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Continuous Particle Manipulation and Separation in a 
Hurdle-combined Curved Microchannel Using DC 

Dielectrophoresis 
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Abstract.  This paper presents a novel dielectrophoresis (DEP)-based microfluidic device which combines round hurdle 
with an S-shaped curved microchannel for continuous manipulation and separation of microparticles. Local nonuniform 
electric fields are generated by means of both constricted gaps and curved sections having equal width. Under the effect 
of negative DEP, particles transporting throughout the microchannel electrokinetically will be directed away from either 
inner wall or hurdle edge. Both experiment and numerical simulation were conducted, the results of which showed that 
the trajectories of fix-sized (i.e. 10 or 15 m) polystyrene (PS) particles could be controlled by adjusting applied voltage, 
and continuous size-based separation of 10 and 15 m particles was achieved. Compared to other microchannel designs 
that make use of either obstacle or curvature individually for electric field gradient, the developed microchannel offers 
advantages such as improved controllability over particle motion, lower requirement of applied voltage, reduced fouling 
and particle adhesion, etc.  

Keywords: hurdle-combined curved microchannel, particle manipulation, particle separation, DC dielectrophoresis 
PACS: 47.57.jd, 47.85.Np, 85.85.+j, 87.50.ch 

INTRODUCTION 

Dielectrophoresis (DEP), first adopted by Pohl [1], 
is a phenomenon that occurs due to a translational 
force exerted on a dielectric particle in a nonuniform 
electric field. With the rapid development of lab-on-a-
chip (LOC) devices, DEP has been widely used to 
manipulate various micro/nano scale bioparticles (i.e. 
DNA, protein, bacteria, virus, mammalian and yeast 
cells) in microfluidic systems [2, 3], due to its great 
advantages including label-free nature, favourable 
scaling effects, simplicity of the instrumentation, 
ability to manipulate neutral bioparticles, and analysis 
of high selectivity and sensitivity [4-6].  

Traditionally, the spatial nonuniformities required 
for DEP are generated by applying alternative current 
(AC) electric fields to the microelectrodes patterned 
within microchannels [6], however, such electrode-
based systems suffer from fabrication complexities, 
electrode fouling [5], and electrochemical reactions on 
the electrode surface [7]. These problems are avoided 
in insulator-based DEP microdevices, where direct 
current (DC) electric fields are applied via external 
electrodes submerged in reservoirs, and electric field 
gradients are induced around insulating objects. In 
such devices, two main approaches have been used to 
generate required electric field gradient [8]: obstacles 

and microchannel curvature. However, microdevices 
with electrically insulated obstacles (i.e. posts, 
rectangular/triangular hurdles, ridge, oil droplet and oil 
menisci) embedded in straight microchannels, have 
such limitations as locally amplified electric fields, 
large trans-membrane voltages and shear stresses on 
cells, Joule heating, and fouling due to particle 
clogging or adhesion [9]. Although high-intensify 
local electric fields can be avoided in insulating curved 
(i.e. sawtooth, serpentine, circular, spiral and waved) 
microchannels, this curvature-based method requires 
sufficiently large applied DC voltage and/or long 
curved section for effective performance of the device, 
and the microchannel is more sensitive to 
contamination (i.e. particle adhesion on channel wall).  

In this work, we developed a novel design coupling 
the effects of obstacle and curvature to generate 
electric field gradient required for the DEP effect, 
where multiple round hurdles are embedded within an 
S-shaped microchannel. The aforementioned adverse 
effects of using each approach individually, therefore, 
have been significantly reduced. The manipulation 
functioning of the design was demonstrated by 
directing 10 or 15 m polystyrene (PS) particles to 
distinct outlets via adjusting applied voltages. In 
addition, the separation functioning was verified by 
the effective and successful separation of 10 and 15 



m PS p
Both ex
presented

T

Partic
liquid un
subjected
dielectrop
electroos
is termed
electrokin

 u EK 
where 

 EP 

and elect

are the 

suspendin

represent
channel w

The ti
spherical
and the in
[11] 
 

 F

u  DEP

 
where 

(CMf 

Clausius-

respectiv
and the

dielectrph
conductiv
will be n
repels pa
field. 

