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Abstract Dielectrophoresis (DEP) allows to moving

neutral or charged particles in liquids by supplying a non-

uniform electric field. When using alternating current and

insulated electrodes, this is possible in conducting media

such as aqueous solutions. However, relatively high field

strength is required that is discussed to induce also an

undesired Joule heating effect. In this paper, we demon-

strate boundary conditions for avoiding this side effect and

suggest a novel design of an interdigitated electrode (IDE)

configuration to reduce the power consumption. Numerical

simulation using OpenFOAM demonstrated that, when

replacing conventional plate IDE by cylindrical micro-IDE

in microchannel systems, the dielectrophoretic force field,

i.e., the electric field gradient squared, becomes stronger

and more homogeneously distributed along the electrodes

array. Also the resulting particle DEP velocities were

highest for the cylindrical IDE. The simulations were

experimentally confirmed by measuring velocity of resin

particle located at the subsurface of demineralized water.

Surprisingly the fluid flow induced by electrothermal effect

turned out to be negligible in microchannels when com-

pared to the DEP effect and becomes dominant only for

distances between particle and IDE larger than 6,000 lm.

The well-agreed experimental and simulation results allow

for predicting particle motion. This can be expected to pave

the way for designing DEP microchannel separators with

high throughput and low energy consumption.
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Abbreviations

AC Alternative current

CCD Charge-coupled device

CFD Computational fluid dynamics

DC Direct current

DEP Dielectrophoresis

eff Effective

ETE Electrothermal effect

EFG Electric field gradient squared

FDEP Dielectrophoretic force

IDE Interdigitated electrode configuration

nDEP Negative DEP

pDEP Positive DEP

re½ ~K� Real part of the Clausius–Mossotti factor

rms Root mean squared

1 Introduction

Dielectrophoresis (DEP), a translational motion of sus-

pended particle induced by dielectric polarization in an

inhomogeneous electric field, was firstly defined by Pohl

(1978). In contrast to electrophoresis, DEP is not limited to

direct current, it acts on both neutral and charged particles,

and it can lead to higher particle velocities with identical

voltage input (Thöming et al. 2006).

DEP is already widely applied in such areas as biosen-

sors, cell therapeutics, medical diagnostics, and
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nanoassembly. As a new separation technique, DEP is

attracting more and more interest for fractionating, and

concentrating micro- and nanoparticles in microfluidic

systems (Jones 1995; Pethig and Markx 1997; Green et al.

1997; Morgan and Green 2003; Baune et al. 2008; Du et al.

2013; Pethig 2010; Khoshmanesh et al. 2011; Cetin and Li

2011) with maximum flow rates of the order of milliliters

per minute and electrode distances in the micrometer range

(Li et al. 2010; Srivastava et al. 2011).

First attempts in scaling-up DEP separations followed

the approach to enlarge the diameter of the flow channel

and thereby electrode distance. Baune et al. (2008) exper-

imentally investigated DEP systems with electrode dis-

tances in millimeter scale and described the Joule heating

challenge attributed to the correspondingly low volumetric

surface. Du et al. (2008) followed the same approach

developing a DEP particle separator for fractionating gold

particles from an aqueous suspension of heavy minerals

with 141 mL/min throughput. Sano et al. (2012) proposed a

dielectrophoretic particle separator using three-dimen-

sional mesh stacked electrodes to separate tungsten carbide

particles from a mixture with diatomite. Cetin and Li

(2011) emphasized the rarity of research on the improve-

ment of throughput of DEP system, for replacing the

benchtop instruments of microfluidics for clinical

applications.

For continuous separation, fluid flow has to be split into

two or more streams. The bigger the difference achieved in

particle concentrations of these streams, the higher the

separation factor. This in turn depends on particle trajec-

tories, which result from two superimposed forces, the

dielectrophoretic force and the drag force. While the latter

is determined by fluid flow, the dielectrophoretic force field

can be described by the electric field gradient squared

(EFG). According to Pohl (1978), EFG can be expressed as

( E � rð ÞE ¼ 1
2
r Ej j2), in case of linear and isotropic

dielectrics. As an example, Pohl described the (geometric)

EFG in a cylindrical electrode configuration by:

r Ej j2¼ �2U2
m

r3 ln r1

r2

� �� �2
ð1Þ

where E is the electric field intensity, Um is the voltage

across medium, r is the distance between particle and

electrode, r1 is the radius of central electrode, and r2 is the

characteristic length of electrode configuration. Thus,

magnitude and distribution of EFG depend on both voltage

input and structure parameters of electrode configuration.

