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High-throughput dielectrophoretic
manipulation of bioparticles within fluids
through biocompatible three-dimensional
microelectrode array

Dielectrophoresis (DEP) has been deemed as a potential and ideal solution for bioparticle

manipulation. A 3-D carbon micro-electro-mechanical system (MEMS) fabricated from

the latest developed carbon-MEMS approach has advantages of offering low-cost,

biocompatible and high-throughput DEP manipulation for bioparticles. In this paper, a

typical process for fabrication of various 3-D microelectrode configurations was

demonstrated; accurate numerical analysis was presented on electric field gradient

distribution and DEP force based on various microelectrode array con-

figurations. The effects of electrode edge angle, electrode edge-to-edge spacing and

electrode height on the electric field distributions were investigated, and optimal design

considerations and rules were concluded through analysis of results. The outcomes

demonstrate that the sharp edge electrode is more effective in DEP manipulation and

both electrode edge-to-edge spacing and electrode height are critical design parameters

for seeking optimal DEP manipulation. The gradient magnitude increases exponentially

as the electrode spacing is reduced and the electric field extends significantly as the

electrode height increases, both of which contribute to a higher throughput for DEP

manipulation. These findings are consistent with experimental observations in the

literature and will provide critical guidelines for optimal design of DEP devices with 3-D

carbon-MEMS.
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1 Introduction

Recently, the quest for alternative tools that can manipulate,

detect and characterize biological particles (cells, proteins,

deoxyribonucleic acids, ribonucleic acids, etc.) has been one

focus of research as new tools are crucial for the

advancement in the field [1–3]. Ever since in 1978, Pohl

et al. introduced dielectrophoretic (DEP) force into the

separation of bioparticles in fluids [4], DEP has been widely

studied for a variety of particle manipulations such as

separation, sorting, trapping, addressing, electrorotation,

etc. [5–9]. DEP manipulation as widely studied technology is

capable of manipulating particles with diameters of

10 nm–100 mm, exerting forces on particles via dipoles that

are induced by electric field gradients in the presence of a

non-uniform electric field [10]. Depending on the particle

polarizability being higher or lower than that of the

suspending medium, the force points toward high or low

electric field regions and the phenomenon is called positive

or negative DEP, respectively. Comparing with other

mechanisms of manipulating techniques (mechanical,

hydrodynamic, acoustic, magnetic and optical radiation

forces), DEP-based manipulation can operate a single

particle or a number of particles in a non-contact and

nondestructive manner for separation, transporting, trap-

ping, sorting, registration, etc., which is most suitable for

bioparticle manipulation. It also offers other unique

advantages, including controlling the strength of an

alternating current electric field and tuning of the type of

DEP force induced on particles. Moreover, DEP is very easy
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to be integrated with lab-on-chip as the part of separation or

collection. It has been deemed as a potential and ideal

solution for bioparticle manipulation to the drawbacks

presented by other approaches.

Looking back the years’ the development of the DEP

technique, most of the DEP devices or platforms have been

developed using very complicated fabrication processes [11],

and most DEP manipulations usually focus on a specific

sample, the generated DEP forces are too weak to overcome

the effect of the Brownian motion [12]. Moreover, those

studies were based on conventional and expensive inertial

metal electrodes with two-dimensional (2-D) planar struc-

ture, which have limitations in corrosion-resistance,

biocompatiblility, and throughput [13]. Therefore, low-cost,

high-throughput, and biocompatible DEP manipulation are

greatly demanded for its future commercialization [14, 15].

In 2005, Madou et al. introduced a novel method of fabri-

cating high-aspect-ratio three-dimensional (3-D) glassy-like

carbon micro-electro-mechanical systems (MEMS), offering

advantages of low-cost manufacture based on traditional

photolithography with paralyzing process, excellent

biocompatibility for life-science-related applications, and

wider electrochemical stability window comparing with that

of Pt or Au electrodes [16]. Most importantly, high-aspect-

ratio 3-D MEMS structures has the advantage of offering

high throughput for the DEP manipulation by largely

extending the distribution of the electric field for much

larger DEP manipulation space [17]. With the further opti-

mization of carbon-MEMS process [18], the carbon-MEMS

technology has opened up new horizons in the field of DEP

manipulation. As a substitute for silicon-based devices, 3-D

carbon-MEMS approach will give us more freedom in the

design, manufacture, and integration with lab-on-chip.

