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H I G H L I G H T S

� A continuous, contact-free dielectrophoretic microparticle separator is proposed.
� Model predicting particle trajectory within the separator was experimentally validated.
� Theoretical fractionation resolution improves with increased voltage, reduced collector width and volume ûow rate.
� High throughput can be achieved by trading-off design and operation parameters.
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a b s t r a c t

Continuous, contact-free fractionation of sensitive microparticles at high throughput is a challenge. For

this purpose, we developed a sheath ûow assisted dielectrophoretic (DEP) ûeld-ûow separator with a

tailored arrangement of cylindrical interdigitated electrodes (cIDE) and observed size-dependent tra-

jectories of dispersed particles. Using a voltage input of 200 Veff at a frequency of 200 kHz, polystyrene

particles (45, 25, and 11 mm in diameter) levitated to different heights along the channel length due to a

negative DEP force. Experimental observations agree well with simulated particle trajectories that were

obtained by a modiûed Lagrangian particle tracking model in combination with Laplace's and Navier–

Stokes equations. By exploiting the size-dependent levitation height difference the desired particle size

fraction can be collected at a speciûc channel length. The required channel length of the proposed cIDE

separator increases with decreasing particle size to be separated. The quality of theoretical fractionation,

which we quantify by resolution, improves strongly with reduced collector width, reduced volume ûow

rate and increased voltage input. The sensitivity of these dependencies increases with decreasing particle

size. We calculated a theoretical throughput of up to 47 mL min�1 when trading-off design and operation

parameters, allowing for contact-free fractionation of sensitive microparticles with negligible shear

stress.

1. Introduction

Separation of microparticles is a widespread requirement for

pharmaceutical production and in biotechnology, diagnostics and

analytics (Jin et al., 2014; Lenshof and Laurell, 2010; Yamada et al.,

2004); even the generation of several fractions is often required

(Fedotov et al., 2011; Messaud et al., 2009). Fractionation techni-

ques, such as differential centrifugation, membrane ûltration,

ûeld-ûow fractionation and capillary electrophoresis are well es-

tablished, especially in analytics. All these techniques, however,

are limited in throughput and might dominate total production

costs if large volumes of dispersions have to be processed. While

centrifugation is labour intensive and exposure to a high accel-

eration might cause damage to shear-sensitive biological products

(Fukuda and Schmid-Schönbein, 2002; Xie et al., 2010), membrane

ûltration often suffers from membrane fouling (Fedotov et al.,

2011; Seminario et al., 2002). Field-ûow fractionation requires a

ribbon-like channel of rigorous dimensions that allows extremely

short relaxation time for particles to reach their equilibrium and

adequate retention time differences between particles for effective

elution (Messaud et al., 2009). In addition, the lack of an external

force for sensitivity control of the particles' position results in a

limited selectivity (Huang et al., 1997). Capillary electrophoresis

depends on differences in particles' electrophoretic mobilities and

is thus restricted to charged particles. Besides, the utilization of a

capillary as separation channel conûnes the system to a low

throughput of maximum 1 mL min�1 that makes it suitable solely

for sample analysis and detection (Han et al., 2015; Katasonova
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and Fedotov, 2009). Some other methods such as hydrophoresis

(Song and Choi, 2013) and inertial microûuidics (Kuntaegowda-

nahalli et al., 2009) have also been used for contact-free fractio-

nation of particles but they have their own drawbacks. Recently,

Zhang et al. (2014) reported an inertia based particle separation

approach by employing a serpentine channel for continuous se-

paration of particles based on size (Stokes number) at ûow rates

reaching 0.7 mL min�1. It was, however, impossible to determine

the speciûc particle size threshold, as the forces that act on par-

ticles could not be adjusted.

Among various separation approaches, a promising technique

is dielectrophoretic fractionation that relies on differences in

particle size (Chuang et al., 2014; Han et al., 2009; Kralj et al.,

2006; Park and Jung, 2009) and/or electric properties (Doh and

Cho, 2005; Huang et al., 1997; Li et al., 2007; Wang et al., 1998).

Dielectrophoresis (DEP) is an electrokinetic technique that can be

used to manipulate the motion of both charged and neutral par-

ticles. DEP movement is caused by dielectric polarization of matter

in inhomogeneous electric ûelds and by the resulting macroscopic

electric forces (Morgan and Green, 2003). Both magnitude and

direction of the DEP force depend on the relative polarizability of

the particles in the suspending medium. Particles being more

(less) polarizable than the surrounding medium will move to-

wards stronger (weaker) electric ûeld regions, termed as positive

(negative) DEP. Dielectrophoretic motion is driven by the spatial

change of the electric ûeld, i.e. gradient of the square of the

electric ûeld, and depends on the volume of the particle as well as

the electric properties of both the particle and the suspending

medium. Due to demonstrated simplicity, high sensitively and

selectivity, DEP is considered to be a very effective approach for

particle separation (Khoshmanesh et al., 2011; Pethig, 2010, 2013;

Voldman, 2006).

