
A

d
3
a
t
©

K

1

p
T
v
i
m
i
a

t
c
t
S
b
T
m
a
a
a
s

a

0
d

Sensors and Actuators A 136 (2007) 154–160

Dielectrophoretic tweezers using sharp probe electrode

Kiha Lee, Soon Geun Kwon, Soo Hyun Kim ∗, Yoon Keun Kwak
Department of Mechanical Engineering, Korea Advanced Institute of Science and Technology, Republic of Korea

Received 21 December 2004; received in revised form 12 October 2006; accepted 21 October 2006
Available online 1 December 2006

bstract

The pick and place ability, precise positioning and high spatial resolution of end-effector can be defined as the functional requirements of
ielectrophoretic tweezers. The tweezers can manipulate objects in any direction with the strength of dielectrophoretic force. A localized and

D movable electric field configuration is proposed here and analyzed for the functional requirements of dielectrophoretic tweezers. To achieve
steeply focused field, an electrochemical machining method was developed for a sharp probe electrode, and the developed dielectrophoretic

weezers was used to manipulate cells and beads.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Manipulating single cells for operating various functions and
robing characteristics of cell is important in biotechnology.
wo major approaches have been developed to manipulate indi-
idual biological objects. First, a mechanical approach that uses
nstruments such as miniaturized tweezers and scanning probe

icroscopes [1,2]. Second, a trapping approach that uses the
nteraction between a field and an object, such as optical tweezers
nd dielectrophoretic (DEP) trapping [3,4].

DEP manipulation has advantages over other methods. First,
he magnitude and direction of a force can be manipulated by
ontrolling the voltage frequency. It enables to pick and place
he micro/nano particle with a simple control of DEP voltage.
econdly, various field configurations with a high gradient can
e designed and performed with the aid of microelectrodes.
he high gradient of electric field guarantees the deterministic
otion of the particle by overcoming the random motion such

s Brownian motion of the particle in fluid environment. These
dvantages and application environment make dielectrophoresis
n important application in biotechnology, particularly in fields

uch as microfluidic systems [5].

For advanced manipulation, DEP tweezers can be used to
ctively choose a target from a range of objects and, with its
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ickup and placement ability, can precisely position the target.
icroelectrode methods have been used for this purpose; for

xample a dual disk sealed in a capillary and a single capaci-
ively coupled electrode [6,7]. However, these methods require
nalysis for the electric field and definition of the functional
equirements of DEP tweezers.

Previous works using DEP have used a geometry of 2D
icroelectrode. They have limitations on the movement and

lacement of a particle at a desired position. The methods
sing 2D microelectrodes have shown results mainly on
rapping of multiple particles. In general, the size of 2D

icroelectrode is larger than the objects such as a single bead
r cell, which causes the difficulty in manipulation for a single
article.

In this paper, for the functional requirement of the tweezer
uch as pickup, positioning and placement, a probe-type tweezer
s fabricated using electrochemical etching. For a single par-
icle manipulation, an ultra sharp electrode with the range of
00–300 nm in its radius of curvature (ROC) was chosen for the
weezer. The performance of picking and placement of a single
ead or cell using dielectrophoretic manipulation is demon-
trated.
. System configuration

When a polarizable object is affected by an external electric
eld, the relationship between the induced dipole (p) and the
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lectric field (E) can be expressed as follows:

= αE (1)

here α is the relative polarizability of the object to the medium.
The resultant force (F) of the interaction between the electric

eld and the induced dipole can be expressed as follows:

= −∇U = −∇(−p · E) = α∇E2 (2)

here U is the potential energy and �E2 means the non-
niformity of the field that also determines the direction and
agnitude of the force [3].
In DEP case, the DEP force (FDEP) can be expressed as

ollows:

DEP = 2πr3εmRe

(
ε∗

o − ε∗
m

ε∗
o + 2ε∗

m

)
∇E2, ε∗ = ε − j

σ

ω
(3)

here εm is the medium permittivity, and ε∗
o and ε∗

m are the
omplex permittivity of the object and the medium. The complex
ermittivity defined in Eq. (3) is composed of the permittivity
ε), the conductivity (σ) and the voltage frequency (ω). Because
e((ε∗

o − ε∗
m)/(ε∗

o + 2ε∗
m)) is a frequency dependent parameter,

he DEP force to objects in the medium can be changed by
pplying a varied temporal electric field.