The DEP force is related to the parameters of manipu-

lated particles and the electric field. The heart of DEP

devices is a set of electrodes producing a high gradient field

that drives particles by DEP forces [4]. Therefore, the utili-

zation of DEP force mainly relies on the non-uniform

electric field that is deliberately designed by constructing the

suitable configuration of electrodes for specific sample

[19–22]. Modeling and computational simulations of electric

field distributions are an essential step in the design of

appropriate electrode geometries, which significantly reduce

cost and time to obtain an optimized device [11]. Both

analytical and numerical approaches have previously been

used to investigate field and DEP force distributions for 2-D

electrode configurations [23–26] as shown in Fig. 1A, which

is not feasible for design of 3-D configuration. These studies

Figure 1. Schematic diagram of DEP generation. (A) Schematic
of DEP generation in 2-D planar electrode with K40 or Ko0
representing positive or negative DEP, respectively. (B) Sche-
matic of particles in 3-D MEMS electrode configuration.

Figure 2. Schematic of overall carbon-MEMS fabrication
process.

200µm 200µm

A B
Figure 3. SEM photos of high-aspect-ratio microelectrode array
before and after pyrolysis. (A) Before pyrolysis. (B) After
pyrolysis.

Figure 4. Schematic diagram of 3-D
quadruple microelectrode array in micro-
channel. (A) Circular column. (B) Square
column. (C) Triangular column.
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generally assume some approximations, such as the use

of simplified boundary conditions, i.e. linear variation of

electric potential between adjacent electrodes, negligible

influence of the medium conductivity, and idealized

electrodes with zero thickness [27]. As shown in Fig. 1B,

particles orientations in 3-D MEMS configuration are quite

different from that of 2-D configuration, the electric field

distribution and its contribution to the DEP generation and

particle movement are also different. The effects of 3-D

electrode configurations, including the possible on-chip

integration for bioparticle separation, transportation, trap-

ping, sorting, and detection, are numerous and still largely

unexplored. In this work, we will present a design approach

for 3-D carbon-MEMS structures, which can be fabricated

from carbon-MEMS process. The study will be based on the

application of Green’s theorem to the surfaces that limit the

chamber with mixed boundary conditions. Through sharp

electrode design and its accurate electric field simulation, we

will be able to provide insights into the field distribution and

its effects in particle manipulation. Furthermore, the effects

of microelectrode edge angle, edge-to-edge spacing, and

height on the spatial distribution of electric field, DEP forces

and throughput are also investigated.

2 Materials and methods

2.1 Materials

SU-8 2000 series negative photoresists and SU-8 developer

were purchased from MicroChem (Newton, MA, USA). All

other materials were domestic products of highest grade

available.

2.2 Microelectrode array fabrication

The high-aspect-ratio 3-D carbon microelectrodes were

made from pyrolyzed SU-8 negative photoresist pattern by

using carbon-MEMS method as described previously [18],

and the overall fabrication process is mainly illustrated in
Figure 5. Schematics of 3-D microelectrode array projection in
the X�Y plane for different edge angles.

Figure 6. Electric field intensity distributions for circular edge electrodes. Electric field intensity distributions generated by 3-D circular
edge quadrupole electrodes are sampled at horizontal plane with all of the electrode heights 20 mm and the edge-to-edge electrode
distance 20 mm. The distance of the horizontal plane from the channel floor is (A) 2 mm, (B) 10 mm, (C) 20 mm and (D) 40 mm, respectively.
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Fig. 2. The silicon substrate was first treated for spin-coating

