ol 4 K = 7|7 MA 3

g

5C-3-6

Fabrication and Experiment of Micro Particle Manipulator

W E-& K B
(Jae-Hyoung Park + Yong-Kweon Kim)

Abstract - A micro particle manipulator, which is devised for trapping particles at fixed positions by negative

dielectrophoretic force (DEP force), has been fabricated and experimented. It is

composed of square type electrode

arrays fabricated by nickel electroplating with the height of 28 m. To improve the quality of electroplated nickel
electrodes, plating conditions have been optimized. Micro particles used in this study are polystyrene spheres and their
diameter is 25 gm. When an alternating electric field is applied to the electrode arrays, polystyrene particles are directed
to the specific position and trapped. The DEP force along the moving path of the particles has been estimated by the
motion equation of a single particle. The displacement of a particle with an elapsed time was measured using a
high-speed camera (1000 frames/sec). The velocity and acceleration of the particle were calculated from the measured

data. The DEP force acting on the particle was estimated.

Key Words : micro particle manipulator, dielectrophoretic force(DEP force), nickel electroplating, polystyrene spheres

1. Introduction

As micromachining technology is improved, it is
applied to various fields, and the biotechnology is one of
its important applications. Increasing efforts are being
made to apply the micromachining technology to the
related to  the
biotechnology. There are many advantages of the
applied to
biotechnology such as having comparable dimension with
the objects and enabling individual manipulation of the
object. Because of a small gap between the electrodes, it

development of  micro-devices

micromachining technology when it is

is possible to generate sufficient electric field at low
electrode voltage. The problem of heating and convection
in conductive media can be reduced because of tiny
electrodes and low applied voltage.

Since it is required to manipulate the hundred um to
nanometer ranged particles, the tools with comparable
dimension are required. There are many driving forces to
manipulate the micro particles. Hydraulic pressure,
mechanical force and the dielectrophoretic force (DEP
force) can be used for driving the particles. Micropippet
was developed to grab and to position a micro particle
using hydraulic pressure [1], and the microgripper uses
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the mechanical force to manipulate the particle [2]. In
these cases, the devices are mechanically contacted with
the particles and the particles can be damaged. Compared
with these devices, the manipulator using the DEP force
has several advantages. It is a non-contact method, so
the damage of particle can be reduced. It is more
effective to manipulate, to separate, to transport and to
characterize a particle and can also be easily fabricated
by the micromachining technology. Many research
activities are directed towards the fabrication of the
particle manipulator using DEP force such as particle
separator, particle transport, characterization of a particle,
and so on [3-7]. The research presented in this paper is
also about the micro particle manipulator using DEP
force. The structures fabricated in this paper were
devised for trapping particles at a fixed position by
negative DEP force. This is the first step towards the
realization of nano-scale particle manipulation [8, 9].

The purpose of this paper is to develop the method
for the evaluation of DEP force acting on a single
particle in the particle trapping system. In previous
researches, the design and analysis of micro particle
manipulator have been mostly focused on group
movement of the particles like the efficiency of
transportation or of separation of the particles. However,
it is required to manipulate the particle individually in
many applications. Therefore, the analysis of the DEP
force acting on a single particle is very important in the
various particle manipulation systems. In the paper,



experimental measurement of the DEP force acting on a
single particle is described for a particle trapping system.

2. Theory

DEP (Dielectrophoresis) is one of the various driving
forces for the manipulation of micro particles.
Dielectrophoresis is the transitional motion of neutral
matter caused by polarization effects in a non-uniform
electric field [10-12]. By dielectrophoretic force, dielectric
particle moves toward the strongest (positive DEP) or to
the weakest (negative DEP) electric field region. The
DEP force is shown in equation (1) [10].