Up to now, the majority of DEP research is still concentrated on

lab-on-a-chip scale setups with throughputs being typically in the

mL min�1 range (Bisceglia et al., 2015; Cheng et al., 2009; Lee et al.,

2013; Li et al., 2010; Ling et al., 2012). DEP separation of particles

or cells with relatively high throughput to reach clinical and in-

dustrial scale has rarely been reported. Çetin and Li (2011) pointed

out that, in order to make DEP-based systems competitive with

conventional separators, research is required on the improvement

of their throughput. Although some researchers have made pro-

gress on increasing the ûow rate of DEP-based devices, it remains
an ongoing problem. ema�ar et al. (2016) designed a high-

throughput contactless DEP device that uses cell-size pillars to

isolate and enrich rare cell samples. The proposed device has the

capability of separating cells with a high ûow rate of 37 mL min�1

and throughput of a few million cells per hour while maintaining

high cell viability. Indeed, the viability of cells is a major concern in

DEP bioparticle manipulation since both the electric ûeld strength

and the Joule heating are known to directly affect cells (Qian et al.,

2014). Gadish and Voldman (2006) proposed a dielectrophoretic

microûuidic device for concentrating particles with high

throughput of up to 100 mL min�1, which served as an interface

between preparative sample collectors and microscale detectors.

Moon et al. (2011) reported a novel method for continuous se-

paration of circulating tumor cells from blood cells by combining

multi-oriûce ûow fractionation and DEP. They achieved a high

separation efûciency at a ûow rate of 162 mL min�1, indicating the

possibility for high-throughput application for clinical cell sorting.

Markx et al. (1994) used AC DEP to separate viable and non-viable

yeast cells with a volumetric ûow rates of 500 mL min�1. Wang

et al. (1998) introduced dielectrophoretic ûeld-ûow fractionation

(DEP-FFF) for separating two types of polystyrene beads with

different surface functionalization. The degree of separation,

characterized by the ratio of the elution peak times of two popu-

lations, was not compromised even at high ûow rate of 1000 m

L min�1. Pesch et al. (2014) presented a novel method to recover

submicron particles by using a high-throughput dielectrophoretic

switchable ûltration. Good separation and recovery efûciencies of

nanocapsules were achieved in semi-continuous operation at a

ûow rate of 1 mL min�1. Baune et al. (2008) experimentally in-

vestigated DEP systems with electrode distances in millimeter-

scale, which presented the prospect of scaling-up DEP application

in separation technology. Later, Du et al. (2008) followed the same

approach by developing a DEP particle separator for fractionating

gold particles from an aqueous suspension of heavy minerals with

a high throughput of 141 mL min�1. This throughput is, to the best

of our knowledge, the highest one reported in literature so far and

the only one showing potential for DEP application in production

scale. It is, however, so far limited to discontinuous operation.

Kang et al. (2009) identiûed the required trade-off between high

throughput and high separation efûciency at continuous operation

and proposed a microûuidic device using embedded electrodes

and an insulating obstacle for continuously separating 5 mm and

10 mm particles.

Generally, a high throughput could be achieved by scaling up

the dimensions of the DEP separator. The major problem is,

however, the conûict between the dimensions of the electrode

conûguration and suspension ûow rate as well as the voltage input

for efûcient particle movement. As an example, for enhancing the

suspension ûow rate at a given DEP force acting on a particle, an

increase of both characteristic length (i.e., the distance between

electrodes) and voltage is required to maintain the same efûciency.

On the one hand, a DEP system with low voltage input requires a

very small characteristic length to generate sufûcient electric ûelds

that could hardly be realized in case of high ûow rates. On the

other hand, a DEP system based on a high voltage and a large

characteristic length inevitably requires accordingly high energy

input, which in turn causes relatively large resistive loss of energy

and undesired side effect, such as Joule heating (Du et al., 2007;

Ramos et al., 1998; Wang et al., 2014, 2015; Wood et al., 2013).

Therefore, a tailored design of the electrode arrangement for

providing appropriate DEP force on particles is required to solve

the abovementioned problems in DEP scale-up and to realize

maximized separation efûciency at minimized energy demand.

With respect to the electrode arrangement, the interdigitated

electrode (IDE) structure is the most commonly used electrode

conûguration in DEP applications. In particular, the independence

of the channel height on the space between electrodes of such an

array gives the opportunity to scale up the DEP separation chan-

nel. Wang et al. (2014) reported that cylindrical IDE (cIDE) con-

ûgurations provide more homogeneously distributed gradient of

the square of the electric ûeld near the electrodes compared to the

traditional plate IDE conûguration. The homogeneously dis-

tributed gradient of the square of the electric ûeld in a cIDE-DEP

system results in a more effective and sustained DEP force ûeld for

particle manipulation.

Wang et al. (2015) subsequently discussed a tailored design of

such cIDE structures. The dependence of the gradient of square of

the electric ûeld distribution on its structure parameter, i.e., the

space between electrodes L, was numerically investigated and

experimentally evaluated. The results showed that DEP systems, in

which the electrode spacing exceeds the electrode diameter, pro-

vide a comparably smaller DEP force close to the electrode surface,

while simultaneously the effective DEP working range, i.e., possi-

ble channel size, is enlarged. This lays the foundation for designing

a high-throughput DEP based device.

In this work, we propose a continuous cIDE-DEP separator for

contact-free size-based microparticle fractionation. A combined

model based on a modiûed Lagrangian particle tracking solver that

calculates the force ûelds according to Laplace's equation and the

Navier–Stokes equation was validated experimentally by



measuring motion trajectories of polystyrene microparticles (45,

25, and 11 mm in diameter) in a ûuid ûow and electric ûeld of a

tailored cIDE separator. Using this as a basis, we conducted a nu-

merical study to evaluate the fractionation performance as a

function of operation and design parameters.