According to the relationship between particle trajecto-

ries on the one hand and electrode configuration and fluid

flow direction on the other, electrode arrangement in the

flow channel is a key element of a DEP separator. Princi-

pally there are two options, orthogonal and horizontal

arrangement. In the orthogonal electrode arrangement

(Fig. 1a), two electrodes are oppositely installed on two

sides of the channel with fluid flowing in between both

electrodes. Differently, in the horizontal electrode

arrangement (Fig. 1b), electrodes are installed on one side

of channel and the fluid passes them subsequently. Typi-

cally the horizontal electrode arrangement is realized as an

array. This is called interdigitated electrode configuration

(IDE) and already utilized in DEP microsystems such as

chips for particle separation (Weiss et al. 2009; Kumar

et al. 2009; Morganti et al. 2011).

On the other hand, the increase in fluid flow will require

much higher electric field input for generating sufficiently

high DEP force to effectively move particles.

An increase in throughput can be achieved by an

increase in particle concentration and fluid flow rate. In

case of orthogonal electrode configuration, an increase in

particle concentration enhances the interaction between

particles, which possibly align along the electric field

forming a chain-like agglomeration of particles. This pearl-

chain effect (Jones 1995) might intervene in DEP motion

and potentially bridge the two electrodes. Such a ‘‘short-

circuit’’ between electrodes will increase electrical current

and thus energy consumption of the DEP system (Du et al.

2009). In case of large particles forming chains, the open

cross-sectional area of the channel is reduced and so is the

DEP effect due to increased fluid velocity.

To realize a certain EFG with an orthogonal electrode

configuration, a relatively high voltage is required in

comparison with an IDE due to the relative large dis-

tance between electrodes. Concurrently, for a certain

voltage input in a DEP system, the DEP force can be

enhanced cubically by decreasing the distance between

electrodes.

Currently, the IDEs applied in DEP systems are con-

figured with metal plates (either insulated or bare). The

disadvantages of such a plate IDE system are a very weak

electric field at the center of the electrodes and a rapid

change of electric field gradient at positions in the vicinity

of electrodes (Crews et al. 2007; Cao et al. 2008). Due to

both problems, current plate IDE cannot homogeneously

manipulate particle trajectories. For this purpose, a novel

design of a horizontal electrode configuration is required,

which provides a strong electric field gradient that is as

homogeneously distributed in the vicinity of electrodes

array as possible.

In this paper, we present such a novel design of an IDE

configuration that meets the above-mentioned requirements

by using cylindrical instead of plate electrodes. We simu-

lated the effect of this decisive modification in terms of

electric field gradient squared using OpenFOAM and par-

ticle velocity using MATLAB. The results were compared

with experimental measurements in a DEP cell.
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2 Materials and methods

2.1 DEP system

The IDE–DEP systems consist of a DEP cell mounted with

group of cylindrical IDEs. Suspended particles located at

the subsurface of medium will be repelled along horizontal

direction under the influence of DEP force from higher

electric field region (their initial positions as indicated in

Fig. 2), while electrothermal-induced cycling fluid flow

follows nDEP force direction (Fig. 2).

2.2 Experimental setup

The experimental setup was composed of a CCD camera

(IMAGING SOURCE Co. Ltd DFK 31AU03), a lens

(IMAGING SOURCE Co. Ltd), a function generator

(VOLTCRAFT� 7202) and a power amplifier (FM1290,

FM ELEKTRONIK BERLIN). Four electrodes were

installed subsequently in a DEP cell (Fig. 2), having

aspect ratio (a ratio of diameter or length of electrode to

distance between electrodes, d:L) of 1:2. Titanium wires

insulated with rutile were used as electrodes with a

diameter of 2,000 lm. Insulation on cylindrical elec-

trodes is applied to diminish problems in conductive

aqueous media such as the risk of short circuit and

electrochemical reaction. Resin particles (with relative

dielectric constant of 3) were utilized in the experiment

with a mean particle diameter of 808 lm. By settling

heavy resin particles in aqueous suspension, a light

fraction of particles was obtained that stuck to the sur-

face of the suspension. These collected particles were

used in the dielectrophoresis experiment. Both size and

velocity of observed single particles were measured. This

was done by analyzing the image of particle captured by

optical system (CCD camera and lens) and using Sig-

maScan Pro 5.0, calibrated with standard 500 lm poly-

mer microspheres (Duke Scientific Co. Ltd).

