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Abstract 

Dielectrophoretic and electrohydrodynamic traps are presented that can localize microparticles on 
specified positions of an interdigitated electrode array. For the generation of the traps, an 
interdigitated electrode array chip covered by an oxide layer with 10 μηι χ 10 μιη opening windows is 
designed and fabricated, then an AC signal with varying frequency is applied to the array, the traps 
are finally created on the positions between two opening windows or inside the windows by 
dielectrophoretic and electrohydrodynamic effects. In addition, the dielectrophoretic and 
electrohydrodynamic forces are analyzed numerically using a finite element method. 
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1. Introduction 

'Dielectrophoresis (DEP)-based traps for 
localization of micro-/nano-scale objects on 
microelectrode structures have been intensively 
studied by many researchers. Micro-/nano-
particles and micro-electronic devices have 
been trapped on a specific region of 
microelectrode structures using DEP force [1-
3], The dielectrophoretic capture of bio-
particles such as spores, cells, viruses, and 
electronic devices has also been demonstrated 
in a micro-device [4-8]. In additions, while 
several reagents were added in a monitoring 
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system, each individual bio-particle was 
trapped in a specific target position by 
dielectrophoretic force in order to monitor the 
response of individual bio-particles continu-
ously [9,10]. Most studies mentioned above 
focused on the traps used with DEP. However, 
it also should be noted that AC signals applied 
to microelectrode structures not only produce 
DEP forces, but also generate electro-
hydrodynamic (EHD) forces such as electro-
thermal and AC electroosmotic forces [7,11-
13], Ramos et al. [11] and Chen et al. [12] 
characterized the effects of AC electro-kinetics 
when AC signal was applied on the micro-
electrode. The characteristics of electro-
chemical micro-gripper were also investigated 
with the reduced-order model that allows the 
nonlinear analysis to perform rapidly [13]. 
These EHD forces can also play an important 
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role in the generation of traps for the 
localization of the micro-/nano-particles in 
microelectrode structures. Nonetheless, syst-
ematic analysis results regarding these forces 
have not been studied in the previous reports. 
In this paper, the DEP and EHD traps on an 
interdigitated electrode array (IDA) system, 
which can localize a few micro-particles, were 
designed, and fabricated. Using the structure, 
the 5.47 μιη polystyrene beads were trapped on 

specific isolated positions. In addition, DEP, 
electrothermal, AC electroosmotic forces 
creating the traps on the IDA system were 
analyzed using the finite element method. The 
dielectrophoretic and electrohydrodynamic 
traps for the localization of micro-particles on 
the interdigitaed array electrode system are 
characterized through the comparison between 
the experimental results and the numerical ones. 
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Fig. 1: (a-c) The movements of negatively charged polystyrene beads while the magnitude and 
the frequency of applied AC signal were changed, (a) no bias, (b) 10 Vp.p and 1 kHz, 
(c) 10 Vp.p and 10 MHz; (d) the schematic diagram of the interdigitated electrode 
array system: the two and three-dimensional view of FEM simulation structure for 
numerical study. 
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2. Materials and Methods 

2.1 Procedures of Experiment 

The photolithographic patterns for an IDA 
having 16 μιη width and 10 μιη space between 
the electrodes were defined on a silicon dioxide 
layer. A chromium layer with 150 Ä thickness 
and a gold layer with 300 Ä thickness were 
sequentially deposited in an Ε-beam evaporator 
and patterned using lift-off process. After the 
deposition of a 3000 Ä thick oxide layer in a 
plasma-enhanced chemical vapor deposition 
(PECVD) chamber, the photolithographic and 
wet etching techniques were used for the 
creation of 10 μιη χ 10 μιη opening windows 
as shown in Figure l(a)-(c). For the 
demonstration of the traps for the localization 
of micro-particles under DEP electrothermal, 
and AC electroosmotic forces, 50 μΐ solution 
containing 5.47 μιη diameter polystyrene beads 
(Spherotech Inc. Liberty ville, IL, # CP-50-10) 
coated with carboxyl group were introduced 
onto the fabricated IDA structure, where the 
concentration of original stock solution is 
1.093 χ 108 #/ml and the concentration of the 
solution used for the experiment is 5.465 χ 105 

