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Abstract Two electrical mechanisms for manipulating

particles and fluids, dielectrophoresis (DEP) and liquid

dielectrophoresis (LDEP), are integrated in a microfluidic

chip for creating the single-particle environment. The fluid

is activated by LDEP with a 100-kHz/240-Vpp signal.

When the single polystyrene bead approaches the trapping

area, positive DEP force is utilized to capture and immo-

bilize the bead. After trapping the bead, the process of

liquid cutting and droplet creation is employed to create a

droplet containing a single bead by LDEP with a 100-kHz/

320-Vpp signal.

Keywords Dielectrophoresis � Liquid

dielectrophoresis � Microfluidic chip � Polystyrene

bead

1 Introduction

The analysis of single cell plays an important role in bio-

logical measurement and medical research. Conventional

cell studies focus on the averages of cell properties and

analyze the data from ensemble measurements. However,

ensemble-averaged measurements can mask cellular

heterogeneity (Altschuler and Wu 2010). For individual

cellular behaviors, the average data of a population may

not represent the majority of cells. In addition, cells use

cell–cell communication (quorum sensing) to influence the

states of neighboring cells via proteins, hormones, and

molecules (Trosko and Ruch 1998; Diggle et al. 2007; Dow

2008). A single-cell environment is thus required to pre-

cisely study cellular behaviors.

The handling of fluids and particles is the main issue in

most lab-on-a-chip (LOC) applications. Sample prepara-

tion, mixing, and transportation for further analyses can be

achieved by fluid manipulation in a microfluidic chip.

Microchannels, microvalves, and micropumps have been

utilized to control the fluid (Kobel et al. 2010; Pal et al.

2004; Andersson et al. 2001). Controlling the particles in

the fluid can facilitate sample reaction, separation, and

detection processes. Optical, electrical, and magnetic

approaches have been used for this purpose (Zhang and Liu

2008; Jang et al. 2009b; Shah et al. 2010). In many

applications, the control of fluids and that of particles are

treated as independent tasks, with a particular mechanism

used for each. For instance, the electrical approach such as

dielectrophoretic traps is used to capture single cell and

micropumps are utilized to manipulate the fluid. Handling

both fluids and particles by similar mechanisms would

increase the portability and reduce the complexity of the

chip.

Electrical methods are widely utilized to control fluids

and particles. Many electrical approaches can be employed

to manipulate fluids, including electrocapillarity (Prins

et al. 2001), electro-osmosis (Duffy et al. 1999), elec-

trowetting on dielectric (EWOD), and liquid dielectro-

phoresis (LDEP) (Pollack et al. 2000; Jones et al. 2001).

For particle manipulation, dielectrophoresis (DEP) is the

electrical mechanism for manipulating particles in fluids.
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Cho et al. (2007) demonstrated the concentration and

binary separation of particles in a digital microfluidic chip

by EWOD. Fan et al. (2008) manipulated particles by DEP

and fluids by EWOD by modulating the frequency. The

above two examples show that the electrical manipulation

of fluids and particles can be integrated in a chip. However,

few studies focus on the single particle and fluid manipu-

lation by the similar approach.

The present study integrates two electrical approaches,

LDEP and positive DEP (pDEP), to manipulate a single

particle and fluid for creating a droplet containing a single

particle. Identical frequencies are utilized for manipulating

the fluid and particle simultaneously. First, the fluid is

transported by LDEP. Then, a single particle is trapped in the

trapping area by pDEP. The process of droplet creation is

then employed to create a droplet containing the single

particle. To demonstrate the proposed method, a droplet

containing a polystyrene bead is created.

2 Theory

2.1 Circuit model for LDEP and EWOD

In a microfluidic system, EWOD and LDEP utilize electric

forces to activate the fluid. The differences between EWOD

and LDEP are the applied frequency and the fluid conduc-

tivity. EWOD uses direct current (DC) or low-frequency

(\1 kHz) voltages and high fluid conductivity. The initial

force that moves the liquid is the Coulomb’s force acting near

the contact line. LDEP uses high frequency ([100 kHz) and

low conductivity. The initial force moving the liquid is the

electric ponderomotive force, where a non-uniform electric

field moves the liquid. Figure 1 shows an RC circuit model of

the proposed device. Let V ¼ Re½ð
ffiffiffi

2
p
ÞVej2pft�, where f is the

applied frequency and V is the root mean square value of the

alternating current (AC) voltage. The electric field of the

liquid (Ew) can be represented as follows:
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where fc is the critical frequency and gw is the fluid

conductance. An examination of Eq. (1) shows that the

critical frequency is:

fc ¼
1
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where eT, es, and ew represent the dielectric constants of