2.3 Experimental determination of particle velocity

Due to the much lower permittivity of resin particle com-

pared to that of demineralized water, the resin particle

suspended at the water surface presents a negative DEP

effect and hence moves toward lower electric field region.

The local particle velocity in horizontal direction vx was

obtained by dividing motion distance (Dsx) by motion time

(Dt).

vx ¼
Dsx

Dt
ð2Þ

The initial position of particle is shown in Fig. 2 for

exerting the maximum DEP force. Particle velocities were

determined at different heights h (2,000, 2,500, 3,000,

5,000 and 7,000 lm) above electrodes. Each experiment

was repeated 10 times. The height of particle away from

electrodes was varied by controlling the height of demin-

eralized water. After experiment, the recorded video clips

were processed by capturing pictures using software of

SigmaScan Pro. 5.0. The time difference between two

captured pictures is chosen in the magnitude of 1/30 s for

reducing measurement error at most.

(b)(a)

V

V

Fig. 1 Types of DEP electrode configuration: a orthogonal and b horizontal to the medium flow ( _V) with respect to electrode arrangement

h

nDEP nDEP

h

nDEP

ETE ETE

Fig. 2 Cutout of an IDE-DEP microsystem showing two electrodes

(black solid semi-circles) interdigitatedly installed. Particles (brown

solid circles) sticking to the subsurface of aqueous medium, which are

positioned as indicated by dashed lines, will be moved to mid between

two electrodes when an nDEP effect is presented. The resulted fluid

flow (red lines) due to electrothermal effect (ETE) will enhance

particle motion velocity in the case of nDEP (color figure online)
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2.4 Modeling

Basis for any modeling of DEP is the dependence of

direction and magnitude of dielectrophoretic force FDEP,

which acts on a spherical particle, on the electric field

intensity E, its gradient, effective polarizability and the

particle radius. According to Pohl (1978), this writes as:

FDEP ¼ 4pa3e0eMre½ ~K� E � rð ÞE ð3Þ

where e0 = 8.854 9 10-12 F m-1 is the permittivity of

free space, eM is the permittivity of the medium, and re½ ~K�
is real part of the Clausius–Mossotti factor ~K. This

parameter describes the effective dielectric polarizability

of the particle as a function of frequency of the electric

field and is given as:

re½ ~K� ¼ re
~eP � ~eM

~eP þ 2~eM

� �
ð4Þ

~e ¼ e� jr
x

ð4aÞ

where ~e is the complex permittivity of the particle (~eP) and the

medium (~eM), r is the conductivity, x is the angular frequency

of the applied electric field (x = 2pf) in which f is frequency,

and j ¼
ffiffiffiffiffiffiffi
�1
p

. As shown in Eqs. (3) and (4), the direction of

DEP force is dependent on the difference of polarizability

between particle and medium. Thus, the DEP force induces a

particle motion toward either stronger electric field region,

termed as positive DEP (pDEP), or toward weaker electric

field region, presenting negative DEP (nDEP).

As the magnitude of DEP force is proportional to EFG,

the main challenge in generating sufficient DEP force with

low energy consumption is to design electrode systems

which avoid the need of large electric potentials to generate

a sufficiently high EFG.

The motion of a particle suspended in an aqueous

medium under the influence of DEP effect is always

assumed to be a steady state by balancing the dielec-

trophoretic force and the drag force. Thus, the DEP

velocity of particle, vDEP, can be expressed as:

vDEP ¼
2a2e0eMre K½ �ðE � rÞE

3gM

ð5Þ

where gM is the dynamic viscosity of the medium (Morgan

and Green 2003).