2. Materials and methods

2.1. Layout of the cIDE separator

The proposed cIDE-DEP separator (Fig. 1a) consists of two inlet

channels (left), a particle separation channel (middle) and an

outlet channel (right). The two inlet channels are a 2 mm wide

suspension ûow inlet and a 5 mm wide sheath ûow inlet with 45°

deûection in between. The design of the sheath ûow channel is

based on the idea of maximizing the initial DEP force by driving

the particle motion as close as possible to the surface of the ûrst

electrode, where the electric ûeld gradient is highest. The se-

paration channel consists of an interdigitated array of 2 mm dia-

meter cylindrical electrodes. The electrodes generate a highly in-

homogeneous electric ûeld with maximum ûeld strength very

close to the electrodes. Particles experiencing negative DEP will

therefore be repelled from the electrode. The ûrst four electrodes

are arranged with increasing distance between them, i.e., 1 mm,

1.5 mm and 2 mm. All other electrodes have a constant 2 mm tip-

to-tip distance. The collector at the end of the separator is

subdivided into n single collector channels (Fig. 1c). Each collector

channel is utilized for collecting particles of certain size fraction
(e.g. *dp , *dp1 and *dp2) (Fig. 1d). For the separator a channel height H

of 5 mm was chosen, which presents a good trade-off between

channel height and low disturbance of the DEP induced particle

motion by Joule heating (Wang et al., 2015).

The particles that are injected at the top position of the sus-

pension inlet are forced by the sheath ûow towards the channel

bottom. Consequently, they enter the separation channel at the

bottommost position very close to the surface of the ûrst elec-

trode, where the DEP force is the strongest. The narrowest spacing

between the ûrst pair of electrodes can generate the strongest DEP

force in the vicinity of them, allowing a fast levitation due to the

negative DEP effect (Wang et al., 2015).

With increasing height above the electrodes, both the ûeld

strength and the ûeld gradient are decreasing. Particles experi-

encing negative DEP should be levitated depending on their dia-

meter. It can be expected that the resulting difference in levitation

height is remarkable due to the cubic dependence of the DEP force

on the particle diameter. Controlled by the diameter, particles will

reach their ûnal equilibrium height (at which the DEP force mat-

ches the gravitational body force) at a different time (Mathew

et al., 2015). A size dependent separation can be achieved only

during the transient state before this equilibrium is reached. It is

important to distinguish the proposed fractionation method from

DEP-FFF, in which particles are fractionated according to their di-

electric properties at equilibrium conditions (Huang et al., 1997;

Fig. 1. (a) Two-dimensional schematic diagram (side view) of cIDE-DEP separator of channel height H and hydrodynamic particle motion trajectories. Gravity points from top

to bottom; (b) Experimental setup of the cIDE-DEP separator composed of 26 cylindrical electrodes with diameter of 2 mm and electrode length of 50 mm; (c) Schematic

representation (part view) of the particle collector. Particle trajectories determine optimal channel length Lopt, at which the collector (comprising n single collector channels

of width W¼H/n) is best positioned; (d) Single collector used for obtaining the target fraction with mean particle size *dp . The resolution is determined by the smallest

particle size ( )*dp1 and the biggest particle size ( * )dp2 entering the single collector channel.



Leu and Weng, 2009; Wang et al., 1998). Hence, the latter elec-

trodes are spaced wider to provide a larger DEP working area,

insuring sustainable and effective DEP particle levitation

throughout the whole separation process (Wang et al., 2015).

2.2. Numerical simulation

2.2.1. Particle motion analysis

Particle motion trajectories within the cIDE separator were

predicted by implementing a modiûed Lagrangian particle track-

ing code (Kang et al., 2006) in OpenFOAM using the following

simpliûcations:

1. The inûuences of the particles on both ûuid ûow and electrical

ûeld were neglected, since the particles are much smaller than

the electrode spacing (Kang et al., 2006).

2. The effect of Brownian motion was ignored, as particles are

larger than 1 mm (Kissa, 1999).

3. Electrostatic and dielectrophoretic interactions between parti-

cles are not considered due to the low input suspension con-

centration (chosen to enable observation of single particle

motion trajectories).

4. Wall effects are negligible with the assumption that particles

are always far from either side of the channel wall.

5. Any thermal effect induced by Joule heating on both particles

and ûuid medium is not considered due to the negligible tem-

perature rise of �T below 0.5 K (estimation see Appendix A1).

Therefore, the motion of particles is controlled only by a ne-

gative DEP force ( FDEP), a hydrodynamic drag force ( )Fdrag and a

gravitational body force ( )Fg , as illustrated in Fig. 1a.
In the simple point-dipole approach, the DEP force is de-

termined by the gradient of the square of the electric ûeld gen-

erated by the applied electrode conûguration. In the case of linear

and isotropic dielectrics, the force on a spherical particle with

radius a suspended in a medium with relative permittivity ·m can

be written as (Pohl, 1978):

Ã · ·= Þ ' ( )
££ §§F a Re K E2 1DEP

3
0 m

2

where ·0¼8.854�10�12 F m�1 is the permittivity of free space, E

is the electric ûeld, and [ Þ ]Re K is real part of the Clausius–Mossotti

factor, a parameter deûning the effective dielectric polarizability of

the particle in the medium. The [ Þ ]Re K depends upon the dielectric

properties of both particle and medium and is given as (Jones,

1995):
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where subscripts p and m represent the particle and the medium,

respectively, and · ·Þ = 2
Ã

Ë

j is the complex permittivity, with the

conductivity Ã , the angular frequency Ë ( Ë Ã= f2 , where f is

frequency of electric ûeld) and the imaginary unit = 2j 1 . De-

pending on the sign of [ Þ ]Re K , the particle will either show positive

DEP (p-DEP, [ Þ ] >Re K 0) or negative DEP (n-DEP, [ Þ ] <Re K 0) and

hence will either move towards stronger or weaker electric ûeld

regions. We note that Eq. (1) is only valid for spherical particles

and in case the particles are much smaller than the spatial change

of the electric ûeld (Nili et al., 2011).