In this
and curv
througho
novel tec
movemen
The mec
schemati
microcha
presented
equivalen

particles accor
xperimental 
d, which show

THEORY A

cles suspended
nder the influe
d to electro
phoretic effec

smosis (EO) a
d electrophore
netic velocity 

uE EEK 

EK , 

 pm ar

trophoretic mo

permittivity 

ng medium, 

t, respectively
wall and partic
ime-average D
l particle in a
nduced dielect

)21(F DEP

)( EE DEP

d is 

()( mp  

-Mossotti (C

vely, the electr
e suspending

horetic mobi
ve than the s
negative, indu
article away fr

s study, we ut
vature to gene
out the microc
chnique for th
nt in microflu
chanism of th
cally in Fig

annel combin
d along with
ntly the str

rding to their 
and numeric

wed a reasonab

AND MECH

d in an elect
ence of externa
ophoretic, el
ct.  The com
and particle el
etic (EK) flow
of particles w

u (EPEO 
 mEO 

re electrokinet

obility, respec

and dynamic

respectively

y, the zeta 
cle.  
DEP force act
a nonuniform 
trophoretic ve

() 3
CMm fd

() 2  CMm fd
(3) 

the par

)2( mp  

CM) factor, 

ric conductivi
g medium, 

ility. If the 
suspending m
ucing a negati
rom the region

tilized the effe
rate local elec
channel, whic
he continuous 
uidic devices 
e proposed d
g. 1, where
ned with a 
h the electri
reamlines wi

difference in 
cal results 

ble agreement.

HANISM 

trically condu
al electric fiel
ectroosmotic 

mbination of 
lectrophoresis 
w, resulting in

written as [10]

E)EPEO  
 wm , 

tic, electroosm

ctively. m  
an

c viscosity of

y. w  
and 

potentials of

ting on a diele
DC electric 

elocity are give

)( EE 
()6 E M

rticle diam

is known as

p and m
ities of the pa

DEP  repre

particle is 
medium, CM f
ive DEP force
n of higher ele

ect of both obs
ctric field gra

ch contributes
control of pa
using DEP e
esign is illust

e a semi-cir
round hurdl

ic field lines
ith black ar

size. 
were 
 

ucting 
ld are 

and 
fluid 
(EP) 

n the 

E (1) 

and 

motic 

nd   

f the 

p
f the 

ectric 
field, 
en by 

(2)

)E

meter, 

s the 

m are, 

article 
esents 

less 
factor 
e that 
ectric 

stacle 
adient 
 to a 

article 
effect. 
trated 
rcular 
le is 
s (or 
rrows 

ind
fie
par
tho
EO
rel
the
alo

FIG
sep
mic

FIG
mic
dim

po
dev
sho
tw
rou
for
res
thr
dim
the
wi
mi

var

dicating the d
eld strength (
rticle subject
ough the micro
OF and EP, re
latively weak 
e constricted r
ong its movem

GURE 1.  Illu
paration and m
crochannel emb

GURE 2.  P
crofluidic chip

mensions of the 
The detail

lydimethylsilo
vice can be f
own in Fig. 2
o semi-circu
und hurdles fr
r particle 
spectively; on
ree straight 
mensions of th
e inset. All thr
dth of 300 
icrochannel is 

In this study
ried diameters

direction) and 
the darker th

ted to negati
ochannel unde
pulsive DEP f
in the curved
region) are ex

ment. 

ustration of the
manipulation o
bedded with a ro

EXPERIM

Photograph of 
p. The inset in

design.  
ed fabricati
oxane (PDM
found in our 
, the microflu
lar channels 
rom inner wa

pre-focusing
ne inlet and tw

connecting 
he microchann
ree straight co
m and a len
anywhere 40 

y, we used tw
s (Fluospheres

contours of 
he stronger). 
ive DEP effe
er the combin
forces (dark b

d section, whi
xerted on the 

e negative diele
of particles in
ound hurldle. 