Teflon, SU-8 (epoxy-based negative photoresist), and

water, respectively; e0 is the vacuum permittivity and rw

is the fluid conductivity; d1, d2, and d3 are the Teflon

thickness, the distance between two plates, and the SU-8

thickness, respectively; C is the total capacitance,

consisting of the Teflon and SU-8 capacitances in series,

described by:

C ¼ 1

2=CT þ 1=Cs

ð3Þ

According to Eq. (2), then f � fc; Ew � 0: The water

acts like a perfect conducting medium so that the applied

voltage is entirely concentrated in the dielectric and

hydrophobic layers (the phenomenon is EWOD). When

f � fc;, the water acts like a dielectric medium and the

applied voltage distribution is concentrated in the water,

which can be treated as a capacitive voltage division (the

phenomenon is LDEP). The electrical actuation force for

the liquid can be calculated by the lumped parameter

electromechanical model and the principle of virtual work

(Woodson and Melcher 1968). The minimum actuation

voltage of the liquid by LDEP and EWOD can be obtained

from our previous studies (Chen et al. 2011).

2.2 DEP and modified Clausius–Mossotti factor

In a suspension medium, the dielectrophoretic force is

exerted on a spherical particle. The force can be expressed

as follows (Pohl 1978; Morgan and Green 2003; Jones

1995):

fDEP¼ 2pa3emRe
e�p � e�m
e�p þ 2e�m

 !

rE2 ð4Þ

where a is the radius of the particle and E is the electric

field; rE2 is the gradient of the squared electric field; and

e�p and e�m are the complex permittivities of the particles and

Fig. 1 Equivalent RC circuit model of the proposed device
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medium, respectively. The complex permittivities of the

particles and medium are frequency dependent and can be,

respectively, described by:

e�p ¼ ep � j
rp

2pf
ð5Þ

e�m ¼ em � j
rm

2pf
ð6Þ

where ep, rp, em, and rm are the relative permittivities and

conductivities of the particle and the medium, respectively,

and f is the frequency. Equation (4) indicates that the

magnitude and direction of the DEP force are affected by f.

To simplify discussion, the frequency-dependent term in

Eq. (4) can be represented by the Clausius–Mossotti (CM)

factor, fCM:

fCM = Re
e�p � e�m
e�p þ 2e�m

 !

ð7Þ

When the real part of the CM factor is greater than zero,

the DEP force attracts particles toward high-field-strength

regions, which are referred to as pDEP. In contrast,

negative DEP repels particles from high-field-strength

regions.

In Eq. (4), the gradient of the squared electric field,rE2,

is independent of frequency for a given electrode geometry

and given magnitude of the applied signal. The DEP forces

can be estimated by calculating the CM factor. However,

both fCM and rE2 are frequency dependent when the

electrode is covered by a dielectric layer. rE2 varies with

frequency since the voltage across the dielectric layer

varies with frequency. Therefore, the DEP force is deter-

mined by two terms, namely fCM and rE2. The CM factor

is modified as follows:

f 0CM ¼ fCM � ½Reðf Þ�2 ð8Þ

Reðf Þ ¼ Re

j2pf

1=C

� �

gw

1þ j � f
fc

8

>

>

<

>

>

:

9

>

>

=

>

>

;

ð9Þ

where fCM is the CM factor and Re(f) is the ratio of the

voltage across the liquid to the applied voltage, fc is the

critical frequency in Eq. (2), and gw is the fluid

conductance.