1 2
FDEP = 5”381 Re[z:ﬁ' ]VlE] (1)

r: radius of particle

€, permittivity of suspension

e : effective polarizability of a particle

As shown in equation (1), the sign of effective
polarizability, which depends on the frequency of the
applied voltage, determines the direction of DEP force. If
the sign is negative, the negative DEP force is exerted
on the particle, and if the sign is positive, the positive
DEP force is generated. The DEP force is proportional to
the gradient of square of the applied electric field, which
is determined by the geometry of electrodes and the
insulator. These characteristics of DEP force are applied
to the various particle manipulation systems. We can
control the motion of particles by using the corresponding
electrode structures depending on the specific purpose.
For Example, the particles can be transported to the
specific position, and the particles with different electric
properties can be separated using positive or negative
DEP force. By analyzing the DEP force acting on a
particle, we can also characterize the electric property of

the particle.
3. Design and fabrication

The particle manipulator described in this paper was
designed and fabricated for trapping particles at fixed
positions. Fig. 1 shows the schematic view of the micro
particle manipulator. The particle manipulator is composed
of square type electrodes, which are connected with the
address lines. When the alternating AC electric fields are
applied to these electrodes, the DEP force is acted on the
dielectric particle. By the geometry of the electrode
structures, the electric field is the weakest at the center
among four electrodes. Therefore, the particles are
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trapped at that position. The width of the square-type
electrodes is 60 pm, and the height of the structures is 28
um. To reduce the effect of metal address lines in the
particle manipulation, the lines were covered with 1 m
thick insulating layer. The space between the electrode is
60 ¢m, and the width of address line is 25 .

Fig. 2 shows the fabrication process of the micro
particle manipulator. At first, 200 A titanium and 1000 A
gold were ‘thermally évaporated on the silicon oxide
substrate, respectivély and patterned for seed layer and
address line (Fig. 2 (a), (b)). And then the 1 /m dielectric
layer was coated and patterned. Photoresist was used as
an insulator (Fig. 2 (c)). For the stabilization of the
dielectric layer, the photoresist should be thermally cured
at 120T for 60 minutes, 150°C for 30 minutes and 200 T
for 30 minutes (Fig. 2 (d)). Next thick photoresist (PMER
P-LAS00PM, TOK. CO. LTD) was coated and patterned
by UV-lithography to form an electroplating mold (Fig. 2
(e)). The desired structures were fabricated by
electroplating process and removing the mold (Fig. 2 (f)).
Finally, the sample was packaged (Fig. 2 (g)). In the
fabrication of this micro particle manipulator, the nickel
electroplating process is very important because the
uniform electrode structures are required for the proper
manipulation of the particles. Electroplating is a surface
micromachining technology to fabricate microstructures
with high aspect ratio and used in many applications
because of its simplicity and low cost [13,14]. The
electroplating  condition should be more carefully
controlled in the fabrication of microstructures than the
usual electroplating process of a large area. Therefore,
the electroplating condition in micro pattern has been
optimized. To examine the results of nickel electroplating
in micro patterns, arrays of square structures with widths
of 10, 15, 25, 30 and 40mm respectively have been
fabricated. Other microstructures with various shapes and
widths were also fabricated by electroplating of nickel.
To stabilize the current density during the electroplating
process, dummy electrode with 1 cnf area was included,
and the total size of sample was 1.7 cm X 1 cm.

Fig. 1 Schematic view of micro particle manipulator
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Electroplating mold

(a) Ti-Au evaporation

Seed layer  Address line (¢) Electrophating mold
pattemning

Electroplated Ni

mold strip

(¢} Insulator (PR) coating
over glass

Cured photoresist

(g) Packaging

Fig. 2 Fabrication process

Prior to electroplating, the sample should be treated in
ultrasonically vibrating electrolytic solution to remove the
entrapped air in the electroplating mold. The entrapped
air generates traces of bubble shape in electroplated
structures and disturbs the uniformity. Therefore, it is
important to remove the entrapped air for the purpose of
improving the quality of the electroplated structures.
Electroplating was carried out using a commercially
available nickel sulfamate bath, and the electrolytic
solution temperature is fixed at 50 C. Sulfamate bath
requires more careful control than Watts bath. It is much
more soluble than the sulfate bath, and it is possible to
very high deposition rates by use of a
concentrated nickel sulfamate solution. Besides these
advantages, electroplated metallic structures using nickel
sulfarate bath have low internal stress, so the sulfamate
used for electroforming in

