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Dielectrophoresis (DEP) is a force applied to microparticles in
nonuniform electric field. This study discusses the fabrication of
the glassy carbon interdigitated microelectrode arrays using
lithography process based on lithographic patterning and subse-
quent pyrolysis of negative SU-8 photoresist. Resulting high-
resistance electrodes would have the regions of high electric field
at the ends of microarray as demonstrated by simulation. The
study demonstrates that combining the alternating current (AC)
applied bias with the direct current (DC) offset allows the user to
separate subpopulations of microparticulates and control the pro-
pulsion of microparticles to the high field areas such as the ends
of the electrode array. The direction of the movement of the par-
ticles can be switched by changing the offset. The demonstrated
novel integrated DEP separation and propulsion can be applied
to various fields including in vitro diagnostics as well as to micro-
assembly technologies. [DOI: 10.1115/1.4046561]
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1 Introduction

Electrokinetic propulsion can be utilized in a wide variety of
applications, including lab-on-chip devices as well as for microas-
sembly [1,2]. Direct and indirect fluidic manipulation of particles
can be driven by induced charge electrokinetic phenomena, elec-
trophoresis, electro-osmosis, dielectrophoresis (DEP), and electro-
thermal flows [3]. In conventional DEP, the transportation of

microparts can be controlled by the geometry of the electrodes
and channels, particle size, and material.

Dielectrophoresis is the movement of dielectric particles in a
nonuniform electric field. It transports particles toward the posi-
tions of the highest electric field gradient and can be either
attractive—so-called positive DEP (pDEP) or repulsive—termed
the negative DEP (nDEP). Whether the DEP force is positive or
negative depends on the sign of Claussius–Mossotti factor K, as
shown in the following equation:

K ¼
��p � ��m
��p þ 2��m

(1)

where e�i stands for complex permittivity of the materials and sub-
scripts p and m identify particles and suspension media, respec-
tively [4].

Dielectrophoretic force, given by Eq. (2), depends on the parti-
cle radius, R, the real part of the Claussius–Mossotti factor Re
[K], and the gradient of the square of the electric field E

FDEP ¼ 2p�mR3Re K½ �ðrE2Þ (2)

Attractive and repulsive forces cause particles to be trapped in
or move between the zones of high or low electric field. In an
interdigitated electrode array (IDEA), there are two sites having
the strongest gradient of the electric field: the pits along the length
of electrodes and the ends of the electrodes.

This study looks at the propulsion of the polystyrene microbe-
ads under the various electrical alternating current (AC) bias
applied to the IDEAs of carbon microelectrodes. We describe a
novel phenomenon—a dielectrophoretic propulsion that takes
place along the length of the interdigitated electrode, whereas the
classically expected DEP movement is just the attraction or repul-
sion toward or away from the adjacent electrodes. Because the
beads used in this study are nonionic and do not natively have
excess charges, the described phenomenon cannot be explained
by the electro-osmosis and thus do not belong to the variety of the
described electrokinetic propulsion methods [5]. We propose that
the reason the beads move along the length of the electrodes is
due to the fact that the beads move toward the region of high elec-
tric field that is located at the tip of the electrodes as demonstrated
by the finite element analysis simulation described in Sec. 3. We
also demonstrate that in high-resistance interdigitated electrode
system, attractive and repulsive DEP in the transverse direction
(i.e., toward or away from the adjacent electrodes) would act
nearly identical to that of metal electrodes as the equivalent elec-
trical circuit of the IDEA system will be dominated by much
higher resistance of the liquid channel between the electrodes.

The longitudinal DEP propulsion can provide a noncontact
force under which particles can be directed toward the sites of
strongest electric field, and when coupled with pDEP or nDEP in
transverse direction, it can be utilized as a guided microassembly
tool by noncontact forces for integrated separation, sorting, and
agglomeration of microparts. One of the possible applications
demonstrated in this study is the combination of the separation of
one type of beads (5 lm diameter polystyrene beads) from hetero-
geneous suspension of 1 and 5 lm diameter beads and removal of
5 lm beads only by propelling these beads to one side of the elec-
trode array.

