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Abstract This paper presents theoretical and experi-

mental investigations on valveless microfluidic switch

using the coupled effect of hydrodynamics and electroos-

mosis. Switching of a non-conducting fluid stream is

demonstrated. The first part of the investigation focused on

flow switching of a non-conducting fluid, while the second

part focused on switching of aqueous liquid droplets in a

continuous oil stream. Two sheath streams (aqueous NaCl

and glycerol) and a sample stream (silicon oil) are intro-

duced by syringe pumps to flow side by side in a straight

rectangular microchannel. External electric fields are

applied on the two sheath streams. The switching process

using electroosmotic effect for different flow rate and

viscosity of sample stream is investigated. The results

indicate that the switching response time is affected by the

electric fields, flow rate, and viscosity of the sample. At

constant inlet volumetric flow rates, the sample streams or

droplets can be delivered to the desired outlet ports using

applied voltages.

Keywords Microchannel � Switch � Sample flow �
Droplets � Electroosmosis

List of symbols

e1, e2, e3 Liquid fractions

e Elementary charge, e = 1.602 9 10-9 (C)

Ex The electric field

G Parameter measuring the electroosmotic force

by external electric field

h Height of the microchannel (m)

Lref The length scale

M Electrokinetic effect in the matching conditions

n0 Ionic number concentration in the bulk (m-3)

ni Ionic number concentration of the type i in the

bulk (m-3)

kb Boltzmann constant, k = 1.381 9 10-23

(J K-1)

K Electrokinetic parameter

p Pressure

q Flowrate

r Position vector (m)

Re Reynolds number

t Time (s)

T Temperature (K)

u Velocity

Uref The velocity scale

V Voltage

w Half of width of the channel (m)

z0 The valence of the ions

Greek symbols

p Density

w0 Electrostatic potential

n Zeta potential

e The permittivity of the dielectric

e0 The permittivity of the dielectric of vacuum

er The dielectric constant comparing with e0

w The electric potential

l Dynamic viscosity

j Debye–Hückel parameter (m-1)

qq
s The surface charge density

b Dynamic viscosity ratios

Subscripts

ref Reference quantity
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1 Conducting fluid 1

2 Non-conducting fluid 2

3 Conducting fluid 3

q Charge of bulk

Superscripts

0 Fundamental state

– Dimensionless parameter

p Pressure driven

E Electroosmotic effect
0 Derivative

I Integrate

Operators

r Gradient

q Partial differential

1 Introduction

Microfluidics has been the key technology for lab on a

chip (LOC). Microfluidic devices have several inherent

advantages in LOC applications. The main advantages

are small device size, low fabrication cost, small sample

size, low energy consumption, and the high surface to

volume ratio (Andersson and Van den Berg 2003; Stone

et al. 2004; Dittrich and Manz 2005; Huh et al. 2005).

Many LOC applications require valveless flow switching

and focusing as the initial step. Examples are cell han-

dling and analysis, clinical diagnosis, immunoassays,

DNA and proteins processing, environmental concerns

and gas analysis, and others (Dittrich et al. 2006). Fur-

thermore, switching and sorting droplets are important

techniques in the fields of fine chemical or pharmaceu-

tical engineering. The method for separating droplets is

the alternative to direct production of monodisperse

emulsions (Maenaka et al. 2008). As a result, research

and development on flow and droplet switching have

attracted a great interest from the microfluidics research

community.

The main switching techniques in microfluidics are

hydrodynamic and electrokinetic switching. The hydrody-

namic technique generally involves the use of unbalanced

hydrodynamically driven sheath streams to direct the

sample stream to the desired outlet ports. Comparing with

hydrodynamic switching, electrokinetic switching involves

electroosmotic flow and has some distinct advantages. For

example, electroosmotic flow has a uniform velocity pro-

file; the velocity of electroosmotic flow is easier to be

predicted. Furthermore, high speed flow switching required

for dynamic particle separation is easily implemented using

electroosmotic concept (Huh et al. 2005; Taylor et al.