#/ml by the dilution of dionized (DI) water. A 
sinusoidal signal with 10V peak-to-peak and 
vaiying frequencies was applied using micro-
manipulator probes while a silicone rubber ring 
isolated the probes from the solution at the test 
sites. The movement of the beads was observed 
under a microscopy and record using CCD 
camera. 

diagram of the structure generated to perform 
the study. 
The equations involved in the numerical 
investigation are as follows: when a particle 
under electrical field is in a solution, DEP force 
is represented as [ 14] 

FDEP=2ns,yRe{fcm)V\E\2
 (1) 

where r, em, and Ε are the radius of the particle, 
the real permittivity of the medium, and the 
electric field, respectively. The Clausius-

Mossotti (CM) factor, / , is 
ε ρ ~ e m 

ε ρ + Ί ε η 

σ, 
where ε η = ε „ - /—— and ε„, = sm - /—— Ρ Ρ J m m J 

ω ω 
are the complex permittivities of the solution 
and particles, σηι, ε , σ , and ω represent 
the real conductivity of the solution, the real 
permittivity of the particle, the· real 
conductivity of the particle, the angular 
frequency, respectively. 

AC electrothermal effect on a fluid is related 
to the time-averaged electric force density by 
spatial variations of electrical conductivity and 
permittivity due to the local temperature 
gradient. The time-averaged electric force 
density is described as [11] 

< F >= -0.5 
V 

•Ε 
ε... Ε 

'm y 1 + (ωτ)2
 (2) 

·0.25|£\ V s . 

2.2 Procedures of Numerical Simulation 

For the characterization of the experimental 
results, DEP, electrothermal, and AC 
electroosmotic effects were investigated by a 
numerical study. To conduct the numerical 
investigation, the IDA structure with the same 
dimensions as in the experiment was generated 
by finite element method (FEM) software 
(COMSOL Multiphysics 3.5a). Since the 
structure of the IDA system is symmetric, the 
IDA system can be simplified to the region 
composed of two half electrodes with four 
quarter opening windows for the numerical 
study. Figure 1(d) illustrates the schematic 

where τ = —— is the charge relaxation time of 
m 

the solution. In addition, the velocity of the 
fluid (w) induced by the electric force density 
can be calculated by the incompressible 
Navier-Stokes equation [11] 

ηV2u-Vp+ < Fe >= 0 (3) 

where η and ρ are the viscosity of a medium 
and the pressure, respectively. To solve this 
equation, the mass-conversion equation for the 
incompressible medium 
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V*m = 0 
is also needed. 

(4) 

Lastly, the velocity of the fluid ( AC ) 
generated by AC electroosmotic effect, is given 
by [15] 

ι m ο 
8 ηζ{\ + Ω) 

Ω = ω-
π 

ζκ 

(5) 

(6) 

where V„ is the amplitude of the AC signal 
applied into an interdigitated electrode array 
system, ζ is the distance from the center of 
space between two electrodes of the IDA 
system, and K is the reciprocal Debye length. 
In order to characterize the traps for the 
localization of micro-particles in the IDA 
system as shown in Figure 1, the equations 
described above were solved using finite 
element method (FEM) software according to 
the following steps: 

(i) We generated the data of the electrical 
field using the electric model [16] when 
applying AC potential into the IDA system. 
Using this data, the simulation results of DEP 
force were calculated by applying the DEP 
formula into the software. 