2 Materials and Methods

2.1 Fabrication. For fabrication of interdigitated electrodes,
a 100-mm diameter single-crystal Si (001) wafer with 10,000-A
thick silicon dioxide was used as a substrate for the fabrication of
IDEAs. The electrode design schematics and the micrograph of
the IDEAs used in this work is presented in Fig. 1. The design
consists of an array of fingers of width 40 lm, separation of
60 lm, and height of 2 lm. Two working electrodes (first and third
from the left on schematics of Fig. 1) attached to IDEAs are used
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in this work, whereas the reference electrode and counter elec-
trode (second and fourth from the left on schematics in Fig. 1) are
not utilized in the reported studies as these electrodes are designed
to be used in electrochemical experiments.

The details of the production of glassy carbon interdigitated
electrodes have been published previously [6]. Briefly, the
sequence of steps involves lithographic patterning of SU-8 resist
and subsequent placing of the wafer with the remaining developed
SU-8 in the furnace at elevated temperature under nitrogen envi-
ronment. After the purge with nitrogen at room temperature for
1 h at 0.5 SCFH, the temperature was ramped at the rate of 25 �C/
min, and then the temperature was held at 300 �C for 30 min. The
temperature was further increased at the rate of 12 �C/min to

900 �C and the held at 900 �C for 1 h followed by overnight pas-
sive cooling to room temperature. After the pyrolysis step, the
wafer was diced with a diamond point scribe into individual
chips-containing IDEAs.

2.2 Experimental Setup. The copper wires were soldered
onto the carbon contact pads with indium metal. The wires were
then connected to the Function Generator DS345 (Stanford
Research Systems, Sunnyvale, CA) to apply the desired AC fre-
quency, offset (V), and voltage (V). Solutions of nonionized car-
boxylated polystyrene microbeads of 1 and 5 lm in diameter
(Magsphere Inc., Pasadena, CA) suspended in the de-ionized
water were pipetted onto the interdigitated electrodes and covered
by the microscope glass slide to reduce evaporation and facilitate
the observation of the movement of the beads. An Eclipse LV-
UDM Universal Design Microscope (Nikon Instruments Inc.,
Melville, NY) was utilized to observe the electrokinetic
phenomena.

3 Simulation

COMSOL MULTIPHYSICS 5.3a (COMSOL, Inc., Burlington, MA)
platform was used to analyze the distribution of electric field that
influences the movement of particles.

The electrode geometry studied in this work is a single SU-8-
derived glassy carbon electrode pair that is a part of the IDEA.
This single electrode finger has a width of 40 lm, a length of
2000 lm, and a 60 lm edge-to-edge separation with adjacent
electrodes.

Our hypothesis for the movement of the beads along the length
of the electrodes rests on the fact that due to high resistance nature
of the electrodes (such as those made of glassy carbon), there is a

Fig. 1 Schematic drawing of electrode with interdigitated
design (left). Micrograph of the IDEAs (right) used in the experi-
ments. The width of the electrode is 40 lm.

Fig. 2 COMSOL simulation of potential distribution (top) and electric field distribution (bottom) of the IDEA
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potential distribution along the length of the electrodes (i.e.,
potential is higher at the base of the electrode and falls due to
resistive losses as one gets closer to the tip of the electrode).
Therefore, electric field and, consequently, electric field gradient
changes along the length of the high-resistance electrode in con-
tract to low-resistance electrode (such as those made out of gold
or copper) where the potential will stay constant. Thus, we expect
that the phenomenon of DEP propulsion along the length of the
electrode will not be present for gold IDEAs, but will be present
for glassy carbon IDEAs.

The electric potential distribution and the electric field distribu-
tion represented in Fig. 2 was simulated for 10 V peak-to-peak (V
pp) bias with one electrode having 0 V potential applied at one
end of the finger and the other electrode had 10 V applied at the
opposite end. The conductivity of the water solution is 0.05 lS/m,
and the resistivity of SU-8-derived glassy carbon electrodes is
4� 10�5 X�m. The relative electrical permittivity of glassy carbon
electrodes and aqueous solution were 30 and 80.3, respectively.

The simulation demonstrates that the high field regions are
located at the ends of the electrode arrays. These simulation

results are consistent with the experimental evidence discussed
below that the beads would tend to move to these high field areas.

To evaluate if the classical dielectrophoretic phenomena (i.e.,
transverse movement of the beads toward or away from the adja-
cent electrodes) depend on the location along the length of the
high resistance electrode, we used the conformational transforma-
tion (mapping) method [7,8] to calculate the voltage drop (the
effective voltage difference Veff) between the adjacent carbon
electrode fingers as presented on plot in Fig. 4. It is suggested that
the channel between the fingers of the electrodes acts as a voltage
divider as represented by the electrical circuit schematics of
Fig. 3. The voltage difference can be calculated according to the
following equation:

Veff¼V0

Rchannel

Rchannel þ R1access þ R2access

(3)

In Eq. (3), V0 represents the voltage applied to the electrodes.
R1access and R2access are the resistances of the segments of two fin-
gers of the interdigitated electrodes, and Rchannel is the main chan-
nel resistance of the liquid between the adjacent electrodes.