2008).

Besselink et al. (2004) controlled the position and width

of a sample stream in a chamber using a valveless and

electroosmotically driven technique. Controlling the sheath

flow using electric fields can position the sample stream

accurately. Similar to the work of Besselink et al. (2004),

Kohlheyer et al. (2005) controlled the position and width of

two sample streams in a chamber using electroosmotically

driven flow. Fu et al. (2004) designed an innovative micro

flow cytometer, which focuses and switches the sample

stream using electroosmosis. Fu et al. (2003) experimen-

tally investigated the use of electrokinetic force to control

the fluid flow for bio-analytical applications in different

microfluidic chips. A new control model for ‘one-to-mul-

tiple’ electrokinetically pre-focused micro flow switches

were proposed by Yang et al. (2005). Using this model, the

sample stream can be pre-focused and injected into the

desired outlets electroosmotically. By applying the mini-

mum number of voltage control points, Pan et al. (2006)

electroosmotically switched the sample stream to the

desired outlets for bio-analytical applications. Applying a

simple voltage control model to the inlet and outlet ports,

Pan et al. (2007) combined focusing and electroosmotic

switching for mixing enhancement. Taylor et al. (2008)

reported a microfluidic switch for sorting using electroos-

mosis. The response time is an important parameter for

switching techniques. Wolfe et al. (2004) reported

switching with a response time of 2 s. The response time

reported by Campbell et al. (2004) was 20 ms. Hydrody-

namic switching reported by Nguyen et al. (2007) has a

response time of 0.3 s.

Tan and Lee (2005) and Huh et al. (2007) reported that

microfluidic devices can be used to separate droplets using

hydrodynamic effect. A cell counting and sorting system

which can be used as cytometer was designed by Yang

et al. (2006), the cell can be sorted at a frequency of 120

cells min-1. Lin and Lee (2003), Lee et al. (2005), and

Ateya et al. (2008) designed microfluidic cytometers for

cell counting and sorting. Beside the hydrodynamic effect,

other effects can also be used to sort liquid droplets. For

example, Braschler et al. (2008) reported a particle-sorting

device based on dielectrophoresis.

Although electroosmotic effect is an effective method

for valveless switching, this concept has some drawbacks

for the use in purely electrokinetically driven systems.

First, the flow is unstable if the electric field is too high

arising from the conductivity mismatch and strong electric

field (Chen and Santiago 2002a; Lin et al. 2004; Chen et al.

2005). Second, particles are exposed to Joule heating under

the applied electric field. If the electric field is too strong,

the particles can be damaged due to induced heat (McClain

et al. 2001). To overcome the drawback of the electroki-

netically driven systems, we combine the hydrodynamic
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effect and the electroosmotic effect for switching

applications.

This paper consists of three parts. The first part presents

an analytical model of three-fluid flow in a rectangular

microchannel under the coupled effects of electroosmosis

and hydrodynamics. Using the Newton–Raphson method,

the liquid fractions of three fluids are obtained. The second

part presents experimental results of valveless flow

switching in a Y-shaped polydimethylsiloxane (PDMS)

microchannel under the coupled effect of pressure driven

and electroosmotic flows. Figure 1a shows schematically

the microchannel system used for flow switching of a non-

conducting sample stream. Liquid fractions are investi-

gated by fluorescence imaging technique. Experimental

results are compared to the analytical solutions. The last

part presents droplet switching in a T-shaped polymethyl-

methacrylate (PMMA) microchannel under the coupled

effect of pressure driven and electroosmotic flows.

Figure 1b shows flow switching with droplet generation in

the non-conducting stream. Generation of these water

droplets can be achieved by shearing the water stream at a

T-junction by a continuous mineral oil stream.