With the presence of ûuid ûow, a hydrodynamic drag force acts

on the spherical particles. At laminar ûow with low particle Rey-

nolds number ( < )Re 0.1p , which is known as Stokes drag (Leal,
2007), the force is given as:

Ã¿= ( 2 ) ( )F a u u6 3drag m m p

where ¿m is dynamic viscosity of the ûuid medium and um and up
are the velocities of the ûuid medium and the particle,

respectively.

For a spherical particle with mass density Ãp, suspended in a

ûuid medium with mass density Ãm, a gravitational force arises
due to the density difference:

Ã Ã Ã= ( 2 )
( )

F a g
4

3 4g
3

m p

where g is the gravitational acceleration.

Three forces are acting on the particle in the separation chan-

nel, i.e., gravity, hydrodynamic drag and DEP. Since the time scale

of particle acceleration is much smaller than the residence time,

we can neglect inertia and assume that the particle velocity is only

a function of the spatial position. The force balance is then given in

vector notation by:

+ + = ( )F F F 0 5DEP drag g

The force ûeld acting on a particle with known properties is

given in the entire separator domain. The velocity up and the

trajectory of a particle can thus be easily obtained by employing a

suitable tracking algorithm and by solving Eq. (5).

Since the DEP force decreases with height above the electrodes,

the particles will eventually reach a steady equilibrium levitation

height, at which the DEP force balances with gravity and the

vertical component of Fdrag in Eq. (5) is zero. This height is in-

dependent of particle size if equilibrium is reached (Markx et al.,

1997; Mathew et al., 2015) while the time for particles to ascend

and reach their equilibrium height is size dependent and usually

takes several minutes. For the 45 ¿m particle in our case study, by

applying with voltage input of 200 Veff at frequency of 200 kHz

and volume ûow rate of 4.7 mL min�1, it takes about 3 min from

entering the separation channel (h¼1.3 mm) to reaching the ûnal

equilibrium height (h¼4.5 mm). Due to the cubic dependence of

the DEP force on the particle radius a, particles will ascend at

different velocities depending on their size before reaching the

equilibrium height, i.e., bigger particles will ascend with higher

velocities than smaller particles. Eventually, fractionation can be

achieved by extracting the particles during their transient ascend

before the equilibrium is reached.

2.2.2. Electric ûeld and ûow ûeld calculation

The electric ûeld can be determined by solving Laplace's

equation for the electric potential Ç (Castellanos et al., 2003):

Ç' = ( )0 62

The value of the gradient of square of the electric ûeld (' )E 2

can be evaluated as a function of Ç (Wang et al., 2014). OpenFOAM

was used to calculate the distribution of ' E 2 within the DEP se-

paration channel. The simulation domain was considered to be

two-dimensional since the electrodes are long compared to their

diameter (Green et al., 2002). Dirichlet boundary conditions

×( = ± )Urms where applied at the electrode surface to match the

AC input signal (Crews et al., 2007). Neumann boundary conditions

( )=
Ç"

"
0

n
where applied at the channel inlets and the channel wall

(Lewpiriyawong et al., 2010). A cyclic boundary condition was

applied at the right side for simulating the presence of an arbitrary

number of electrodes (Cao et al., 2008).

The ûow ûeld of an incompressible, Newtonian ûuid is calcu-

lated by solving the Navier–Stokes equation together with the

continuity equation (Çetin et al., 2009):

'ç = ( )u 0 7m
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where p is the pressure. Non-slip velocity boundary conditions

were assigned on the channel wall and each electrode, whereas

uniform values of velocity were speciûed at both channel inlets

corresponding to the experimental volumetric ûow rates of the

ûuid.

To ensure stable solutions of both ûelds calculation, the de-

pendence of the ûeld distribution on mesh resolution was eval-

uated in the computational domain (see Appendix A7).

2.3. Experimental setup

The setup included a CCD camera (DFK 31AU03, Imaging source

co. Ltd), a confocal tele-lens, a function generator (HM8131-2), a

power ampliûer (FM1290), a peristaltic pump (MS-216), a syringe

pump (Legato 270), a cooling system and a cIDE-DEP cross-ûow

channel (Fig. 1b) equipped with cylindrical IDEs. Conventional

mechanical processes such as precision milling were utilized for

fabrication of the millimeter scale device and for controlling the

distance between electrodes. Electrodes were made of titanium

insulated by rutile for diminishing problems in conductive aqu-

eous media such as the risk of short circuit and electrochemical

reaction. The cooling system composed of two Peltier elements

(input 12 V, 10 A, controlled by a Peltier controller with an NTC

thermal sensor) was mounted under the electrodes to dissipate

any heat generated by the current. Non-functionalized polystyrene

microsphere (PS) particles (Polysciences, Inc., ·p¼2.55, Ãp
¼1005 kg m�3) with diameters of 45 mm, 25 mm, and 11 mm were

utilized in the experiment.

The original microparticle suspensions contain slight anionic

surface charge and minimal surfactants during manufacturing

process and the ûnal preparation as indicated by the particles

provider. To keep a minimized impact of the surface charge on

particles’ DEP effect, all the experimental particles were pre-

treated. Two steps of pretreatment were conducted: particles were

washed three times with 0.1 mol L�1 sodium chloride solution for

removing residual surfactants and thereby reducing their surface

charges (Bettelheim et al., 2012); afterwards, these particles were

rewashed three times with Milli-Q water. After the pretreatment,

the particles were resuspended in Milli-Q water and tested in a

batch DEP setup mounted with IDE electrodes. All pretreated

particles presented strong n-DEP effect.