It is evident from the electrical schematics in Fig. 3 that as one
moves along the length of the electrodes, whereas individual resis-
tances R1access and R2access are changing, their sum is staying con-
stant. Therefore, it is evident from Eq. (3) that the effective
voltage between the electrode fingers (and thus the electric field)
will stay constant regardless the specific location along the length
of the electrode (Fig. 4). This is consistent with the finite element
analysis COMSOL simulation results presented in Fig. 2. The sharp
increase in electric field is near the tip of the electrode due to
abrupt change in geometry, whereas along the length of the elec-
trode the field stays constant.

We can analyze also the dependence of the effective voltage on
the distance between the electrodes and the conductivity of the
fluid (and thus resistance of the fluid channel).

To calculate the resistances of the segments of carbon elec-
trodes R1access and R2access Eq. (4) is used

Raccess ¼
qL

A
(4)

Fig. 3 Electrical schematics representing the resistances of
the sections of carbon electrodes (access resistances) and of
the resistance of the liquid channel between the electrodes.
One electrode is grounded and another electrode has the
applied potential V0.

Fig. 4 The graph of effective voltage as function of resistance R of the channel when the applied voltage is 3 V
peak-to-peak (pp). The inset presents the graph of the effective voltage as function of the gap width between
the electrodes.
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In Eq. (4), q is the resistivity of the glassy carbon
(4� 10�5 X�m). L and A denote the length and area of the elec-
trode finger, respectively. If we take a point half-way along the
length of the electrode (i.e., 1000 lm away from the tip of the
electrode), then R1access and R2access will both be approximately
equal to 500 X.

To calculate Rchannel, the conformal transformation [7,8] is used
to obtain

Rchannel ¼
4 Kðk2Þ

rmh kð1� k2Þ (5)

In Eq. (5), rm represents the conductivity of the medium and h
is the height of the electrode finger. K(k2) is called the complete
elliptic integral of the first kind which can be calculated as
follows.

K k2ð Þ ¼
ð1

t¼0

dtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� t2Þð1� k2t2Þ

p (6)

In Eq. (6), the variable function of K, known as modulus k, is
related to the shapes and dimensions of the electrodes. The vari-
able t represents the time.

Modulus k in Eqs. (5) and (6) depends on the geometry of the
electrodes. For an electrode configuration with more than two fin-
gers, the definition of the modulus k becomes

k ¼ cos
p
2

w

wþ s

� �
(7)

where w is the width of the electrodes and s is the size of the gaps
between the electrodes.

For our specific electrode configuration k is approximately
equal to 0.31 and thus K(k) (Eq. (6)) is calculated to be 1.61 and
thus the channel resistance from Eq. (5) is approximately equal to
229 TX. Therefore, for glassy carbon electrodes we do not expect
that the classical dielectrophoretic behavior in the transverse
direction (to or away from the electrodes) will not be affected by
the high resistance of the electrodes as the channel resistance
exceeds the electrode resistance by many orders of magnitude.

4 Results and Discussion

The set of experiments were conducted under constant ampli-
tude and frequency with a varying offset to examine the phenom-
enon of DEP propulsion toward the ends of the microelectrode
arrays. The offset represents a direct current (DC) shift of the
applied bias. Introduction of the offset changes the physics of
DEP forces significantly [3,9] and while a particle experiences a
positive DEP at zero offset, if nonzero DC offset is applied, parti-
cle might experience a negative DEP at the same applied fre-
quency. No validated theory of AC DEP with DC offset has been
developed to date. Therefore, we are presenting a phenomenologi-
cal study based on the experimentally observed behavior of the
latex microbeads under several applied AC signals with specific
DC offsets. The results of the experiments are summarized in
Table 1.

When the offset is equal to zero, sinusoidal signal is symmetri-
cal (half of the cycle is positive bias and half of the cycle—
negative bias) and such AC DEP force is well described by
Eq. (2). When the CM factor is positive, the beads are attracted to
the electrode fingers, typically, the increase in frequency will
make CM factor negative for simple spherical beads, leading to
negative DEP and repulsion of the beads from the electrodes [4].
The crossover frequency of CM¼ 0 was determined for 1- and 5-
lm diameter beads to be 0.3–0.5 and 0.4–0.5 MHz, respectively.