In Eq. (5), the medium is considered to be static, but this

is typically not the case. The electric current causes Joule

heating, which in turn leads to a motion of fluid medium

induced by temperature gradients (Castellanos et al. 2003),

as shown in Fig. 2. Du et al. (2007) developed a model to

distinguish between DEP and such a convective fluid flow

of velocity u that is driven by a buoyancy force and

increases with Joule heating.

u ¼ Um

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
agl3

VCPgMR

s
ð6Þ

Here a is volume expansion coefficient, g is the gravita-

tional acceleration, l is the characteristic length of the

electrode configuration, V is volume of medium, CP is the

specific heat capacity of the medium, gM is the dynamic

viscosity of the medium, and R is the electric resistance of

the system.

Both DEP and ETE act on suspended particles. Taking

this into account, Eqs. (5) and (6) could be combined to

express the velocity v of the particle motion,

v ¼ 2a2e0eMre K½ �ðE � rÞE
3gM

� Um

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
agl3

VCPgMR

s
ð7Þ

In Eq. (7), the second term represents the motion of med-

ium. In case of pDEP, the medium motion decreases the

velocity of suspended particle, while for nDEP, the oppo-

site is the case (Du et al. 2007).

2.5 Numerical simulation

Two cases were investigated: for comparing cylindrical

IDE with plate IDE configuration, EFG distribution was

simulated at microscale, in which both the diameter of

electrode (d) and the distance between electrodes (L) are

10 lm in a DEP system with height (h) of 50 lm. In

another case, to demonstrate the performance potential of

cylindrical IDE, simulations were performed at milliscale

with an aspect ratio of 1:2 (electrode diameter of 2,000 lm

and distance between electrodes 4,000 lm).

Simulations were performed by implementing the model

into the source code of OpenFOAM, an open-source soft-

ware package that uses CFD solvers based on the finite

volume method. For describing the quasi-electrostatic field,

Maxwell’s equations were used in the following form

(Green et al. 2002):

E ¼ �ru ð8Þ

r � J þ oq
ot
¼ 0 ð9Þ

r � e0Eð Þ ¼ q ð10Þ

where u is the electric potential, q is the free charge

density, and J is the conduction current. For a

homogeneous medium, (8), (9), and (10) can be

simplified to Laplace’s equation (Ramos et al. 1998):

r2u ¼ 0 ð11Þ

Simulations were performed for the two-dimensional plane

located at the center line (y = Y/2), as presented in Fig. 3.

By this means, wall effects and disturbances by the edges
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of the electrodes can be neglected since the electrodes are

long compared to their diameter. Besides, the periodical

array of electrodes allows simplification of the whole

system using one representing group of electrodes for

simulation (Cao et al. 2008). Further, both alternating

current (ac) input voltage and direct current (dc) voltage,

equivalent to the root mean squared voltage (Urms) of the

ac input, were applied. The electric potentials on both

surfaces of electrodes were given as positive and negative

with a value of Urms, respectively. On the left and right

sides of model, cyclic boundary conditions were set to

simulate the presence of an infinite number of electrode

groups. For the upper and bottom edges between elec-

trodes, either Dirichlet boundary condition (u = 0) or

Neumann boundary condition (ou
on
¼ 0) was used with the

assumption that the substrate and the top of the chamber

always have much lower conductivity and permittivity than

the medium in IDE channel (Green et al. 2002).

3 Results and discussion

3.1 Comparison of cylindrical IDE and plate IDE

The electric field gradient squared generated by cylindrical

IDE was compared with EFG of plate IDE (Fig. 4). The

maximum EFG of plate IDE (2.16 9 1019 V2/m3) at the

edges of plates is much higher compared to the maximum

value (2.8 9 1016 V2/m3) of cylindrical IDE at both sides

of the cylindrical electrode in the direction of x-axis. Close

to the electrodes, the EFG distribution generated by

cylindrical electrodes is almost ideally homogeneous,

while the extreme EFG values on the plate IDE surface

differ for about 6 orders of magnitude (Fig. 5). In addition,

the cylindrical IDE has no such areas of very weak EFG

around the electrodes, hence improving much larger

effective DEP force field area compared to the plate IDE.

Further, the EFG of plate IDE shows much smaller values

Fig. 3 Schematic diagram of cylindrical IDE electrode configuration

in a rectangular test channel with appropriate boundary conditions
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than that of cylindrical IDE at the same height of DEP

channel. All of these significant improvements from the

cylindrical IDE suggest it as promising electrode design for

realizing effective DEP effect with lower energy

requirement.