of SU-8 photoresist using a photoresist spinner (WS-

400-6NPP-LITE, Laurell, North Wales, PA, USA), and then

designed patterning was obtained by ultraviolet-photolitho-

graphy process using Karl Suss MA6 contact aligner (Suss

MicroTec, Garching, Germany), and developing step was

then followed to obtain 3-D photoresist microelectrode

array. The carbon microelectrodes with good electrical

conduction were obtained finally after pyrolysis process in

a quartz-tube furnace (GSL-1500, Kejing Materials, Hefei,

China) under inert atmosphere (95% N2, 5% H2, 2 000 sccm

in total) and the temperature ramp rate during heating

process should not exceed 101C/min. Three-step pyrolysis

process was applied and the final pyrolyzing temperature

was set at 10001C. A typical sheet resistance of 2.8 O/square

can be obtained for electrodes. Figure 3A and B shows

typical SEM photos of high-aspect-ratio microelectrode array

before and after pyrolysis, respectively. The microstructures

remain upright after pyrolysis except shrinkage, where

vertical shrinkage is usually much larger than that of the

lateral direction. The demonstrated approach can be applied

to fabricate biocompatible 3-D microelectrode arrays with

various configurations for efficient DEP manipulation on

bioparticles. However, the optimal design method of 3-D

microelectrode array for DEP manipulation of bioparticles is

not available yet. In the following, optimal design metho-

dology will be developed based on theoretical modeling and

numerical analysis, and effects of various design parameters

of microelectrode configurations on DEP manipulation of

bioparticles will be investigated.

2.3 DEP force modeling

As described by H. Pohl [4], the first order of dipole

contribution to the time-averaged DEP force for a spherical

bioparticle is given by

FDEPh i ¼ 2pemr3Reðf �CMÞHðE � EÞ ð1Þ

where FDEPh i is the time-averaged DEP force, E is the

electric field intensity, r is the particle radius, em is the

permittivity of suspending medium, Reðf �CMÞ is the real

component of f �CM, H is the gradient operator, f �CM is the

Clausius–Mossotti factor of the first order as

f �CM ¼
e�p � e�m
e�p12e�m

ð2Þ

where e�p and e�m are the complex conjugate permittivities of

the particles and the suspending medium, respectively.

Where e� ¼ e� i � s=o, e� is the complex permittivity, e is

the permittivity, s is the conductivity, o is the angular

frequency of the alternating current, and i ¼
ffiffiffiffiffiffiffi
�1
p

. For a

Figure 7. Electric field intensity distributions for 901 edge electrodes. Electric field intensity distributions generated by 3-D 901 edge
quadrupole electrodes are sampled at horizontal plane with all of the electrode heights 20 mm and the edge-to-edge electrode distance
20 mm. The distance of the horizontal plane from the channel floor is (A) 2 mm, (B) 10 mm, (C) 20 mm and (D) 40 mm.
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given particle, K ¼ 2pemr3Reðf �CMÞ is a constant, DEP force

only relies on the gradient in the electric field intensity.

Equation (1) can be rewritten as follows:

FDEPh i ¼ K � jHðE � EÞjði cos a1j cos b1k cos gÞ ð3Þ

where i, j, and k are the unit vectors in the Cartesian co-

ordinate frame, a, b, and g are the angles between the

direction of the DEP force and the Cartesian coordinate

orientation i, j, and k, respectively. This equation indicates

that the magnitude of the DEP force results from non-

uniformity in the electric field intensity and this force is

proportional to the module of H(E �E), the volume of the

particle and the real component of the Clausius–Mossotti

factor.

The electric field is governed by the Maxwell equation.

Because we are dealing with the magnitudes of the electric

field, the alternating current electric field could be regarded

as electrostatic field to solve the electric field. Space potential

distribution satisfies Laplace equation as follows:

H2F ¼ 0 ð4Þ

where F is the potential in any space placement and the

electric field can be calculated as

E ¼ �HF ¼ � i
qF
qx

1j
qF
qy

1k
qF
qz

� �
ð5Þ

where x, y, z represent axis x, axis y, axis z in the Cartesian

coordinates, respectively. Further we can get

E � E ¼ �i
qF
qx
� j

qF
qy
� k

qF
qz

� �
� �i

qF
qx
� j

qF
qy
� k

qF
qz

� �

¼ qF
qx

� �2

1
qF
qy

� �2

1
qF
qz

� �2

ð6Þ

HðE � EÞ ¼i 2 � qF
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�
q qF
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�
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ð7Þ