(ii) The spatial variations of electrical 
conductivity and permittivity due to a local 
temperature gradient were calculated by the 
electric model and heat transfer model [17]. 
Sequentially, the data the time-averaged 
electric force densities were extracted by the 
time-averaged electric force density equation in 
combination with the data of the electric field 
and the spatial variations. Finally, the velocity 
data of the fluid described in the 
incompressible Navier-Stokes equation was 
calculated by the laminar flow model [18] 
using the data of time-averaged electric force 
density. 

(iii) The data of fluidic velocity induced by 
the AC electroosmotic effect was generated by 

inserting the AC electroosmotic formula to the 
FEM Software when applying AC potential 
into the IDA system. 

3. Results and Discussion 

According to the observations of the 
movement of the beads under a microscope, 
the beads were positioned randomly prior to 
the signal application. At 1 kHz and 10 V p e ak - to -

peak, the beads were trapped inside the opening 
windows. On the other hand, the trap positions 
for the localization of beads were moved to the 
middle between the opening windows when the 
frequency increased to 10 MHz. Figures 1(a)-
(c) show these traps as depicted by to the 
behaviors of the 5.47 μηι diameter polystyrene 
beads on the IDA structure. For the 
characterization of the experimental results, the 
DEP, the electrothermal, and the AC 
electroosmotic effects were investigated 
through the simulation results. The simulation 
were performed with the following parameters; 
the density (1000 kg/m3), the heat capacity 
(4184 J/(kg-K)), the dynamic viscosity 
(0.00108 Pas), the relative electrical 
permittivity (80.2εο) and thermal conductivity 
(0.598 W/(m-K)) of DI water [19]; the thermal 
conductivity (0.93 W/(m-K)) of the PECVD 
deposited oxide [20], and the relative electrical 
permittivity (2.6ε0) of the polystyrene bead 
[21]. The measured electrical conductivity of 
the DI water containing the carboxyl coated 
beads was 1 χ 10"6 S/m (Handylab, LF-11, 
Schott Instrument). The effective electrical 
conductivity of the bead was 3.2 χ 10"6 S/m 
calculated by the following formula [22] 

2 K.. 
(7) 

where ah ( ~ 0 S/m), Kx (= 4.48 nS), and r ( = 
2.74 μηι) are the bulk conductivity, the surface 
conductance, and the radius of the polystyrene 
bead, respectively. 
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Fig. 2: 
(a) The DEP force 
(left figure) and the 
electrothermal force 
(right figure) in the 
yz-surface, where the 
AC signal with 1 kHz 
a n d 1 0 Vpeak-to-peak w a s 

applied into the IDA 
structure; 
(b-c) The DEP force 
and the electrotherm-
al force in the x-
direction on the 
dotted line A; 
(d-e) the DEP force 
and the electro-
thermal force in the 
y-direction on the 
dotted line B; 
(f) the AC electro-
osmotic force on the 
surface of the IDA 
structure; (g) the total 
force field associated 
with the DEP, the 
electrothermal, and 
the AC electro-
osmotic forces acting 
on the beads in the 
xy-surface at a height 
of 2.74 μητ, where 
the applied voltage 
and frequency are 
10Vp. p and 1kHz. 
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At 10 V p e a k - t o - p e a k and 1 kHz, the ζ component of 
the DEP and the electrothermal forces acting 
on the 5.48 μιη diameter bead is downward to 
the surface of the IDA structure, as shown in 
Figure 2(a). Thus, the beads should be 
contacted on the surface, where the center of 
the bead is located at 2.74 μπι from the surface. 
At the low frequency, AC electroosmotic effect 
is generated by the tangential component of the 
electric field above the diffuse layer on the 
electrodes of the IDA structure. Considering 
the shape of the IDA structure shown in Figure 
1(d), the tangential component of the electric 
field is directed to the center onto the electrode, 
resulting in the direction of the AC 
electroosmotic force being toward the center of 
the electrodes [11] Hence, the DEP, 
electrothermal, and AC electroosmotic forces 
acting on the beads contacted on the surface 
decide the position of the traps when applying 
AC signal 10 V p e a k - t o - p e a k and 1 kHz in the IDA 
structure. Figures 2(b)-(f) show these forces in 
the x-direction or the y-direction. The beads 
located on the dotted line A are moved toward 
the opening windows, according to Figures 
2(b)-(c). In additions, Figures 2(d)-(f) 
demonstrate that the beads located on the 
dotted line Β are also moved inside the position 
of the opening windows in the y-direction. 
More generally, the total force field associated 
with the DEP, the AC electroosmotic and the 
electrothermal forces acting on the beads at the 
2.74 μπι height converges into the opening 
windows, as shown in Figure 2(g). As a result, 
the traps are created inside the opening 
windows. These numerical simulation results 
are in close agreement of the experimental 
results shown in Figure 1(b). 