MENT 

the proposed
ndicates the s

ion process 
MS)-based m

previous wor
uidic chip is co

integrating 
all, which are 
g and ma
wo outlet rese

microchan
nel design are 
onnecting chan
ngth of 1 mm
m deep.   

wo types of pa
s, Invotrogen, 

the electric 
Consider a 
ect passing 

ned effect of 
blue arrows, 
le strong in 
particle all 

 
ectrophoretic 
n a curved 

 
d DEP-based 
structure and 

 of the 
microfluidic 
rk [12]. As 
omposed of 
with three 
responsible 
anipulation, 
ervoirs; and 

nnels. The 
indicated in 

nnels have a 
m, and the 

articles with 
CA, USA): 



yellow-gr
15 m p
particle s
15 times
and 15 
ratio of 1
power su
Electroni
particle t
recorded 
Tokyo, J
Olympus
were pos
Natick, 
obtained 
converted

N

In the
model th
predict 
microcha
account f
interactio
velocity o

 uu p

 
The a

4.0 (COM
particle 
dielectrop
and 3, re
particles 
were set 

The dyn

and perm

water at
conductiv
field is m
(i.e. 10 m
the CM f

R

Cont

Figure
experime
column) 
varied in
were mo
180 V), 

reen fluoresce
polystyrene (P
solutions were
s. For separat
m particle so
1:1. The electr
upply (SL10P3
ics Corp., Ha
through the m

by an invert
Japan) equippe
s, Tokyo, Japa
st-processed b
MA), and 

by superim
d from videos

NUMERIC

e simulation, w
hat first deve

the particl
annel. By intro
for the effects 
on, etc. on the
of particle can

uu  EOFEK c

above equatio
MSOL Inc., B

trajectory, w
phoretic mob
espectively. T
and channel 
to be -33 and

namic viscosit

mittivity, m 
t 25°C, were
vity of polys

much smaller t
mM NaCl sol
factor was set 

RESULTS A

tinuous Ma

e 3 shows
ental (left c

results of 10
nlet voltages. I
oved from out

while particle

ent 10 m an
PS) microsphe
e diluted by de
tion experime
lutions were m
ric field was g
300/200, Spell
auppauge, NY

microchannel w
ed microscop
ed with a CC
an). All the v
by MATLAB
the particle 
mposing con
. 

AL SIMUL

we used a two
eloped by Ka
le motion 
oducing a cor
of particle siz

e dielectropho
n be written as

E  EK c
(4) 

on was perfor
Burlingtion, M
where the e
ility were ca

The zeta poten
wall in 10 m

d -54 mV, res

ty, 9.0 
109.6 10 

e also used.
styrene partic
than that of su
lution) used in
to -0.5. 

AND DISC

anipulation

s the com
olumn) and 

0 m particle 
It can be foun
tlet 1 at lowe
es were direc

nd blue fluore
eres. Both ori
eionized (DI) w
ent, the dilute
mixed at a vo
generated by 
lman High Vo

Y). The motio
was monitored
pe (Olympus I
CD camera (DP
videos and im
 (Mathworks 
trajectories 

nsecutive im

LATION 

o-dimensional 
ang et al [13

throughout 
rrection factor 
ze, particle-pa
oretic velocity
s 

( EE EOFc

rmed in COM
MA) to comput

electrokinetic
alculated by E
ntial values o

mM NaCl sol
spectively [14

(10 3 mkg

)( mvC  for

. As the ele
le in DC ele
uspending me
n our experim

CUSSION 

n of Particle

mparison bet
numerical (
trajectories u

nd that all par
er inlet voltag
cted to a narr

escent 
iginal 
water 
ed 10 
olume 
a DC 

oltage 
on of 
d and 
IX71, 
P 70, 

mages 
Inc., 
were 

mages 

(2D) 
3], to 

the 
c  to 

article 
y, the 

)E

MSOL 
te the 

and 
Eq. 1 
of PS 
lution 
, 15]. 

