase in the a=b led to lower
particle trapping e�ciency. This is reasonable since TC
is reduced with an increase in a=b. For microchannels
with diamond posts, the particle trapping percentage
of 84% at an optimum value of a=b was computed.
Reducing and increasing the a=b leads to the lower
particle trapping e�ciency. It should be noted that the
trapping e�ciency in square posts is higher than that
in other posts, since the maximum value of rE2 occurs
relatively close to particle path lines in microchannels
with square posts.

Figure 11 illustrates the particle trapping e�-
ciency for di�erent values of as at Vpp = 20 V. The
maximum e�ciency of systems with circular, square,
and diamond posts reached 75, 90, and 100%, re-
spectively. Since the peak-to-peak electric potential is
reduced with respect to the last �gure, e�ciency for
the optimum case of circular posts reduces. However,
microchannels with square and diamond posts showed a
better performance despite the fact that Vpp is reduced.
In Figure 9(a), FR is reduced with an increase in the
optimal value of as. Consequently, the percentage
of particle trapping reduces with an increase in the
longitudinal distance of the posts. Similar to the
last �gure, systems with a square post showed higher
trapping e�ciency.

Particle trapping e�ciency for distinct values of
bs at Vpp = 18 V is depicted in Figure 12. As shown in
Figure 9(b), the value of FR has an opposite relation

Figure 11. Particle trapping e�ciency for microchannels
with circular, diamond, and square insulating posts in
district values of as at Vpp = 20 V.

Figure 12. Particle trapping e�ciency for microchannels
with circular, diamond, and square insulating posts in
district values of bs at Vpp = 18 V.

with the perpendicular distance of the posts. Hence,
a decrease in trapping e�ciency with an increase in bs
was observed. Although Vpp was reduced, as shown
in Figures 10 and 11, greater trapping e�ciency was
achieved at the optimal shape of all three cases.

5. Conclusions

The shape of the insulating post has signi�cant e�ect
on the velocity and electric �eld of iDEP systems. Since
the trapping e�ciency of an iDEP system is directly
inuenced by the velocity and electric �eld, the e�ect
of arrangements and geometry of the insulating post
on the trapping e�ciency was chosen as the aim of this
study. Systems with circular, square, and diamond
insulators were considered to investigate the e�ect of
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their shape on the particle trapping performance. In
order to calculate the velocity and electric �eld, the
�nite element method was employed, and the proposed
numerical method was validated by comparing the
results with experimental data of the study of Demierre
et al. [38]. Perpendicular and longitudinal distances of
the posts and ratio of width to length of insulators were
selected as geometrical parameters to study their ef-
fects on the trapping e�ciency. Trapping capacity (TC)
and the force ratio (FR) were introduced as the criteria
for particle trapping. After assessing trapping capacity
and FR for distinct post arrangements and geometry,
the optimum case for each system was captured. The
highest trapping capacity of the system with square
and circular posts was achieved in a=b < 1 (narrowed
posts), while the maximum trapping capacity occurred
in a=b > 1 in the diamond post case (widened posts).
The highest FR for systems with square, circular, and
diamond posts was observed at longitudinal distances
of 50, 40, and 30 �m, respectively, while the perpen-
dicular distances of systems with square, circular, and
diamond posts were 40, 30, and 30 �m, respectively, to
achieve the highest FR. Finally, the particle tracing
simulation was employed to show the particle trapping
and con�rm the results of trapping capacity and the
force ratio. The highest particle trapping e�ciency was
observed in the case of narrower shapes for circular and
square posts and wider shapes for diamond posts, as
shown by trapping capacity results. Further, systems
with square posts showed higher trapping performance
than those with other posts.

Nomenclature

E Electric �eld
fCM Clausius-Mossotti factor
FR Average force ratio
m Particle mass
R Particle radius
r Particle position
TC Trapping capacity
up Particle velocity
uf Medium velocity
"p Particle permittivity
"m Medium Permittivity
� Dynamic viscosity of the medium
� Conductivity
! Angular frequency
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