For examining the effectiveness of pretreatment, zeta potential

of three different sized particles were measured using a Beckman

Coulter Delsa™Nano C (Beckman Coulter, Krefeld, Germany) that

features a diode laser (30 mW, »0¼658 nm). The zeta potential

measurements were carried at scattering angle 15° and the scat-

tered light was detected using a photo multiplier tube and ana-

lyzed with a digital correlator. A sample volume of 5 mL was ûlled

in a Flow Cell and equilibrated at T¼298.15 K for 1 min before the

measurement time of 3�140 s. The correlation function is re-

corded at 5 positions in the ûow channel to correct for the electro-

osmotic ûow proûle. For the evaluation the Smoluchowsky equa-

tion and the properties of pure water were used (refractive indices

n (658 nm, 298.15 K)¼1.3328, ¿m (298.15 K)¼0.8878 cP, ·m¼78.3
as given by the Beckman Coulter software). Measurement was

considered valid in case the mobility proûle gave a parabolic shape

expected from electrophoretic light scattering theory (Xu, 2001).

The conductivities of the pretreated particles was evaluated

thereafter using double layer conductance approximation (Ermo-

lina and Morgan, 2005) as sp(45 mm)¼2.4�10�7 S m�1,

sp(25 mm)¼1.6�10�5 S m�1 and sp(11 mm)¼2.1�10�5 S m�1,

respectively (for detailed calculations see Appendix A3). The zeta

potential of the particles was decreased (or stayed constant in case

of 11 mm particles) after washing with sodium chloride solution,

which indicates a partial surface charge removal due to the

washing step (see Appendix A2 for the particles' zeta potential

data). According to Eq. (2), the particles’ DEP response depends on

the interplay between frequency, conductivity and permittivity of

the particles and the medium. Due to their double layer con-

ductance, even after washing the particles have a comparably high

overall conductivity, which is, for 11 mm and 25 mm, higher than

that of the Mili-Q water used as suspension (Milli-Qs water,

sm¼5.5�10�6 S m�1, ÷m¼78.5, Ãm¼1000 kg m�3). This is quite

usual for polystyrene particles (Ermolina and Morgan, 2005). The

11 mm and 25 mm particles should therefore present positive DEP

at low frequencies and negative DEP at high frequencies (due to

the much lower permittivity of polystyrene compared to the sus-

pending medium). The 45 mm particle should show negative DEP

at all frequencies (as both conductivity and permittivity are lower

for PS than for Milli-Q water). According to Eq. (2) and to the re-

sults of preliminary experiments, all three particle sizes show

negative DEP at the utilized frequency of 200 kHz (see Appendix

A4 for the dependency of [ Þ ]Re K on the ûeld frequency). The real

part of Clausius–Mossotti factor [ Þ ]Re K for three different size

particles at this frequency was calculated using Eq. (2) to be the

identical value of �0.48.

A syringe pump and a peristaltic pump were employed for

introducing suspension and sheath ûow at ûow rates identical to

those used in simulation, respectively. The input voltage was

200 Veff with an electric ûeld frequency of 200 kHz. The optical

system consisting of a CCD camera equipped with a telelens was

applied to observe and record the particle motion trajectories in

the region of the ûrst pair of electrodes. The particle trajectories

were recorded as a digital video clip and processed using Sig-

mascan Pro 5.0 by deûning particle positions (x, h) on every picture

extracted at each 1/30 s. Both the horizontal position x and the

height of particle h were determined by comparing to the re-

ference objects included in each picture. To minimize the experi-

mental error, trajectories of ten individual particles of the same

size were recorded and averaged.

3. Results and discussion

3.1. Simulation of the ' E 2 distribution

The calculated ' E 2 distribution within the DEP separation
channel shows that the highest value of the ' E 2 is found at both

sides of the electrodes where the distance between the electrodes

is closest (Fig. 2a). With increasing height above the electrodes,
the ' E 2 value decreases. As expected, electrodes with closer

spacing, i.e., the ûrst pair electrodes on the left side with 1 mm
space in between, generate higher ' E 2 at positions very close to

the electrode surface compared to those with 1.5 mm and 2 mm
spacing. In particular, the maximum ' E 2 and thus strongest DEP

force appears at the top position of the ûrst electrode, which is

caused by the quarter circle geometry of the ûrst electrode (see

Fig. 1a) and by the material interface between the electrode and

the channel wall (Pesch et al., 2015). It is important to note that

the solution is incorrect in regions very closed to the electrode

edge (Green et al., 2002; Wang et al., 1996), i.e., maximum value of
the ' E 2. This numerical error, however, does not affect particles

since the particle focus region is always away from the electrodes

(detailed discussion see Appendix A7).
The dependence of ' E 2 on height was evaluated for electrodes

with different spaces (Fig. 2b). Closer spaced electrodes show
steeper drop of ' E 2 with height compared to wider spaced

electrodes. The curves intersect at a height of approximately
3 mm, presenting a similar ' E 2 value of about 1.54�1012 V2 m�3.
Below this height, 1 mm spaced electrodes show higher ' E 2 value



than the other electrode spacings, and vice versa. The minimum

' E 2 for balancing n-DEP ( [ Þ ]Re K is speciûed as �0.48 at the fre-

quency of 200 kHz) and gravitation in vertical direction in this case

was calculated to be 1�1011 V2 m�3. In this particular setup, only
the 2 mm spaced electrodes provide this ' E 2 value or higher

(given as dashed line in Fig. 2b) up to height of 4.5 mm (channel

height 5 mm). They thus provide a larger vertical DEP working

area than the other electrode spacings. The tailored electrode ar-

rangement, i.e., increasing electrode spacing as used in the present

cIDE-DEP separator, combines both a strong DEP force ûeld at the

ûrst electrodes and a more effective DEP working area at latter

electrodes.