3 Experiments

3.1 Electrode configuration and working principle

of particle and liquid manipulation

Figure 2 shows the top view of the proposed electrode

configuration. Three electrodes, a channel electrode, a DEP

electrode, and a square electrode, are used for creating a

droplet containing a single particle. The gap between each

electrode is 15 lm. Channel electrode with a width of

200 lm and a length of 4 mm generates a virtual channel

for the fluid. The fluid with particles flows over the channel

electrode when channel electrode is activated. The semi-

circular area of the DEP electrode is utilized to trap a single

particle. The radius of the semicircular area is 10 lm. The

triangular area of the DEP electrode facilitates liquid

splitting. The length of the square electrode is 400 lm. A

droplet is created on the square electrode. The mechanism

used to create a droplet containing a single particle is

shown in Fig. 3. In the figure, yellow, red, and blue regions

represent electrodes, particles, and the suspension medium,

respectively. First, liquid is sandwiched between two

plates. The medium with particles starts to move over the

channel electrode, while the channel electrode is activated,

(Fig. 3a). When a single particle approaches the trapping

area of the DEP electrode (Fig. 3b, c), the semicircular area

of the DEP electrode is utilized to trap and immobilize it

(Fig. 3d). After the particle has been trapped, the triangular

area of the DEP electrode and the square electrode is

employed to activate and cut the liquid (Fig. 3e). Eventu-

ally, a droplet containing a single particle is created on the

square electrode (Fig. 3f).

3.2 Experimental setup

The experimental setup consists of a microscope, a charge-

coupled device (CCD) camera, a video and image analysis

system, a function generator, a power amplifier, and an

oscilloscope. The microscope was used to observe theFig. 2 Top view of the electrode configuration
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motion of the droplet and particles captured in the droplet.

Images of the droplet were recorded by a CCD camera (at

30 frames per second) and subsequently transferred to the

computer. A function generator (AFG3022, Tektronix) was

used to generate the AC signal to drive the droplet on the

electrodes. The AC signal was amplified by an amplifier

(A-304, A.A. Lab Systems Ltd.) with a fixed gain of 40.

The waveform of the AC signal generated by the AFG3022

function generator was observed with an oscilloscope

(TDS2014B, Tektronix). A 0.5 ll droplet of deionized (DI)

water was placed on the bottom substrate with a pipette

(BRAND) and then covered with indium tin oxide (ITO)

glass.

3.3 Fabrication

Figure 1 shows a cross-sectional view of the proposed

device. The device consists of two parallel plates. The top

plate (electrode) is a piece of indium tin oxide (ITO)-

coated glass. The surface of the ITO-coated side of the

glass was coated with 1,000-Å-thick Teflon as a hydro-

phobic layer. The bottom substrate is made of glass with

individually addressable electrodes. 150-Å-thick and

650-Å-thick layers of chromium and gold, respectively,

were evaporated by an e-beam evaporator and patterned

using photolithography on the glass to create the bottom

electrodes. The Au/Cr electrodes on the bottom substrate

were coated with a 3-lm-thick layer of SU-8 photoresist to

create a dielectric layer. SU-8 photoresist was coated with

1,000-Å-thick Teflon as a hydrophobic layer. Two pieces

of aluminum foil with a thickness of 40 lm were used as

spacers between the two plates.

4 Results and discussion

4.1 Creation of a single-particle environment

Figure 4 shows the experimental results of creating a sin-

gle-particle environment. The procedure has three steps:

(1) single particle trapping by pDEP, (2) particle immo-

bilization, and (3) droplet creation. First, a 0.5 ll droplet

was placed on the channel electrode and then covered with

ITO glass. The gap between the two plates is 40 lm.

Liquid with polystyrene beads with diameters of 15 lm

moved over the channel electrode with a 100-kHz/240-Vpp

signal (Fig. 4a, b). Based on Eq. (9), the ratio of the voltage

Fig. 3 Diagram of mechanism of creating a droplet containing a

single polystyrene bead. a Particles pass the trapping area, b a single

particle moves toward the trapping area, c liquid approaches the edge

of channel electrode, d particle is trapped and immobilized, e liquid is

actuated and cut, and f droplet containing a single particle is created

b
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across the liquid to the applied voltage is 0.18 at 100 kHz.

The liquid acts like the dielectric medium. Therefore, the

liquid is activated by LDEP. The liquid starts to move

because the electric force overcomes the surface tension.

Once a single-particle approaches the edge of the channel

electrode, it is attracted to the semicircular area of the DEP

electrode with a 100-kHz/240-Vpp signal. The trapped

single bead is immobilized on the semicircular area since

the DEP force and drag force are identical (Fig. 4c). To

immobilize the particle, the applied voltage of the channel

electrode is slowly decreased. In the experiment, it took

around 5 s to lower the voltage from 240 Vpp to zero. If the

voltage is decreased too fast, the advancing side of the

liquid will quickly shrink from the channel electrode,

which will result in a huge drag force upon the particle.