For convenience, we define the mark Fx and Fxy as ðqF=qxÞ
and ðqðqF=qxÞÞ=qy respectively. Then Eq. (7) can be

Figure 8. Electric field intensity distributions for flat edge electrodes. Electric field intensity distributions generated by 3-D flat edge
quadrupole electrodes are sampled at horizontal plane with all of the electrode heights 20 mm and the edge-to-edge electrode distance
20 mm. The distance of the horizontal plane from the channel floor is (A) 2 mm, (B) 10 mm, (C) 20 mm and (D) 40 mm.
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Figure 9. Electric field gradient distributions for circular edge electrodes on horizontal plane. Electric field gradient distributions
generated by 3-D circular edge quadrupole electrodes are sampled at horizontal plane with all of the electrode heights 20 mm and the
edge-to-edge electrode distances 20 mm. The distance of the horizontal plane from the channel floor is (A) 2 mm, (B) 20 mm, (C) 40 mm. The
distribution of electric field gradient magnitude for each sample is plotted on the left, and the direction of the gradient in the
corresponding point is plotted on the right.
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rewritten as

HðE � EÞ ¼i � ð2 � Fx � Fxx12 � Fy � Fyx12 � Fz � FzxÞ

1j � ð2 � Fx � Fxy12 � Fy � Fyy12 � Fz � FzyÞ:

1k � ð2 � Fx � Fxz12 � Fy � Fyz12 � Fz � FzzÞ

ð8Þ

And we can get

jHðE � EÞj ¼

ð2 � Fx � Fxx12 � Fy � Fyx12 � Fz � FzxÞ2

1ð2 � Fx � Fxy12 � Fy � Fyy12 � Fz � FzyÞ2

1ð2 � Fx � Fxz12 � Fy � Fyz12 � Fz � FzzÞ2

2
66664

3
77775

1=2

ð9Þ

We substitute Eq. (9) for the factor |H(E �E)| in Eq.(3), the

result is as follows:

FDEPh ij j ¼ Kj j

�

ð2 � Fx � Fxx12 � Fy � Fyx12 � Fz � FzxÞ2

1ð2 � Fx � Fxy12 � Fy � Fyy12 � Fz � FzyÞ2

1ð2 � Fx � Fxz12 � Fy � Fyz12 � Fz � FzzÞ2

2
66664

3
77775

1=2

ð10Þ

The direction of the DEP force can be denoted by a, b and g
which are given by the equations as follows:

a ¼ arccos
2 � Fx � Fxx12 � Fy � Fyx12 � Fz � Fzx

HðE � EÞj j

� �
ð11Þ

b ¼ arccos
2 � Fx � Fxy12 � Fy � Fyy12 � Fz � Fzy

HðE � EÞj j

� �
ð12Þ

g ¼ arccos
2 � Fx � Fxz12 � Fy � Fyz12 � Fz � Fzz

jHðE � EÞj

� �
ð13Þ

We can obtain the numerical solution of the field potential

based on the finite element software (Multiphysics

COMSOL). From the post process of the resulting potential,

the magnitude of DEP force can be determined by substi-

tuting one or second-order partial derivatives of the potential

into the aforementioned equation.

Considering that the 3-D electrode array is constructed

to produce nonuniform field and arranged periodically

within fluid channel and bioparticles are distributed in the

fluid, we select the quadruple configuration of electrode

array for modeling and simulation. The shapes of the elec-

trode can be circular or sharp edges with height H as shown

in Fig. 4A–C, which are illustrated by circular, square, and

triangular column. The electric potential of random point F
satisfies the Laplace equation. An electric isolation condition

of normal zero electric field (qF/qn 5 0) is imposed at all

boundaries other than electrodes surface. The electrode can

be assumed as ideal conductor; thus, the potential on the

surface of electrode equals to the applied voltage of elec-

trode, and the boundary condition in the surface of electrode

can be expressed as F5 Ui, where Ui is the applied voltages

of electrode i. The applied voltage of two diagonal electrodes

is similar to each other, where one is 5 Vp and the other is

grounded. The projections of electrode configurations in the

x– y plane are also schematically depicted in Fig. 5 for

circular and different edge angles, and geometric para-

meters are also displayed.