Therefore, for zero offset, we observe AC DEP and, depending
on the frequency, we see either attraction toward the electrodes or
repulsion from neighboring electrode fingers as was reported
earlier [6].

If a significant offset is applied, the bias is either mostly, or
wholly positive or negative and thus we observe either wholly DC
DEP or a mix of AC and DC DEP, depending on the value of the
offset. It was discovered that the direction of the bead movement
could be manipulated by change in the offset value.

While the details of the physical framework that underlying
mixed mode DC/AC DEP is not well understood, results of the sev-
eral experiments will serve to illustrate the range of possibilities of
particle manipulation on the interdigitated carbon electrode micro-
array when frequency, bias, as well as the DC offset can be varied.

For example, Fig. 5 presents captured frames from the experi-
ment where at the solution of 1 lm diameter beads under the

Table 1 Experimental observation of latex microbeads movement at various applied voltage and frequencies

Diameter of the latex beads (lm) Applied voltage (V pp) DC offset (V) Frequency (kHz) Observations

1 3 0 <300 Attraction to adjacent electrodes, pDEP, no lateral
movement along electrodes

1 3 0 >500 Repulsion from adjacent electrodes, nDEP, no lat-
eral movement along electrodes

5 3 0 <400 Attraction to adjacent electrodes, pDEP, no lateral
movement along electrodes

5 3 0 >500 Repulsion from adjacent electrodes, nDEP, no lat-
eral movement along electrodes

1 3 þ1.3 100 Repulsion from adjacent electrodes, nDEP, beads
move to the left along the electrodes (velocity
�2 lm/s)

1 3 –1.3 100 Repulsion from adjacent electrodes, nDEP, beads
move to the right along the electrodes (velocity
�2 lm/s)

1 3 –1.1 100 Repulsion from adjacent electrodes, nDEP, beads
move to the right along the electrodes (velocity
�1 lm/s)

1 3 –1.0 100 Repulsion from adjacent electrodes, nDEP, beads
don’t move along the electrodes

Mix of 1 and 5 lm beads 3 þ1.0 10 About 1 lm beads experience attraction toward the
adjacent electrodes (pDEP), while 5 lm beads are
repelled from the adjacent electrodes (nDEP) and
move along the electrodes to the left (velocity
	 17 lm/s)
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amplitude of 3 V pp and 100 kHz, and the positive offset of
þ1.3 V can be seen moving to the left end of the electrode array.
When the offset was switched to -1.3 V, the direction of move-
ment changed, and the beads started moving toward the right side
under of the electrode array. Thus, a controlled propulsion and
movement of the beads toward the regions of high electric field
could be achieved successfully by offset manipulation.

Additionally, DEP propulsion can be coupled with positive or
negative DEP for the integrated separation of microparticles (such
as different subpopulations of biological cells). For example, we
have successfully achieved a separation of the mixed solution of 1
and 5 lm diameter beads into two groups of beads based on the
respective diameter.

Figure 6 demonstrates the sequence of frames captured 2 s apart
where the mixed population of beads was separated as at 10 kHz
and 3 V pp, the 1-lm diameter beads experienced positive DEP
and were attracted to the electrodes, whereas 5-lm diameter beads
experienced negative DEP and repelled from the electrodes (they
can be seen between the electrodes). At the same time, 1-V offset
was applied, and 5-lm beads moved to the left side of the elec-
trode array. Subsequently, these beads could be collected and
removed to a separate location if the goal of the process is the sep-
aration step only. However, the separation and propulsion

combined can be utilized in microassembly to separate out one
type of microcomponents and then propel them to a desired loca-
tion, or in medical diagnostic platforms such as separating and
analyzing circulating tumor cells.

5 Conclusions

A novel DEP-based propulsion technique utilizing high-
resistance electrodes and combining the applied AC signal and
DC offset has been described. The simulation describes field dis-
tribution within the system confirmed our results of particle
moving toward high field at the end of the electrodes. The proof-
of-principle operation of separation of 1- and 5-lm beads from
the mix that integrated separation and propulsion steps has been
demonstrated. More phenomenological studies in conjunction
with the development of physical framework describing the role
of DC offset in charge polarization on dielectric particles is
needed to further advance the electrokinetic sorting and propul-
sion outlined in this study.
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