)s , 

r pure 

ectric 
ectric 

edium 
ments, 

es 

tween 
(right 
under 
rticles 
ge (a: 
rower 

str
32
ind
can
inn
set
of 
par

FIG
ima
ma

FIG
ima
ma

nu
par
sho

ream in outlet
0 V). This is
duce larger re
n deflect par
ner wall. In th
t to be 0.5 by m
superimposed
rticles of fixed

GURE 3.  E
ages) and num

anipulating 10 

GURE 4.  E
ages) and num

anipulating 15 
In similar an

merically how
rticles by adj
own in Fig. 4

t 2 at higher 
s because lar
epulsive DEP 
rticles further 
he simulation, 
matching the 
d images, whi
d size in all the

Experimental (l
merical (right 
m particles.  

Experimental (l
merical (right 
m particles.  
nalysis, we stu
w to control 
justing inlet 
4, (a) when a

applied inlet 
rger applied v

force (see E
away from 

the correction
simulated resu
ich remained c
e cases. 

left column: s
column) demo

left column: s
column) demo

udied experim
the motion 

and outlet vo
applied voltag

voltage (b: 
voltage can 
q.1), which 
hurdle and 

n factor was 
ults to those 
constant for 

superimposed 
onstration of 

superimposed 
onstration of 

mentally and 
of 15 m 

oltages. As 
ges at inlet, 



outlet 1 a
10 V, pa
stream; (
particles 
in a narro
voltage t
again. It 
inlet and 
m parti
outlet 2 d
with the 
particles 
effect (
correspon
the corre
numerica
acceptabl
superimp

Co

FIGURE 
images) a
separating

A typ
(yellow) 
voltages 
V, respec
that 10 an
a focuse
respectiv
to the c
particles 
tend to b
inner wa
reasonab
right colu
were fix
(yellow l

In th
with m
manipula
negative 
microcha

and outlet 2 w
articles move
(b) by increas
were pushed 

ower stream; (
to 30 V, part
could be foun
outlet could 

icles can be 
depending on t
increase of in
were observ

forced into 
nds to our per
ction factor to

ally predicted 
ly with th

posed images. 

ntinuous S

5.  Experim
and numerical 
g 10 and 15 m 
pical case of
and 15 m (
at inlet, outle
ctively, is sho
nd 15 m par
ed stream f

vely. This is be
cube of part
are subjected 

be deflected fu
all. The sep
ly predicted 
umn of Fig. 5)

xed to be 0.4
ines) and 15 

CON

is work, a c
multiple roun
ation and sep

DC DEP w
annel has gre

were, respectiv
ed from outle
sing the inlet 

further and d
(c) further inc
ticles were di
nd that applie
affect particle
directed into 
the applied vo

nlet and/or out
ved to obtain 

a narrower
rvious foundin
o be 0.4 for 15
results (right

he experim

eparation o

mental (left col
(right column

particles to dist
f the separat
(blue) PS part
et 1 and outlet
own in Figure
rticles were so
from outlet 
ecause DEP fo
ticle radius (
to larger DEP

urther from th
aration perfo
by numerica

), in which the
4 and 0.5, re
m (blue lines

NCLUSION

curved microc
nd hurdles 

paration of m
was presente
eat advantage

vely, 90 and 0
et 1 in a con

voltage to 18
directed to out
creased the ou
iverted to out
ed voltages at 
e trajectory, an

either outlet 
oltages. In add
tlet voltage, 1

a better focu
r stream), w
ng [12]. By se
5 m particle
t column) coin

mentally obt

of Particles

lumn: superim
n) demonstratio
tinct outlets. 
tion of mixe
ticles with ap
t 2 of 160, 0 a
e 5. It can be 
orted and mov
1 and outle

orce is proport
(see Eq.1), l
P forces, and h
he hurdle edge
ormance was 
al simulation 
e correction fa
espectively, fo
) particles. 

NS 

channel embe
for contin

icroparticles u
ed. The prop
es: (1) it pro

0 and 
nfined 
80 V, 
tlet 2 

utlet 2 
tlet 1 
t both 
nd 15 
1 or 

dition, 
5 m 
using 

which 
etting 
s, the 
ncide 
ained 

s 

mposed 
on of 

d 10 
pplied 
and 5 

seen 
ved in 
et 2, 
tional 
larger 
hence 
e and 

also 
(see 

actors 
or 10 

edded 
nuous 
using 
posed 

ovides 

mo
hur
inc
rel
the
adv
ind
im
cur
wit
par
fac
and
int
sor
LO
app

1.