3.2. Simulation of ûuid ûow and particle trajectories in the cIDE

separator

The ûuid ûow distribution within the separator was simulated

to evaluate the inûuence of the ûuid on the particle motion. The

2.7 times higher sheath ûow input rate than that of the suspension

ûow was optimally designed to deûect particles towards the

channel bottom before they enter the separation channel (Fig. 3a).

Maximum ûow (red area) appears at the narrow region, in which

suspension ûow and sheath ûow intersect into a mixed ûow with

a velocity of approximately 1.6 mm s�1. Due to the different di-

mensions of the inlet channel and the separation channel, the ûuid

ûow distribution at the interface region gives rise to a slight up-

ward pointing ûow stream at the end of the intersection area.

Apart from the interface position, the ûow develops homo-

geneously along the vertical direction of the separator.

The particles, which were injected at the top position of the

suspension inlet with a speciûed initial velocity, were horizontally

accelerated and, due to the inûuence of the sheath ûow, perpen-

dicularly suppressed towards the surface of the ûrst electrode.

While entering into the separation channel (yellow square in

Fig. 3a), the particles were levitated signiûcantly to different

heights above the electrode. This is due to the strong negative DEP

Fig. 2. (a) Calculated distribution of the gradient of square of the electric ûeld in the initial part of the DEP channel; distances (L) between electrodes were 1 mm, 1.5 mm and

2 mm, respectively, voltage input was 200 Veff; (b) Dependence of the ' E 2 on height for three d¼2 mm electrode arrays with different spacing L. Dashed line indicates the

' E 2 value at which DEP force and gravitational force are balanced.



force (Eq. (1)) acting on the polystyrene microspheres in Milli-Q

water at a frequency of 200 kHz. Larger particles were repelled to

higher positions than smaller particles, which is due to the cubic

dependence of the DEP force on the particle radius, as described

by Eq. (1), before reaching equilibrium status.

Fig. 3b shows detailed particle trajectories in the yellow square
region with the ' E 2 distribution as background. As it can be seen,

the 45 mm particles (white circle) are repelled with the highest

vertical velocity, whereas the 11 mm (black square) particles rise up

slower. The three particles gained a levitation height difference of

1.8 mm, 1.1 mm, and 0.4 mm during their passage of the high-

lighted area. The particle levitation is fastest in the highlighted

region. The following experimental validation of particle trajec-

tories will thus focus on this region.

In the yellow square region, the DEP force reduces dramatically

with particle height (particle-electrode distance) due to the small

electrode spacing of 1 mm. The loss of DEP force is compensated

thereafter by the larger spaced electrodes that provide a much

larger DEP working area throughout the rest of the separation

channel. As a result, although the particles rise slower after pas-

sing the ûrst pair of electrodes, the DEP levitation continues

further in general. The effective DEP working area provided by the

widely spaced electrodes levitates particles in competition with

gravity in perpendicular direction (h), which results in different

vertical positions h (depending on particle size) at the same hor-

izontal position x (Fig. 3a). Simulation of particle trajectories in-

dicate that dielectrophopretic size-based dynamic fractionation

can be realized before reaching the steady state, at which all

particles independent of size will have the same vertical position.

3.3. Experimental validation of particle trajectories

Experimental volumetric ûows of suspension and sheath at the

inlet were set to be consistent with the simulation. Both ûow rate

calculations were veriûed experimentally by measuring 11 mm

particle velocities at x ¼ 0 (cf. Fig. 3b) and at different h ranging

from 1 to 3 mm. Under the assumption of a small Stokes number,

the particles will follow the ûuid stream directly. This allows for

measuring the ûuid proûle by analyzing the particle velocity as a

function of h (Appendix A5). As shown in Fig. A.2, experimentally

obtained particle velocities (red dots) at different heights present

good agreement with the ûuid proûle simulation (blue line).

Fig. 3. (a) Simulated ûuid velocity distribution and trajectories of 45 mm (white circle), 25 mm (red triangle) and 11 mm (black square) PS particles (Ãp¼1005 kg m�3)

suspended in Milli-Q
s

water (Ãm¼1000 kg m�3, ¿m¼1�10�3 Pa s) in the cIDE-DEP separator. The time step between two trajectory dots is 2 s. The electric ûeld was

generated by a voltage input of 200 Veff at a frequency of 200 kHz. The velocity of both suspension and sheath ûow at the channel inlets are 0.1 and 0.27 mm s�1 (simu-

lation), respectively (equivalent to 0.6 and 4.1 mL min�1 in the experiment); (b) Particle trajectories in the entrance zone of the DEP separation channel (within the yellow

square as indicated in Fig. 3a). Time step between two trajectory dots is 0.5 s. The background shows distribution of the ' E 2. (For interpretation of the references to color in

this ûgure legend, the reader is referred to the web version of this article.)



However, some higher particle velocity values than shown by the

ûuid proûle were found especially at the midstream position at

h¼2 mm, which is probably attributed to the unstable sheath ûow

caused by the use of the peristaltic pump.