3 Results and discussion

The electric field distribution defines the DEP force for

the manipulation of specific bioparticles. Following the

modeling and simulation approach presented previously,

some important results are obtained and critical discussions

are also being illustrated below.

3.1 Distributions of electric field

Consider that the height H is 20 mm for all electrodes as

depicted in Fig. 4, and the edge-to-edge electrode distance D
is 20 mm as depicted in Fig. 5. The electric field distributions

for each configuration can be simulated and plotted. Plots

shown in Fig. 6 are electric field distributions for circular

edge electrodes sampled at the horizontal plane, the

distance of which from the channel floor is 2, 10, 20, and

40 mm. Plots shown in Fig. 7 are electric field distributions

for 901 edge electrodes sampled at the horizontal plane, the

distance of which from the channel floor is 2, 10, 20, and

40 mm. While plots shown in Fig. 8 are electric field

distributions for flat edge electrodes sampled at the

horizontal planes, the distance of which from the channel

floor is 2, 10, 20, and 40 mm. The four positions sampled are

to find out the effects of distance on the electric field

distributions for distance close to channel floor, in the

middle of the channel floor, at the same height of electrode,

Figure 10. Electric field gradient distributions for circular edge
electrodes on vertical plane. Electric field gradient magnitude
and its direction generated by 3-D circular edge quadrupole
electrodes are sampled at vertical plane where y equals to zero.
All of the electrode heights and the edge-to-edge electrode
distances are 20 mm.
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and higher than the electrode. The boundary effect can be

observed in Figs. 6A, 7A and 8A for a distance of 2 mm, as it

is close to the channel floor. The general electric field

distributions are displayed in Figs. 6B, 7B and 8B for a

distance of 10 mm, which is the main manipulation space for

bioparticles. The field distributions are also shown in

Figs. 6C, 7C and 8C for a distance of 20 mm, where the

distance is equal to that of the electrode height. Figures 6D,

7D and 8D demonstrate the field distributions for a distance

of 40 mm when the distance is higher than that of electrode

height. From the sampled field distributions, it is observed

that the field distributions display highest electric field at

some edge locations of the electrode when the distance is

lower than that of the electrode height as shown in A, B of

Figs. 6, 7 and 8; whereas field distributions display a local

maxima along the electrode edge when the distance to the

floor is equal to that of the electrode height as shown in

Figs. 6C, 7C and 8C. It is also concluded that when the

distance is higher than the electrode height, the field

distributions show the perfect trapping well as commonly

Figure 11. Electric field gradient distributions for 901 edge electrodes on horizontal plane. Electric field gradient distributions generated
by 3-D 901 edge quadrupole electrodes are sampled at horizontal plane with all of the electrode heights 20 mm and the edge-to-edge
electrode distances 20 mm. The distance of the horizontal plane from the channel floor is (A) 2 mm, (B) 20 mm, (C) 40 mm. The distribution
of electric field gradient magnitude for each sample is plotted on the left, and the direction of the gradient in the corresponding point is
plotted on the right.
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obtained to 2-D electrode configurations, where there is a

local minima in the center of the configuration as shown in

Figs. 6D, 7D and 8D.

However, the real contributions of electric field to DEP

force generation for bioparticle manipulation are the gradient

magnitude and its direction; therefore, the following section

will present details on electric field gradient distributions.

3.2 Distributions of electric field gradient

Based on the electric field distributions simulated from the

previous section, the field gradient magnitude and its

direction can be calculated and displayed. Similarly,

consider that the height H is 20 mm for all electrodes as

depicted in Fig. 4, and the edge-to-edge electrode distance D
is 20 mm as depicted in Fig. 5. In order to obtain clearer

diagram, the magnitude of the gradient is taken logarithm,

which is log2|H(E �E)|. Figures 9, 11, 13 show electric field

intensity magnitude and its direction for 3-D circular, 901

and flat edge electrodes, respectively, at distance of 2, 10,

and 40 mm to the channel floor. According to Figs. 9, 11 and

13, it is found that the gradient maxima in the electric field

occur near the electrode edges, whereas the gradient

maxima may vary from point to point for the same height

since the gradient is proportional to the curvature of the

point at the edge of electrode. As shown in A-2, B-2, and C-2

of Figs. 9, 11 and 13, it is found that the gradient always

points toward the edges of electrode from the center of

electrode configuration in the arrow diagram denoting x and

y component of the gradient in the electric field intensity.