Models and simulation were validated by comparison

with numerical simulation results from literature (Green

et al. 2002) for IDE plate electrode with high consistency

in the maximal value and distribution of EFG. However,

the mesh resolution influenced the simulation results, and

thereby arising mesh error (Visser et al. 2012). The mesh

error becomes more significant at the geometrical spots

with maximal and minimal gradient terms, but negligible at

other positions. The solution from the finer mesh was

compared with those from the coarser mesh. It is indicated

that a large increase in mesh resolution turns out to be a

significant enhancement of maximum value of the electric

field gradient squared. The difference of variety of simu-

lation results at the maximal and minimal spots becomes

negligibly small, when the mesh resolution reaches a suf-

ficiently high magnitude, which is considered to be the

critical fine mesh resolution allowing accurate simulation.

3.2 Experimental validation

For DEP application in polar solvents such as aqueous

solutions, short circuits as well as electrochemical reactions

(electrode fouling) often occurs at bare electrodes and also

a reduction in electric field strength across the aqueous

solution due to its high conductivity. For avoiding the

above-mentioned problem, electrodes need to be insulated.

However, the insulated electrodes together with the con-

ductive aqueous medium generate a high-pass filter effect

(Baune et al. 2008). It can be represented by an electrical

circuit as shown in Fig. 6. The capacitors, CE1 and CE2,

formed by dielectric insulation film together with elec-

trodes and aqueous medium, connect in series with parallel

connected resistor, Rm, and capacitor, Cm, from aqueous

medium.

The frequency-dependent voltage fraction, i.e., voltage

across the medium Um relative to applied voltage U0, can

be given (Baune et al. 2008),

Um

U0

¼ Zm

ðZE1 þ ZE2 þ ZmÞ
ð12Þ

where, Z, impedance formed by insulation films and

medium with subscripts of E1, E2 and m, respectively,

can be obtained from,

Zm ¼
jxRmCm

Rm þ jxRmCm

ð13Þ

ZE1 ¼
1

jxCE1

ð14Þ

ZE2 ¼
1

jxCE2

ð15Þ

In this work, the voltage fraction for electrode configura-

tion with aspect ratio of 1:2 was simulated as shown in

Fig. 7. The output voltage Um can be obtained as 121.1

Veff, while the applied voltage is 183.5 V at the frequency

of 100 Hz.

The transformation of magnitude of cylindrical IDE

channel from micrometer to millimeter was performed and

verified to be reasonable with sufficient accuracy in sim-

ulation, by experimental results as shown in Fig. 8.

CE1 CE2

Cm

Rm

Um

U0

~

Fig. 6 Electrical circuit analogy for high-pass-filter effect in an

electrode configuration with two electrodes insulated. The dielectric

insulation films together with electrode and medium form two

capacitors CE1 and CE2, while the aqueous medium in the electrode

configuration can be represented by paralleled connected resistor Rm

and capacitor Cm
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Fig. 7 Frequency dependence of voltage fraction with aspect ratio
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medium (electric conductivity of 0.001 S/m) among electrode

configurations at the frequency of 100 Hz
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The dependency of DEP effect on EFG was experi-

mentally examined by measuring particles motion velocity

at different height to the electrodes of a DEP cell and

comparing with simulation results. A resin particle sus-

pended at the surface of demineralized water of height

h in the system was observed to move from an electrode

(higher electric field region) to the mid between electrodes

(lower electric field region) under isothermal conditions

(T = 298.15 K), presenting negative DEP effect, as pre-

sented in Fig. 2. With rising temperature gradients, an

ETE effect was observed with a flow direction from

electrode to the mid between electrodes at the surface of

aqueous medium, which in turn increased particles motion

velocity. Based on the simulation results of EFG in the

horizontal direction and using Eq. 7, the velocity of resin

particle (diameter of 808 lm) was theoretically predicted

in steady state (Fig. 8). Both simulation results and

experimental measurement present high agreement. The

experimental error can be estimated by comparing the

measured particle motion distance and the half of the

characteristic length (L/2). The errors for particle motions

with maximum velocity and minimum velocity are 5.3 and

0.62 %, respectively.