When measuring ûuid ûow using tracers (seed particles), the

particle response time should be much smaller than the char-

acteristic time scale of the ûuid (Stokes number Stk{0.1). The

particle motion trajectories can then be used to estimate the ûuid

ûow with sufûcient accuracy (Crowe et al., 2011). The Stokes

number is deûned as the ratio of the particle relaxation time Ç( )p to
the characteristic time of the ûuid medium Ç( )m , given by (Park and

Jung, 2009):
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where umax is the maximum ûow velocity and Lc is the char-

acteristic length of computational channel. The Stokes number

was calculated using Eq. (9) to be 4.25�10�6, meaning that the

particles will follow the ûuid stream almost immediately.

Trajectories of 45, 25, and 11 mm polystyrene particles were

experimentally obtained by capturing the particle motion and

thereafter measuring particles' x and h positions at identical time

steps (0.5 s) in the highlighted region (yellow square in Fig. 3a)

and the results are plotted in Fig. 4 (ûlled symbols) against the

particle trajectories obtained by simulation (unûlled symbols). The

ûlled symbols represent the experimental particle mean positions

and the bars represent position ranges (maximum and minimum

positions at each time step). Differently to the simulation, the

utilization of the syringe pump for experimentally injecting par-

ticles to the suspension inlet resulted in random particle initial

positions. Nearly all simulated particle positions are in good

agreement with the experimental results, indicating that the

model prediction of particle trajectory is reliable. For 25 mm and

11 mm particles, the experimental mean residence time is 12.5%

and 25% smaller than the residence time from the simulation. This

is because the unstable sheath ûow, as mentioned above, gives rise

to higher experimental ûow rates especially at the midstream

position. To our surprise, this increased ûow rate in the experi-

ments has little impact on particles' ûnal perpendicular levitation

as compared to simulation because of the extremely strong DEP

force, which allows a further increase of the volume ûow rate for

reaching higher throughput. The increasing deviation of the

experimental particle positions towards higher values of h with

decreasing particle size suggests a small deviation between the

experiment and the simulated ûuid ûow. The ûuid ûow points

slightly upwards after passing the constriction that will cause an

upwards pointing drag force on the particles. The drag force has a

quadratic dependence on the particle diameter whereas the DEP

force has a cubic dependence. Hence, with decreasing particle

diameter the drag force becomes more dominant over the DEP

force. The deviation between the experimental ûuid ûow and the

simulated ûuid ûow could, for example, be caused by the pulsed

ûow that is generated by the peristaltic pump.

3.4. Performance analysis of the cIDE separator

The performance of the proposed cIDE separator was quanti-

ûed by introducing a dimensionless parameter, resolution of

fractionation R, which is deûned as the ratio of the speciûc target
particle size, *dp , and the smallest size difference that can be se-

parated, � = * 2 *d d dp p2 p1 (Fig. 1d):

=
*

� ( )
R

d

d 10

p

p

The deûnition of R is derived from Flagan (1999) for describing

the performance of the differential mobility analyzer. According to

Eq. (10), for a certain particle size, the resolution increases with

decreasing size difference �dp. In the current cIDE separator, the
size difference is constrained by the width of the single collector

W at the channel outlet (Fig. 1d). Physically, the outlet must have a

certain ûnite size, even if it is positioned at the correct height for a

certain particle diameter. In this case, particles being a little
smaller ( * )dp1 or bigger ( * )dp2 than the target particle size will also

pass through the collector (Fig. 1d), which gives rise to a broad

outlet particle size distribution. The resolution R is thus the ratio

between target diameter and difference in separable particle size

�dp, that is, the difference in diameter between the biggest and the
smallest particle that would pass the outlet. This value depends,

amongst others, on the width of the outlet. We deûned it in a way

that, when fractionating a certain particle size from a mixture of

particle sizes, the higher the fractionation resolution, the smaller

the output particle size distribution and hence the higher the

purity of resultant output particles.

Fig. 5 illustrates the dependence of the resolution on collector

Fig. 4. Comparison of experimental and simulated results for particle trajectories.

Filled symbols with position error bars represent experimental results while non-

ûlled symbols connected with a continuous line represent simulated results. All the

operation parameters are consistent with Fig. 3.

Fig. 5. Calculated separation resolution as a function of speciûc particle diameter

and collector widths. The bars represent �dp. All the operating parameters are

consistent with Fig. 3.



width for particles with different sizes. Each speciûc particle size

was plotted with a bar (� )dp for showing the size difference. For a
given collector width, the fractionation resolution R varies with

the particle diameter. We believe that the ûrst rise in the resolu-

tion can be attributed to the increasing difference in levitation

speed with increasing particle size (due to the cubic dependence

of the DEP force on the particle radius). A peak point appears at

the speciûc particle diameter of around 20 mm (Fig. 5). With in-

creasing particle diameter above 20 mm the resolution drops again.

We believe that this is due to the fact that bigger particles reach

the equilibrium faster. The drop in resolution is then because the

bigger particles are already close to equilibrium and hence have

only small differences in levitation height. A longer channel might

be required for the fractionation of small particles to achieve

better DEP levitation along the channel length, while a shorter

channel might be demanded for larger particles to discriminate

them before they reach the equilibrium. Consequently, the pre-

sented 20 mm optimum particle diameter is a value speciûc for the

given channel length (Fig. 3a) and will thus vary with varying

channel geometry.

The variation tends to be more prominent at smaller collector

widths, i.e. at 0.1 mm it is possible to achieve much higher re-

solution for all particle sizes compared to other widths. Corre-

spondingly, ûne fractionation of particles with even smaller size

differences can be realized with expected high resolution. On the

contrary, at large widths of the collector, particle separation is only

possible with huge size differences, resulting in relatively low

resolutions.