The force pushes the particle away from the semicircular

area. After particle immobilization, the process of droplet

creation is used to create a droplet containing the single

bead. The DEP electrode is applied with a 100-kHz/320-

Vpp signal, and the channel electrode is turned off

(Fig. 4d). If the channel electrode is not turned off, the

LDEP force cannot pull the liquid from the channel elec-

trode to the DEP electrode. When the liquid touches the

edge of the square electrode, the DEP electrode is turned

off, and then, the channel and square electrodes are acti-

vated with a 100-kHz/320-Vpp signal. The liquid on the

DEP electrode is split by two LDEP forces from the

channel electrode and square electrode. The gap between

each electrode plays an important role in the liquid split-

ting. In our experiment, it is hard for the liquid splitting and

droplet creation using large gap between each electrode. If

the gap was larger than 20 lm, the front edge of the liquid

at the triangular side of the DEP electrode could not touch

the edge of the square electrode. Eventually, a droplet

containing the single polystyrene bead is created on the

square electrode (Fig. 4e).

4.2 Modified CM factor and optimized operating

frequency range for particle trapping and liquid

manipulation

Figure 5 shows the CM factor, the modified CM factor, and

the ratio Vw=V between the voltage across the liquid and the

applied voltage for frequencies from 1 kHz to 10 MHz.

The CM factor and the ratio are calculated from Eqs. (7)

and (9), respectively. The CM factor times the square of the

ratio is equal to the modified CM factor. The parameters

Fig. 4 Snapshots of procedure of creating a droplet containing a

single particle. a A single particle moves toward the trapping area,

b single particle arrives at the trapping area, c particle is immobilized,

d liquid is actuated, and e droplet containing a single particle is

created

b
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used in the calculation are as follows: 80, 2.5, 3, and 2.1 for

the dielectric constants of DI water, the particle (Morgan

and Green 2003), SU-8, and Teflon, respectively; 0.0001

and 0.02 S/m for the fluid and particle conductivities,

respectively; 40, 3, and 0.1 lm for the gap, SU-8 thickness,

and Teflon thickness, respectively. Based on Eq. (4), rE2

is independent of the frequency for a given electrode

geometry. The DEP force depends only on the CM factor.

However, according to Eq. (1), the dielectric layer in the

proposed device influences the DEP force within the liquid

since the voltage across the liquid varies with frequency.

This means that rE2 varies with frequency. Therefore, the

DEP force is determined from the CM factor and the ratio
Vw=V . From Fig. 5, the electric field within the liquid is

close to zero when the frequency is below 3 kHz and the

pDEP force disappears when the frequency is above

2.3 MHz. The modified CM factor indicates that the

maximum DEP force is produced at frequencies from 60 to

660 kHz. In the experiment, frequencies of 1, 20, 60, 100,

and 200 kHz were used to test the effect of frequency on

particle trapping and immobilization. Based on Eq. (9), the

modified CM factor is 0.001, 0.04, 0.09, 0.09, and 0.09 at

frequencies of 1, 20, 60, 100, and 200 kHz, respectively. A

particle can be trapped and immobilized in the trapping

area at frequencies of 60, 100, and 200 kHz, but fails to be

trapped at frequencies of 1 and 20 kHz. The pDEP force

becomes relatively weak and extremely weak at frequen-

cies of 1 and 20 kHz, respectively. If the pDEP force fails

to overcome the drag force, the particle passes through the

trapping area during particle trapping. In addition, the

A-304 amplifier in the experiment has its 3-dB frequency at

350 kHz. Therefore, 200 kHz is the upper limit for trap-

ping the particle. The optimized operating frequency range

for trapping beads is 60–200 kHz. The optimized operating

range generates the maximum modified CM factor based

on Eq. (8). Identical frequencies were used for trapping the

particle and manipulating the microfluid to simplify the

experiments.

4.3 Simulation of particle trapping and immobilization

Figure 6 shows the simulation results of the DEP effect on

particle trapping and immobilization (cross-sectional view

A–A0 in Fig. 2). The distribution of the electric field within

the liquid was computed numerically by the finite element

analysis software package COMSOL Multiphysics 3.4.