2.
3.

4.

5.
6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

 

ore parameter
rdle and curve
creased contro
lives or even 
e insulator-ba
vantage of 
dividually for

mprovement of
rved unit, a 
th round hu
rticles into a s
cilitates subse
d separation. 
tegrated funct
rting micropar

OC devices f
plications. 

H. A. Pohl, Di
Nonuniform E
University Pre
R. Pethig, Biom
C. Zhang C, K
Kalantar-zadeh
(2010). 
P. R. C. Gasco
22–42 (2004).
 J. Voldman, A
K, Khoshmane
and K. Kalanta
1814 (2011). 
A. Gencoglu A
1873 (2009). 
S. K. Srivastav
Bioanal. Chem
X. Xuan, J. Zh
9, 1-16 (2010)

. H. M. A. Ram
Phys. D: Appl.

. T. B. Jones, El
Cambridge Un

. M. Li, S. Li, W
Micromech. M

. K. H. Kang, Y
Electrophores

. N. Takahashi, 
Maekawa, and
415 (2011). 

. R. Venditti, X
493-499 (2006

rs (i.e. gap 
ed channel) to
ollability of th
eliminates the

ased DEP m
either obstac

r electric field
f device perfor
semi-circular 

urdles, was d
stream close t
quent process
The novel d

tionality of f
rticles is expe
for biological

REFEREN

ielectrophoresis
Electric Field, C
ess, 1978.  
microfluidics 4,

K. Khoshmanesh
h, Anal. Bioana

oyne and J. V. V
 

Annu. Rev. Biom
esh, S. Nahavan
ar-zadeh, Biose

A and A. R. Min

va, A. Gencoglu
m. 399, 301-21 (
hu, and C. Chur
). 

mosy, N. G. Gree
. Phys. 31, 2338
lectromechanic
niversity Press, 
W. Cao, W. Li, W
Microeng. 22, 09
Y. Kang, X. Xua

is 27, 694–702 
A. Aki, T. Uka

d T. Hanajiri, Se

X. Xuan, and D. 
6).  

width, config
o be optimized
he particle mo
e problems th

microdevices 
cle or curva
d gradient, al
rmance; (3) th
microchanne

designed to 
to the hurdle r
s of particle m
esign with de
focusing, swi
cted to be wid
, chemical an

NCES 

s: The Behavior 
Cambridge: Cam

, 022811 (2010)
h, A. Mitchell, a
al. Chem. 396, 4

Vykoukal, Proc.

med. Eng. 8, 425
ndi, S. Baratchi,
ens. Bioelectron

nerick, Lab Chip

u, and A. R. Mi
(2011). 
rch, Microfluid. 

enz, and A. Cas
8–2353 (1998). 
cs of particles, C
1995. 
W. Wen, and G
95001 (2012).  
an, and D. Li, 
(2006). 

ai, Y. Nakajima,
ens. Actuators B

Li, Microfluid. 

guration of 
d, leading to 
otion; (2) it 
hat occur in 
that taking 

ature effect 
llowing the 
he upstream 
l combined 
 pre-focus 

region, thus 
manipulation 
emonstrated 
itching and 
dely used in 
nd medical 

for 
mbridge 

).  
and K. 
401-420 

. IEEE 92, 

5-454 (2006). 
, A. Mitchell, 
. 26, 1800-

ip 9, 1866-

nerick, Anal. 

Nanofluid. 

stellanosy, J 

Cambridge: 

G. Alici, J 

, T. 
B 151, 410-

Nanofluid. 2, 


	Continuous particle manipulation and separation in a hurdle-combined curved microchannel using DC dielectrophoresis
	Recommended Citation

	Continuous particle manipulation and separation in a hurdle-combined curved microchannel using DC dielectrophoresis
	Abstract
	Keywords
	Disciplines
	Publication Details

	Microsoft Word - 338.docx