Although the resolution of fractionation can be improved by

narrowing the width of the collector, it is in fact not possible to

separate large particles with a very small collector width, since

particles would aggregate and thus clog the collector, especially at

high concentrations (Moschallski et al., 2010). In addition, de-

creasing the collector width might cause the undesired turbulence

or vortex at the channel outlet due to high Reynolds number of the

ûuid, which gives rise to a reduction of fractionation efûciency.

Thus, a tailored outlet channel design with a collector width that is

in accordance to the particle size is a key aspect for an effective

fractionation. We thus evaluated the required outlet channel

width as a function of the desired resolution and the outer system

parameters (Fig. 6). It was found that the resultant width of the

collector is strongly dependent on the operating parameters, i.e.,

voltage input and volume ûow rate. At a given resolution, the

collector width can be enlarged with increasing applied voltage,

while it has to be reduced with increasing of volume ûow rate

(Fig. 6). Moreover, small particles are more sensitive than large

particles, as they show a stronger dependence of the resultant

collector width on the operation parameters (comparison of 10 mm

particles in Fig. 6a and c, to 40 mm particles in Fig. 6b and d).

The dependence of the fractionation resolution on both op-

eration parameters was quantitatively evaluated (Fig. 7). For a

speciûc particle size and a given collector width, resolution in-

creases with voltage input, while it drops with increasing volume

ûow rate.

In case of DEP fractionation of biological cells, it is important to

note that the maximum ûeld strength utilized in our system

Fig. 6. Required calculated collector width W as a function of the desired resolution R for (a), (b) varied voltage input and constant volume ûow rate (4.7 mL min�1) and (c),

(d) varied volume ûow rate and constant voltage input (200 Veff).



(2.5�105 V m�1) is nearly three times below the critical value

(7�105 V m�1) indicated by Bisceglia et al. (2015) for affecting

cells' structure and induce apoptosis in cells. In addition, using an

approximation given by Voldman (2006) the resulting imposed

transmembrane potential on cells (see Appendix A6) is two orders

of magnitude below its endogenous potential. Thus, very little

stress is imposed on the cell membrane and hence dielectric

membrane breakdown (Heida, 2012) will not happen.

To the best of our knowledge, the majority of DEP applications

with respect to continuous microparticle separationwere achieved

with maximum system volume ûow rates of up to 1 mL min�1.

The proposed cIDE-DEP separator could achieve fractionation of

10 mm particles at a high resolution of R¼5 (i.e., separating 10 mm

particle from 9 mm and 11 mm particles) and a minimum ûow rate

of 4.7 mL min�1 (Fig. 7), which is a nearly ûvefold increase of

throughput compared to the literature. Surprisingly, a further in-

crement of the volume ûow by one order of magnitude to

47 mL min�1 is calculated to be possible with a fractionation re-

solution of R¼2, indicating that a separation of 10 mm particle

from 7.5 mm and 12.5 mm particles is possible (Fig. 7). In any case, it

is a step towards dielectrophoretic based particle fractionation at

high throughput.

4. Conclusion

In this work, a novel DEP separator with cIDE conûguration was

proposed for continuous microparticle fractionation at high

throughput. It is based on a dielectrophoretic manipulation of

particle trajectories in a ûow ûeld. The concept requires the

channel to be long enough to cover the entire region in which all

the particle sizes ascend towards their equilibrium state. On the

other hand, depending on the target particle size and the ûow rate,

the channel cannot be arbitrarily long, as particles will eventually

reach an equilibrium height which is identical for all particle sizes.

This method can be considered as contact-free, because the elec-

trodes, which cause the size speciûc levitation, repel the particles

sufûciently due to the negative DEP effect and the particles do not

need to be in contact with the electrodes. By tailoring the design of

the cylindrical electrode arrangement, i.e., increasing spaces be-

tween the ûrst three electrodes, we are able to provide both a

strong DEP force ûeld at the ûrst few electrodes and a broader DEP

working area generated by the following electrodes. This allows

for sustainable and effective DEP particle levitation.

Trajectories of 45, 25 and 11 mm particles within the cIDE-DEP

separator were numerically simulated and experimentally vali-

dated with good agreement. Dielectrophoresis, having a cubic

dependency on the particle radius, in combination with hydro-

dynamic drag and gravity was successfully used to levitate parti-

cles of different sizes to different dynamic positions. The position

differences during the transient ascend of the particles allows for a

size-based fractionation of particles at the outlet.

The voltage needed for size-selectively separating particle tra-

jectories in the proposed device varied between 100 V and 250 V

resulting in a maximum electric ûeld strength below

2.5�105 V m�1. This value is nearly three times below the critical

value at which the ûeld affects the cells' structure and might in-

duce their apoptosis. From this and the low Joule heating found (a

temperature rise below 0.5 K) it can be concluded that the device

can be used to size-selectively separate even sensitive micro-

particles such as living cells. However, when using media of higher

conductivity, a signiûcant temperature rise might occur that may

interfere with particle trajectories inside the separator.

Further, we found that the channel used in the experiments is

too long to separate the microparticles in question without in-

creasing the ûow rate by an order of magnitude. Such an increase,

however, enlarges the pressure drop of the system and requires a

more stable and better sealed system. The simulation, however,

demonstrates the possibility of fractionation clearly.

With respect to device performance, a dimensionless para-

meter, resolution, is introduced for quantitative characterization of

the fractionation accuracy. Numerical predictions show that the

resolution increases with decreasing collector width at the outlet

channel. For a given target resolution, the required collector width

increases with voltage and decreases with volume ûow rate. At a

speciûed width of the collector, a high resolution can be achieved

by trading-off voltage and volume ûow rate. The results indicate

the possibility of continuous dielectrophoretic microparticle frac-

tionation with high resolution and at high throughput.
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