obtain

baths are increasingly
micromachining technology [15]. Fig. 3 shows the
schematic view of the electroplating system. As shown in
Fig. 3, sphere-type nickel meshes enveloped by a
titanium basket are used as an anode. The electrolytic
solution was mechanically stirred at the speed of 4.5
cm/sec in the process of electroplating with 3 mm gap
between the sample and the stirrer. The composition of
the electrolytic solution is shown in Table 1. To prevent
appearance of pit hole in the electroplated structures, the
antipitting agent, which does not appreciably affect the
stress of the plate, is added in the electrolyte.

The surface roughness of electroplated structure is
improved by mechanical stirring of electrolytic solution
and addition of brightener (saccharin). The surface
roughness was measured with a non-contact laser
surface profiler (KEYENCE VF-7510) and the measured
surface roughness(Ra) is 0.024 * 0007 mm. Arrays of

square structures with various pattern sizes have been
fabricated to examine the thickness uniformity of
electroplated structures. As an example, when the current
density is 10 mA/cr, the average electroplating thickness
was 1541 £ 042 im. When the current densities are 5
and 2 mA/cr, the average thickness of nickel structures
was 7.47 £ 0.16 mm and 362 * 0.07 m, respectively. The
electroplating rate of nickel was measured with respect to
the pattern size and to the current density. As shown in
Fig. 4, the electroplating rate is proportiohal to the
current density and the electroplating time regardless of
pattern sizes. From the measured data, the thickness of
electroplated structures can be controlled by the
electroplating time at the fixed current density. From the
established electroplating conditions, we could obtain
uniform electrode structures that are used in the micro
particle manipulator. The fabricated micro particle
manipulator is shown in Fig. 5. The thickness of the
electroplated nickel electrode is 28 m.

Stirring unit

Sphere type Ni anode N electrolytic solution

Fig. 3 Schematic view of electroplating system

Table 1 Composition ofelectrolytic solution

Component Quantity
Ni(SOs NHz). - 4H:0 600 g/ ¢
NiClz - 6Hz:0 5g/¢t
HsBOs 45 g/ ¢
Antipitting agent(NP-A) 2 md/ 2
Brightener(saccharin) 2g/t
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Fig. 4 Electroplating thickness with electroplating time
and different current densities

Fig. 5 Fabricated micro particle manipulator

4. Measurement of DEP force

Fig. 6 shows the particle movement when an
alternating electric field is applied to the electrodes. The
particles used in the experiment are polystyrene spheres
with 25 gm in diameter, and are suspended in DI water.
In this case the particle moves towards the region of the
weakest electric field by negative DEP force. Therefore,
the particles are trapped in the center of electrodes as
shown in Fig. 7. The applied voltage range was from 2
Vp-p to 10 Vp-p and the frequency of the applied
voltage was varied from 10 kHz to 10 MHz.

The DEP force acting on a particle can be estimated
by the motion equation of a particle suspended in'la
viscous suspension. The motion equation of a particle
that moves under the influence of DEP force in viscous
suspension is shown in equation (2) [16]. As shown in
equation- (2), the total force (Fix) exerted on a particle is
the sum of the DEP force (Fper) generated by the
non-uniformity of the applied electric field and the drag
force (Famg). The viscosity of suspension influences the
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movement of a particle, and the drag force is always
exerted in the opposite direction of the particle movement.

Fix = Fppp — Firgy
Fpgp = Fiy + Fypy = ma + 6anru = g—m’pa +6mnru @

r: radius of a particle

P volume density of a particle

u: velocity of a particle

a: acceleration of a particle

N : viscosity of suspension
If we can determine the total force and the drag force,
we can get the value of DEP force from equation (2). As
shown in equation (2), the velocity and the acceleration
of a moving particle should be determined to evaluate the
total force and the drag force. The velocity and
acceleration of a particle can be calculated from the
displacement of a particle with an elapsed time.
Therefore, the displacement of a particle and elapsed time
is measured along the moving path of a particle as
shown in Fig. 7. Along the line of moving path, the
particle moves along the x direction because of the
symmetry of the electrodes. The motion of a particle was
recorded with a high-speed camera, which can take 1000
frames per second. Fig. 8 shows the movement of a
particle taken by the high speed camera. From the initial
state, the particle moved to the center of electrode arrays
with the time. From the measured displacement, the
velocity and acceleration of the particle are calculated,
and the DEP force can be estimated.