On the other hand, the electric field gradient magnitude

and direction in the vertical plane are also plotted to further

understand gradient distribution in 3-D space. Figures 10,

12 and 14 show the electric field gradient magnitude and its

direction on the vertical plane at y equal to zero for circular

edge, 901 edge, and flat edge electrode configuration,

respectively, where the arrow direction indicates local field

gradient direction and length represents the magnitude of

the gradient. It shows that the gradient always points toward

the channel floor. The plots also show clearly the location of

an isolated field minimum, where in fact the field is zero at

the center of the four electrodes, and the DEP force is also

zero. Therefore, bioparticles of a lower effective polariz-

ability than that of surrounding suspending media will

experience a negative DEP force and be directed towards the

center point, which can be applied as a well-defined trapping

well for particle manipulations such as separation and

focusing [28].

3.3 Dependence on electrode edge angle

From previous analysis, it is shown that the electrode edge

shape affects the electric field contribution and the gradient

magnitude maxima; therefore, the electrode edge is critical in

the electrode design. In the study, five typical electrode edges,

namely 30, 60, 901, circular and flat electrode edges, are

considered to investigate its effect on the electric field gradient

distributions, respectively. The field gradient magnitude is

plotted as a function of the distance from the channel floor for

each electrode edge angle, respectively, as shown in Fig. 15,

where the electrode height and edge-to-edge spacing are fixed

at 20 mm. From Fig. 15, it is observed that the gradient

magnitude remains almost highest and constant when the

distance to channel floor is smaller than the electrode height

for sharp edge electrode configurations, where the electrode

edge angle is equal or less than 901. It is also shown that the

sharp edge electrode configurations produce the largest

gradient magnitude of electric field, which is more effective

to improve DEP force for particle manipulation. While the flat

edge electrodes are much less effective in generation of local

electric field gradient magnitude. This prediction is also in

agreement with the literature experimental reports [28], which

demonstrated that the sharp tip electrode structures (such as

arrow head) are convenient to focus particles precisely toward

the center of the channel at the large region with higher

manipulation throughput [29]. However, if the distance to the

channel floor is larger than electrode height, the gradient

magnitude decreases rapidly, which is not suitable for DEP

manipulation.

3.4 Dependence on electrode edge-to-edge spacing

Electrode edge-to-edge spacing is another very critical factor

in electrode configuration. Considering the case of electrode

edge angle of 901 and the electrode’s height of 20 mm, the

effect of the spacing on the field gradient magnitude is

calculated and plotted in Fig. 16, where the distance to the

channel floor is fixed at 6 mm. From Fig. 16, it is shown that

the gradient magnitude decreases rapidly as the electrode

edge-to-edge spacing increases. The correlation of the

dependence on edge-to-edge spacing can be quantitatively

described by |H(E �E)|pD�4. It is concluded that the

gradient decreases exponentially as the spacing increases,

whereas the gradient is close to zero when the spacing is

Figure 12. Electric field gradient distributions for 901 edge
electrodes on vertical plane Electric field gradient magnitude
and its direction generated by 3-D 901 edge quadrupole
electrodes are sampled at vertical plane where y equals to zero.
All of the electrode heights and the edge-to-edge electrode
distances are 20 mm.
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larger than 20 mm. These calculations are also in qualitative

agreement with the literature experimental reports [30, 31].

Therefore, in design of electrode configuration, the electrode

edge-to-edge spacing must be considered for DEP force

generation.