First, the distribution of the electric field is derived from

Laplace’s equation r2V ¼ 0. The strength of the DEP

force can be obtained by solving for the gradient of the

squared electric field ðr2Erms ¼ 0Þ. The parameters for the
Fig. 5 Variations in CM factor, modified CM factor, and the ratio
Vw=V with frequency

Fig. 6 Simulation results of electric field and direction of the DEP

force from cross-sectional view A–A0 in Fig. 2. a Distribution of

electric field and b direction of DEP force
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simulation are as follows: 0.0001, 0.02, 1 9 E6, and

1 9 E-17 S/m for the electrical conductivities of the

liquid, particle, ITO glass, and SU-8, respectively; 80,

2.6, 0.002, and 3 for the relative permittivities of the

medium, particle, ITO glass, and SU-8, respectively.

Figure 6a shows the distribution of the electric field. The

largest electric field is in the semicircular area of the DEP

electrode. Figure 6b shows the direction of DEP force.

The trapping boundary is located on the edge of the

channel electrode. At the edge of the channel electrode,

the direction of the pDEP force is toward the semicircular

area (as shown by the arrow), which pushes the particle to

the center area of the DEP electrode (area with the largest

electric field). In the center area of the DEP electrode, the

direction of the pDEP force is downward (as shown by

the arrow), which immobilizes the particle in the center

area of the DEP electrode.

4.4 Other factors that affect creation of a droplet

containing a single particle

In the experiment, the voltage, fluid conductivity, and

electrode geometry affected liquid manipulation. During

microfluidic manipulation, dielectric breakdown will

damage the device. The dielectric breakdown voltages of

SU-8 and Teflon vary with their respective thickness. In

the experiments, the voltages across the SU-8 and Teflon

layers were below the breakdown voltages of SU-8

(around 100 V/lm) (Melai et al. 2009) and Teflon (60 V/

lm) (CRC Handbook of Chemistry and Physics),

respectively. Another limitation of the study is fluid

conductivity. For fixed physical dimensions and voltages,

Joule heating per unit volume increases directly with the

fluid conductivity. Therefore, high conductivity leads to

high Joule heating in water. Electrolysis occurred in the

experiment when the fluid conductivity exceeded 0.01

S/m. The electrode configuration also affects liquid

manipulation. A larger contact line between the liquid

and electrode generates a larger force upon the liquid

(Jang et al. 2009a). Therefore, the triangular area of the

DEP electrode is designed to generate a larger force for

cutting the liquid and droplet creation. In the experiment,

the drag force and the force due to the AC electrother-

mal (ACET) effect may influence the particle in the

fluid. In the process of particle trapping and immobili-

zation, the particle is very close to the electrode. Com-

pared to the DEP force, the ACET force can be ignored

(Ramos et al. 1998). In the process of droplet creation,

the dominant force for the particle is the drag force since

the fluid velocity is very high (around 1 mm/s). The drag

force pulls the particle away from the semicircular area

of the DEP electrode and takes it to the square electrode.

5 Conclusion

In this study, pDEP and LDEP were integrated to create a

single-particle environment. Creating a single-particle

environment by pDEP and LDEP contains three parts: (1)

liquid transportation by LDEP, (2) single particle trapping

and immobilization by pDEP, and (3) droplet creation by

LDEP. The liquid transportation was achieved by the

100-kHz/240-Vpp signal. Eighteen percent of the applied

voltage is across the liquid. The liquid acts like the

dielectric medium. Therefore, the liquid is activated by

LDEP. The optimized operating frequency range for trap-

ping a single particle is 60–200 kHz, at which the pDEP

force is largest. DEP force and drag force are two critical

forces in the process of the single particle trapping. When a

particle arrives at the gap between the channel electrode

and DEP electrode, the pDEP force pushes it toward the

semicircular area of the DEP electrode since it has the

largest electric field. If the pDEP force cannot overcome

the drag force, the particle will pass through the trapping

area. Simulation results show that the pDEP force pushes

the particle toward the trapping area and immobilizes the

particle in the trapping area. ACET is insignificant in the

trapping process since the particle is very close to the

electrode. In the process of droplet creation, the triangular

area of the electrode is utilized to create a droplet con-

taining a single particle. In future studies, the mechanism

for creating single-particle environment by DEP and LDEP

will be utilized to create a single-cell environment for

single-cell analysis.
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