(a) (b)
Fig. 6 Micro polystyrene particles in initial state (a) and
trapped micro particles (b)

Moving path of particle
60/mx28;m(h)

Fig. 7 Schematic view of the moving path of particle
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A plot of the particle displacement with elapsed time is
shown in Fig. 9. The measured points were fitted with
7th order polynomial, which is represented by the solid
line in Fig. 9 By differentiating this fitted function,
(x(t)), we can obtain the velocity function (u(t)). The
acceleration (a(t)) of a particle can also be obtained by
differentiating the velocity. From the functions, the DEP
force acted on a single particle can be estimated by
equation (2). In this case, the radius and volume density
of a particle are 125 m and 1040 kg/m’, respectively. The
viscosity of suspension is 10-3 kg/m - sec. Fig. 10 shows
the estimated DEP force with variable applying voltages
and frequencies. As shown in Fig. 10 (a), the DEP force
increases when the applied voltage increases from 5 to 7
and to 10 Vpp. Also, the DEP force is varied with the
frequency as shown in Fig. 10 (b), which is explained by
the effective polarizability term in equation (1) depending
on the applied frequency.

(a) (b) (c)
Fig. 8 Movement of a particle with elapsed time taken by
high-speed camera for the measurement of displacement
(a) Before applying voltage, (b) 0.2 second after and (c)

0.6 second after
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Fig. 9. The displacement of particle with elapsed time
and fitted curve
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5. Discussion

To verify the experimental results, the DEP force has
been computed using FEM package program, Maxwell.
Simulated result was compared with the experimental
result in the case that the applied voltage is 10 Vp-p and
the frequency is 0.1 MHz. The dimension of the electrode
arrays used in the simulation is identical to the fabricated
electrode arrays. Table 2 shows the electrical constants of
a polystyrene particle and the suspending medium, which
were used in the calculation of DEP force.

The equation (1) is induced from the dipole
approximation for the force exerted upon any physical
dipole, such as a polarized particle of finite size. The
dielectrophoretic approximation is usually adequate for the
case that the dimensions of electrodes are much larger
than the particles. However, the diameter of the particle
used in the paper is 25 m, and the gap between
electrodes is 60. um, so-the dimension of this model is not
consistent. with the dielectrophoretic approximation.



Therefore, higher order moment of a particle should be
considered for more accurate analysis. In this paper, the
quadrupole moment of a particle was added to the
calculation of the DEP force. Equation (3) can be used to
calculate the force contributed by the quadrupole moment
of a particle.

quadrupole

1 (2)
== VIVE :
3nr & Re[K*] [VE VE] 3)

r: radius of particle
€,: permittivity of suspension

K@ polarization coefficient for quadrupole moment

Dyadic notation is employed to represent the tensor
nature of the higher order multipoles [17). In equation

4), VE:VE is expressed according to the double dot
operation.

VE=

T (2]

4)

OE, O,
% &

3E, .as)
e

The total force exerted on the particle in a nonuniform
electric field is sum of the dipole moment and the
quadrupole moment terms as shown in equation (5).