Fig. 1(a) shows the proposed electrode configuration, which
onsists of a probe and planar electrodes, which also defines
he probe angle (θ), the probe diameter (d) and the electrode
istance (h). Fig. 1(b) shows the electric field. The arrow

efers to E and the contour indicates the gradient of the electric
eld square (�E2) that is proportional to the DEP force. The
onvergent DEP force, which is formed near the probe-end,
an be defined as the end-effector of the DEP tweezers. In a

ig. 1. Configuration of the probe–planar electrodes: (a) schematic diagram of
roposed probe–planar electrode geometry and (b) direction of dielectrophoretic
orce applied on the particle.

Fig. 2. The experimental setup: (a) experimental apparatus integrated with the
inverted microscope and (b) the components of the experimental setup; knife
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dge as a planar electrode, tungsten electrode as a probe electrode, and 3D piezo
ctuator for linear 3D actuation.

ositive DEP case, the object within the spatial resolution of
he probe-end moves to the end-effector and this phenomenon
an be defined as a pick process. In a negative DEP case, the
bject moves away from the end-effector, and this phenomenon
an be defined as a place process. Because this configuration is
nherently unstable in a positive DEP case, we achieved stable
rapping of the end-effector by imposing radial stabilization and
y using the boundary of the probe-end for vertical stabilization,
hich means that the vertical motion of a object is blocked due

o contact at the electrode boundary [8].
Fig. 2 shows the experimental setup. The actuating system

laces the end-effector at a desired position, while the vision
ystem senses the motion. The function generator controls the
agnitude and frequency of the electric field between the elec-

rodes, and the resultant concentric and 3D movable DEP force
istribution is defined as the DEP tweezers.

. Simulation and analysis
The spatial resolution and force magnitude of the DEP
weezers are critical factors for deterministic, individual manip-
lation. We therefore defined these critical factors as objective
unctions and analyzed their performance in relation to the
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ig. 3. Comparison of the quadrupole and probe electrodes: (a) the configuratio
nd probe electrodes.

esign parameters, which were defined as θ and d. Furthermore,
he spatial resolution of DEP tweezers is set near 3 dB point from
he maximum DEP force, and the analysis results are obtained
sing a 2D finite element method (FEMLAB, COMSOL Inc.,
SA).
Fig. 3(a) shows the configuration of a quadrupole, where the

istances b and c are set to 2 �m and 6 �m, respectively, and of
he probe electrodes, where θ and h are set to 10◦ and 500 �m,
espectively [9]. The applied voltage was assumed to be 5 Vpp.
ig. 3(b) shows the �E2 distribution at the a–a section of the
uadrupole and the probe electrodes (d = 200 and 300 nm). As
q. (2) indicates, the bottom of the potential well where the
bjects are trapped, or the point where the maximum DEP force
cts, is the center of the �E2 distribution if Re((ε∗

o − ε∗
m)/(ε∗

o +
ε∗

m))is negative in the quadrupole electrode and positive in the
robe electrode. Furthermore, even though there is a magnitude
imilarity between the maximum �E2 of the probe electrode of

hich diameter is 300 nm and that of the quadrupole, the spatial

esolution can be improved about six times. This represents that
he spatial resolution and maximum DEP force can be improved
n probe electrode.

i

t
r

he quadrupole and probe electrodes and (b) �E2 distribution of the quadrupole

Fig. 4(a) and (b) shows that the �E2 and spatial resolution
an be increased as d or θ decreases. In objective functions, the
agnitude of the maximum DEP force is more sensitive than

he spatial resolution over the variation of design parameters;
nd, in the design parameters, d has the bigger effect than θ.
n conclusion, the high �E2 value guarantees a high DEP force
agnitude when the voltage is low, thereby preventing a medium
ow due to Joule heating. Moreover, a high spatial resolution is
eeded for selectivity, which means that a single object can be
anipulated without affecting other objects.