The influence of ETE on particle DEP effect can be

represented by comparing both velocities induced by DEP

and ETE, i.e., a ratio of DEP to ETE velocity. The results

simulated (Fig. 9) using the identical DEP system in the

experiment demonstrated dominant DEP effect, when the

particle is positioned very close to the electrodes (lower

height to electrodes), where the EFG is higher. As an

example, the induced DEP velocity at the height of

1,000 lm to the electrode is about 60 times higher than

ETE velocity, as presented in Fig. 9. An equivalent height,

at which a balanced effect between DEP and ETE is

reached, can be obtained. In this DEP system, the equiv-

alent height is 6,000 lm. Above this height, ETE is more

dominant. Due to the convective fluid flow induced by the

ETE, the particles motion will be disturbed and thereby

unpredictable. It demonstrates that a working height of

DEP force in a certain IDE–DEP system can be predicted

and should be taken into account during design of DEP

system, for achieving an effective DEP effect while mini-

mizing the influence of ETE effect.

For studying the impact of electrode configuration to the

DEP effect, the DEP velocities of particle at different

height (1,000 to 5,000 lm) to the electrode in three dif-

ferent types of electrode configurations, plate IDE, cylin-

drical IDE and orthogonal electrode configuration, were

simulated as presented in Fig. 10. Both plate and cylin-

drical electrodes have identical aspect ratio 1:2, i.e.,

diameter or length of electrode is 2,000 lm with electrodes

distanced 4,000 lm. The distance between electrodes in

the orthogonal electrode configuration is 4,000 lm, while

the diameter of smaller spherical electrode is 2,000 lm

with another plate electrode oppositely positioned above it

at a distance of 6,000 lm, as shown in Fig. 1a. Hence, in

the case of orthogonal electrode configuration, the maximal

height of particle position is the electrodes distance. The

variety of DEP velocity as a function of height presents a

similar tendency, which is the decrease in DEP velocity

with the increase in height. The cylindrical IDE generates

much higher (around 3.3 times to plate IDE and 2.9 times

to the orthogonal electrode in average) DEP velocity

compared to the others, due to its more inhomogeneous

electric field induced by the more non-uniformly structured

electrode configuration. It hints that the cylindrical IDE

could provide similar DEP effect at the same height to the

electrodes but requiring much lower voltage input, thereby
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Fig. 8 Comparison of experimental results of particle velocities and
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much lower energy consumption. In addition, the distur-

bance induced by ETE to the particle DEP motion will be

lower at the same height in the cylindrical IDE–DEP sys-

tem compared to the others.

4 Conclusion

In this work, an electrode configuration with interdigitat-

edly installed cylindrical electrodes is suggested. For the

first time, the electric field gradient squared was simulated

for such a system and compared with plate IDE electrode

configuration. The simulation results demonstrate that a

cylindrical IDE could provide more homogeneously dis-

tributed electric field gradients on the electrode surface and

higher electric field gradients than plate IDE above a cer-

tain height to the electrodes.

The velocity of resin particle suspended at the surface of

demineralized water in a DEP channel mounted by cylin-

drical IDEs with aspect ratio of 1:2 was theoretically

simulated and experimentally measured at different heights

of particle to the electrode with experimental error between

0.62 and 5.3 %. In all cases, simulations met experimental

results within their standard deviations. This astonishing

good agreement indicates that the simulations can be used

for reliable predictions of similar systems.

Fluid flow induced by ETE was observed to influence or

even determine particle motion. The impact of character-

istic length both on ETE fluid flow speed and voltage

across medium was demonstrated. The comparison of DEP

and ETE velocity, as presented by a ratio of DEP to ETE

demonstrated that the DEP velocity is dominant at the

height of particle position to the electrode below 6,000 lm

in the experimental cylindrical IDE system. The DEP

velocities of particle in aqueous medium in cylindrical IDE

at different heights of particle position to the electrode

were simulated and compared with them in plate IDE and

orthogonal electrode configuration. The simulation results

demonstrated that the cylindrical IDE could generate more

effective DEP effect at identical height compared to the

other electrode configurations, and thereby indicating that

an identically effective DEP effect with lower energy

demand can be expected using cylindrical IDE electrode

configuration.

However, to the best of our knowledge, standard

microfabrication technologies could not realize a cylin-

drical form of electrode. For electrode configuration with

geometries (electrode size and distance between elec-

trodes) above 100 lm, conventional mechanical processes

could be applied by mounting cylindrical electrodes. We

suggest micromilling and electroforming processes for

fabricating this cylindrical IDE configuration with geom-

etries below 100 lm.
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