At 10 Vpeak-to-peak and 10 MHz, there are no 
AC electroosmotic effects [11] Hence, only the 
DEP and electrothermal forces are evaluated at 
that frequency. Moreover, the z-component of 
the DEP and electrothermal forces, which 
move the beads upward, are reduced as 
increasing the height (z-direction) from the 
IDA structure, as shown in Figure 3(a). It is 
also noted that gravity moving the beads 
downward acts on the bead. Therefore, the 
equilibrium height that the bead is stationary in 
z-direction should be firstly found in order to 

recognize the traps of the given particles. The 
total force associated with the DEP force, the 
electrothermal force and gravity in z-direction 
is zero around 37μπι from the electrodes, as 
shown in Figure 3(b). At that height, the total 
force field of the DEP and the electrothermal 
forces in xy-surface illustrates in Figure 3(d). 
Since the y-axis component of total force field 
is much greater than the x-axis component, the 
force vectors consisting of the force field seem 
to be vertical, as shown in Figure 3(d). 
However, the x-axis component of the total 
force field also exists. For example, Figure 3(c) 
represents the x-axis component of it when the 
beads located on the dotted line A. Therefore, 
the beads distributed randomly at the 
equilibrium height are rapidly moved to the 
center of the electrodes (e.g: the dotted line A), 
according to Figure 3(d). Subsequently, the 
collected beads on the dotted line A are slowly 
moved and trapped to the position between two 
opening windows by the weak force shown in 
Figure 3(c). Those simulation results are well 
matched to the experimental results in Figures 
1(c). Moreover, the simulation and experiment 
results, as shown in Figure 1-3, suggest that the 
position of the localized traps can be controlled 
by varying the amplitude and frequency of 
applied AC signal. 

4. Conclusion 

In conclusion, we constructed the two-
dimensional traps on the IDA structure with the 
10 μπι χ 10 μπι opening windows for the 
localization of micro-/nano-particles using 
dielectrophoretic, electrothermal and AC 
electroosmotic effects. The traps were 
experimentally verified by the localization of 
5.47 μηι polystyrene beads on the specific sites. 
Moreover, the characterization of the traps 
generated by the DEP, the electrothermal, and 
the AC electroosmotic effects were 
investigated through the numerical simulation. 
The results revealed that changing electrode 
structure (e.g. opening windows), frequency 
and amplitude of the applied signal could 
easily control the trap positions of the given 
particles. 
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Fig. 3: (a) the DEP force (left figure) and the electrothermal force (right figure) in the yz-surface, 
where the AC signal with 10 MHz and 10 Vpeak-to-peak was applied into the IDA structure 
(b) The summation of the negative DEP force, the electrothermal force and the gravity at 
C, D, or Ε position in the z-direction, where the inset figure shows the top view of the 
IDA structure and the positions; (c) the force acting on the bead located on the dotted line 
A in the x-direction; (d) the total force field acting on the bead located on the xy-surface 
at the equilibrium height of 37 μηι, where the applied voltage and frequency are 10VP.P 

and 10MHz. 
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