. Fabrication of a sharp probe electrode

For the probe electrode, a tungsten wire with a diameter of
00 �m was chosen because of its high electrical conductivity, a
M KOH of electrolyte was used and an electrochemical etching
s used to fabricate an ultra sharp probe. [10].
Eqs. (4) and (5) show that a dissolved volume rate dV/dt due

o etching is proportional to the input current (i), and the etching
ate in a radial direction (Dv) is also proportional to density of
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one shown in Fig. 6(a), was fabricated with shallow immersion
and a long machining time. In contrast, an electrode with a small
θ, such as the one shown in Fig. 6(b), was fabricated with deep
ig. 4. Objective function distribution according to the design parameters. �E2

istribution according to the (a) probe diameter variation and the (b) probe angle
ariation.

he input current (J), relationships are expressed as follows:

dV

dt
= A

ρWzF
i = αei (4)

v = dV

dt

1

AW
= αe

i

AW
= αeJ (5)

here V is the etched volume, A the atomic weight, ρW the
ensity, z the valence, F the Faraday’s constant and AW is the
urface area.

Electrochemical process consists of two steps. First, a cylin-
rical wire is etched being dipped the electrolyte by elaborately
ontrolling an input current density and voltage to fabricate a
hape controlled microelectrode. Fig. 5(a) shows the stepwise
ungsten wire after the electrochemical etching. The stepwise
lectrode shape can be determined by extracting the electrode
uring the etching.

Second is a electropolishing process to increase an electrode

harpness. We etched the electrode in both radial and longitudi-
al directions with a constant voltage (3–6 V). Fig. 5(b) shows
he sharp electrode through electropolishing by controlling an
tching period. During the electropolishing, if we control the

F
m
a

ig. 5. Fabrication of a sharp probe electrode: (a) fabrication of a stepped uni-
orm electrode using the electrochemical etching and (b) fabrication of a sharp
lectrode using electropolishing technique.

achining time and immersion depth, we can obtain the various
lectrode geometries. An electrode with a large θ, such as the
ig. 6. Fabrication of sharp probes with various aspect ratios by controlling the
achining time and depth of immersion. A sharp probe with (a) low aspect ratio

nd (b) high aspect ratio.
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mmersion and a short machining time. This process enabled us
o fabricate a sharp electrode with a minimum of 200 nm in the
and various θ values.

. Voltage control

The DEP velocity (uo/m) can be defined as the object velocity
elative to the medium. However, if the medium flows in um, the
elocity of the object’s motion (uo) can be expressed as follows:

o = [uo/m]DEP + [um]EHD (6)

here the bracket means the main reason for the motion.
For precise DEP manipulation, we need to minimize the elec-

rohydrodynamics (EHD), which means the medium flow caused
y the electric field. The EHD is classified as AC electroosmo-
is, which has a Gaussian-shaped velocity profile in relation to
he voltage frequency, and an electrothermal flow that is mainly
function of the magnitude of the voltage [11].

Fig. 7(a) shows a system impedance model [12]. This model
onsists of the double layer’s, which forms between the elec-
rode and the medium, impedance (Zd = 1/jωCd), the medium’s
mpedance (Zm = Rm/(1+jωRmCm)) and the object’s impedance
Zo = Ro/(1+jωRoCo)).

Fig. 7(b) shows how the Re((ε∗
o − ε∗

m)/(ε∗
o + 2ε∗

m))
istribution of a polystyrene object (εp = 2 × 10−11 F/m,
p = 2.2 × 10−2 S/m) in a water medium (εm = 7 × 10−10 F/m,
m = 2 × 10−3 S/m) relates to the voltage frequency.

The AC electroosmosis can be explained by the interaction
f the impedances of the double layer and the medium. Fig. 7(c)
ndicates the main impedance of region c in Fig. 7(b), where
he positive DEP force acts, and Fig. 7(d) indicates the main

mpedance of region d in Fig. 7(b), where the negative DEP
orce acts. Because the medium’s impedance has little effect
n these regions, it is possible to implement the pick and place
rocess while minimizing the AC electroosmosis.

g
c
I
b

ig. 7. The system impedance model: (a) impedance model of the system considerin
actor of polystyrene object in water medium, and (c and d) a simplified impedance m
ors A 136 (2007) 154–160

Compared to AC electroosmosis, the electrothermal flow,
hich owes to Joule heat in conductive medium, is mainly a

unction of the magnitude of the voltage. Therefore, to per-
orm DEP manipulation while minimizing the effect of the
lectrothermal flow, we need to maintain �E2 while minimiz-
ng the V2. This result can be achieved by fabricating a sharp
lectrode that also increases the spatial resolution of the DEP
weezers.