+F

quadrupole

F,

ol = rhpolz

=’s, Re[K]V]F:] +%m‘5£l Re[K‘”]V[VE:VE] ®)

The DEP force has been computed by using equation
(4) and (5). The simulated result using equation (5) is
shown in Fig. 11. As shown in Fig. 11, the simulated
value is about twice higher than the experimented values.
The most prospective reason for the difference between
the experiment and the simulation results is the effect of
the adhesive force of a particle to a bottom surface.
When a charged dielectric particle is immersed in a fluid
and rested on a planar dielectric surface, it experiences a
net electrostatic adhesion force [12]. The adhesion force
is not considered in the experimental estimation of the
DEP force. This effect results in underestimation of the
DEP force evaluated by the experiment. In this case, the
image force contribution is the dominant adhesive force.
The image force is produced due to the induced image
charges of the dielectric surface and close proximity to a
conductor, so it can be reduced by increasing the
thickness of the insulator [4]. With the adhesive force
considered, we can analyze the DEP force more
accurately. Another reason of difference between
experiment and simulation results is that a particle does
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not move straight along the moving path but moves in
rotational and translational motion in other directions. The
difference is also due to the effects of surface friction,
heating and convection of the suspending medium, so for
more accurate analysis, these effects should be
considered. Despite of the difference between simulated
result and experimental result, the tendency of force
distribution is very similar. Therefore, the method for
determining the DEP force studied in this paper can be
applied to the design and the analysis of the various
particle manipulation systems.

Table 2 Electrical constants of polystyrene particle and
suspending medium

Parameter Value

T 1.25 X 10-5 [m]
€ 7.083 X 10-10 [F/m]
€ 2.302 x 10-11 [F/m]
0 5.882 % 10-6 [S/m]
0 10~-19 {S/m]

400 — T 1 — T T T 7

35%__1'.___:.___3 Voo E___T

Pp—

' Lo i
)
300  ~ v d-c vt e b -~ e de et e ed ==
1 ' ' ' ' ' [
1 1) 1 t 1 ] ) )
T N D T T L Ny
'
L}

)
'
+
'
oy ]
%
— [ ' ' ¥ [ t i
1 1 + ¥ 1 ¥ ]
8 i ' ' ] ' ¢ [ ' J
R R AR R ER TR ERE EER R R ity
2 ' ' [ ' + ' ' ' +
[ + ' $ ¢ 1 ' 1
Eﬁ ‘50----l—--Q--A---l-v-&-u-‘--ol---&---l—--1
o ' ' ' ' ' [ ' i '
) ’ ) ) ] ] ' ) L}
100P = = 2o oo T T0T00 SN T S R
T 1 V ' v ’ i T -
[ [ [ | + 1 :
50 [l ' ' ' ' [
"‘I"':' B)gyehmenra!résyn":"'j ":”"
+ 1 t ] L3 t L} 1
0 A N N N " " _ N "
50 48 -40 35 -30 25 20 15 10 -5 0

Displacement [m]

Fig. 11 Comparision of DEP force from experiment and
FEM analysis

6. Conclusions

In this paper, a micro particle manipulator, which can
trap the particles at fixed points, was fabricated and the
DEP force acting on a particle was estimated. The
electroplated nickel electrodes with the comparable height
to the particle size were used to generate nonuniform
electric fields. By optimizing the various electroplating
conditions, nickel electrodes have been fabricated
uniformly.

When the alternating electric field is applied to the
electrodes, the particles move toward the weakest electric
field region by the negative DEP force. The DEP force
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acting on a particle was determined experimentally by the
motion of a particle in electrode arrays. As shown in
experimental results, the DEP force increases when the
applied voltage increases. Also, the DEP force was varied
with frequency. The experimental results were compared
with the simulated value by FEM analysis. In the FEM
simulation, the quadrupole moment of a particle was
added to the dipole term in the calculation of DEP force,
because the dimension of experiment model was not
consistent with the dielectriophoretic approximation. The
simulated value is about twice higher than the
experimented values, but the tendency of force
distribution is very similar.

A micro particle manipulator studied in this paper can
be used in many applications to manipulate particles and
biological cells. Various particle manipulation systems can
be designed on the basis of established fabrication
technique and method for analyzing the DEP force
presented in the paper. One of the applications using this
technique is the particle separator. Using the positive and
negative DEP force, particles with different -electric
property can be separated with an applied electric field.
Other possible applications are the particle transportation,
arrangement of particles into groups for observation of
individual particles and characterization of particles.
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