3.5 Dependence on electrode height

Considering the case of electrode edge angle of 901 and

electrode edge-to-edge spacing fixed at 20 mm, the electric

field gradient is plotted as a function of the distance from

the channel floor for different electrode heights as shown in

Fig. 17. In Fig. 17, the electrode height is selected as 2, 10,

20, 40, and 60 mm, whereas the electric field gradient of

log2|H(E �E)| is calculated with the distance from 2 to 80 mm

for each electrode height configuration. From Fig. 17, it is

concluded that the gradient almost keeps constant as the

distance from the channel floor increases in case of the

distance from channel floor is smaller than the height of

electrode. Above that, the gradient decays rapidly as the

distance from the channel floor increases. The theoretical

prediction in this paper is also in agreement with the

literature reports [17]. It is obvious that the effective DEP

Figure 13. Electric field gradi-
ent distributions for flat edge
electrodes on horizontal
plane. Electric field gradient
distributions generated by 3-D
flat edge quadrupole electro-
des are sampled at horizontal
plane with all of the electrode
heights 20 mm and the edge-
to-edge electrode distances
20 mm. The distance of the
horizontal plane from the
channel floor is (A) 2 mm, (B)
20 mm, (C) 40 mm. The distri-
bution of electric field gradi-
ent magnitude for each
sample is plotted on the left,
and the direction of the gradi-
ent in the corresponding point
is plotted on the right.
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force for bioparticle manipulation is largely extended within

fluids as the height of electrode increases, whereas the DEP

force rapidly decays as the distance from the channel floor

increases. Therefore, a 3-D design used for the DEP

manipulation can significantly improve the volume and

particle throughput of the manipulation through proper

design of the electrode height and control of the manipula-

tion region of bioparticles inside fluid channel [32]. It can be

imaged that when the electrode has 2-D configuration, the

effective manipulation space is very much constrained in

very shallow region within the fluid channel, which will

prevent the wide application of DEP manipulation. While

through joint design of the high-aspect-ratio 3-D configura-

tion based on carbon-MEMS with the sharp edge angle of

the electrode shape, the DEP force can be optimized for

specific bioparticles. Although in practical design of DEP

devices or integration with on-chip devices, more factors

such as the fluid channel, the type of bioparticle, and the

purpose of manipulation (separation, concentration,

transportation, etc.) are needed to be considered, the 3-D

configuration will give great advantage for flexibility

while keeping high throughput and efficiency for DEP

manipulation.

Figure 14. Electric field gradient distributions for flat edge
electrodes on vertical plane. Electric field gradient magnitude
and its direction generated by 3-D flat edge quadrupole
electrodes are sampled at vertical plane where y equals to zero.
All of the electrode heights and the edge-to-edge electrode
distances are 20 mm.
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Figure 15. Curves for dependence on electrode edge angle.
Shown are the curves of the magnitude of electric field gradient
as a function of the distance from the channel floor for different
electrode edge angles, which is selected as 30, 60, 901, circular
and flat electrode edges. The electrode height and edge-to-edge
spacing are fixed at 20 mm.
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Figure 16. Curves for dependence on electrode edge-to-edge
spacing. Shown are the curves of the magnitude of electric field
gradient as a function of the electrode edge-to-edge spacing for
electrode edge angle of 901 where the electrode height is 20 mm
and the distance to the channel is fixed at 6 mm.
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Figure 17. Curves for dependence on electrode height. Shown
are the curves of the magnitude of electric field gradient as a
function of the distance from the channel floor for different
electrode heights, which is selected as 2, 10, 20, 40 and 60 mm.
The electrode edge angle is selected as 901 and the edge-to-edge
spacing is fixed at 20 mm.
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4 Concluding remarks

We have demonstrated the fabrication approach and

developed a basic design methodology for 3-D carbon

microelectrode configurations in the DEP manipulation of

bioparticles within fluids. The outcomes demonstrate that

the sharp edge electrode is more effective in the DEP

manipulation. Both electrode edge-to-edge spacing and

height are critical design parameters for seeking optimal

DEP manipulation. 3-D structure configurations will signi-

ficantly improve the manipulation throughput with high

degree of precision and flexibility compared with 2-D

structure. The electric field gradient magnitude increases

exponentially as the electrode spacing is reduced, and the

effective DEP force extends much largely within fluid as the

height of electrode increases. These findings will provide

critical guidelines for optimal design of DEP devices with

3-D carbon-MEMS.
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