. Experimental results

The distance between the probe electrode (θ = 10◦,
= 300 nm) and the planar electrode was set to 500 �m in our
xperiments. The position of objects near the probe was affected
y the medium’s viscosity and probe’s motion, this effect was
educed by controlling the actuation speed and by using a high
spect ratio for the probe.

Fig. 8 shows the manipulation of a single yeast cell. Fig. 8(a)
nd (b) shows the pick process with the aid of a positive DEP
n conditions of 50 Hz and 2 Vpp. The yeast cell near the end-
ffector was picked up by the DEP tweezers. Fig. 8(c) shows
he positioning of a captured single cell by the actuating system.
lthough the external flow occurred, the cell could not escape

rom the end-effector. Fig. 8(d) shows the place process with the
id of a negative DEP in conditions of 20 MHz and 3 Vpp. For
recise placement, the magnitude of the voltage should be just
arge enough to detach the target object from the end-effector
ithout disrupting other objects.
Fig. 9(a) and (b) shows the pick process of a 1 �m polystyrene

ead in a water medium. As the size of the object decreases, the
rownian motion increases. We chose the 30 Hz and 0.7 Vpp
ondition for positive DEP manipulation. In addition to the

eometry of the electrode, the magnitude of the voltage is
losely related to the spatial resolution of the DEP tweezers.
f the magnitude of the voltage is too high, objects around the
roadened field move and adhere to the end-effector due to the

g the effect of the double layer, object and medium fluid, (b) Clausius-Mossoti
odel of the system.
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Fig. 8. The manipulation of a single yeast cell in water medium: (a and b) a pick process using positive DEP in conditions of 50 Hz and 2 Vpp, (c) positioning of the
cell trapped at the end of the probe and (d) a placement process using negative DEP in conditions of 20 MHz and 3 Vpp.
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ig. 9. The manipulation of a polystyrene bead and erythrocyte cells in water m
.7 Vpp condition, and (c and d) negative DEP manipulation of 10 �m erythrocy

lectrochemical processing between the polystyrene bead and
he tungsten probe. This adhesion interrupts the place process.
f the magnitude of the voltage is too low, the object escapes
rom the trapping due to Brownian motion.

Fig. 9(c) and (d) shows the negative DEP manipulation of

0 �m erythrocyte cells in a 20 MHz and 10 Vpp condition. This
roup handling, which can be applied to a DEP filter for sorting
ifferent kinds of cell groups, is a prerequisite for an individual
anipulation.

t
b
a
D

: (a and b) positive DEP manipulation of a 1 �m polystyrene bead in a 30 Hz,
lls in a 20 MHz and 10 Vpp condition.

. Conclusion

A 3D movable and concentric electric field for DEP tweezers
as been designed to pick and place an individual object with the
id of a frequency dependent property, and the characteristics of

he electric field are compared with conventional DEP trapping
y investigating the objective functions such as spatial resolution
nd force magnitude of DEP tweezer. In order to improve the
EP performance, we have used a sharp probe electrode as a test
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ed. By using electrochemical machining, we have fabricated a
harp electrode, which has the size of its end comparable to the
ingle object such as microbead and cell.

For the deterministic manipulation, the voltage was con-
rolled in terms of magnitude and frequency minimizing the
ffects of electrohydrodynamic flow.

Future work includes the simulation of multiphysics phenom-
na such as the medium’s flow and the thermal problem, and
he development of surface modification that prevents electro-
hemical adhesion. Finally, we hope to configure the electrode
or more concentrated electric field and advanced manipulative
apabilities, such as rotation.

In short, by using the field gradient trap of a single cell in
iotechnology, we have presented an alternative approach for
EP manipulation.
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