2 Mathematical model

The details of the mathematical model are provided by our

previous work (Haiwang et al. 2009). Figure 1c shows the

model of valveless flow switching in a Y-shaped micro-

channel using coupled hydrodynamics and electroosmosis.

The microchannel system consists of three inlets (I1–I3)

and five outlets (O1–O5). In this paper, the non-polar liq-

uids with low conductivity (\10-6 Sm-1), such as oil,

cannot form the necessary double layer and therefore can

be regarded as non-conducting fluid (Chen and Santiago

2002b; Brask et al. 2005). Polar liquids with high con-

ductivity ([10-6 Sm-1), such as aqueous salt, can form the

necessary double layer and therefore are regarded as con-

ducting fluid. Two sheath streams (fluid 1 and fluid 3) are

electrically conducting with high electroosmotic mobility,

while the focused stream (fluid 2) is non-conducting with

low electroosmotic mobility. Fluids 1 and 3 are immiscible

to fluid 2. Due to the relatively small channel height, the

interfaces between the fluids are assumed as flat. The liq-

uids fill the entire hight of the channel. Inertial effects are

negligible. At a given pressure gradient and electric fields

applied along the conducting sheath streams, electroos-

motic forces control the widths of fluid streams. The widths

of the sheath streams depend on the directions and mag-

nitudes of the applied electric fields. The fluid with low

electroosmotic mobility is focused and switched to the

desired outlet ports by the interfacial forces of the con-

ducting fluids as well as by the pressure gradient. The

electric potentials in the conducting fluids due to the

charged walls are w1 and w3, respectively. The reference

length and the reference velocity of the flow are taken as

Lref = (h1 ? 2h ? h3)/2 and Uref = (Ex1e0erkbT)/(lrefz0),

respectively. The independent position vector r and

dependent variables such as velocity u, pressure p, poten-

tial w, and density qq are expressed in terms of corre-

sponding dimensionless quantities (shown with an over

bar):

r ¼ Lref�r
u ¼ Uref �u
w ¼ kbT �w= z0eð Þ
p ¼ qrefU

2
ref �p

qq ¼ 2n0z0e�qq

8
>>>><

>>>>:

ð1Þ
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Fig. 1 Schematic representation of three-fluid electroosmotic switch-

ing: a switching without droplets, b switching with droplets, c cross-

sectional view of the model
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The position vector r includes thickness of the channel

(hi) and width of the channel (w), kb is Boltzmann constant,

T is the absolute temperature, z0 is the valence of the ions,

e is elementary charge, and n0 is the reference value of the

ion concentration, er is the relative permittivity of the

conducting fluids, and e0 is the permittivity of vacuum.

In the theoretical model, the electric potentials in the

sheath streams (conducting fluid) are described by the

Poisson-Boltzmann equation as

conducting fluid 1ð Þ r2 �w1 ¼ K2 �w1 ð2Þ

conducting fluid 3ð Þ r2 �w3 ¼ K2 �w3 ð3Þ

where K = Lref j, j is the Debye–Hückel parameter,

1

j
¼ ekbT

2z2
0e2n0

� �1
2

ð4Þ

The momentum equations for sheath streams (conduct-

ing fluids) and sample stream (non-conducting fluid) are

conducting fluid 1ð Þ o
2�u1

o�y2
þ o2�u1

o�z2
¼ Re

d�p

d�x
� ReGx1�qq1

ð5Þ

non-conducting fluid 2ð Þ o
2�u2

o�y2
þ o2�u2

o�z2
¼ Re

b2

d�p

d�x
ð6Þ

conducting fluid 3ð Þ o
2�u3

o�y2
þ o2�u3

o�z2
¼ Re

b3

d�p

d�x
� ReGx3�qq3

ð7Þ

where b2 = l2/l1, b3 = l3/l1, Gx1 = (2z0en0LrefVx1)/

qrefUref
2 , Gx1 = (2z0en0LrefVx3)/qrefUref

2 .

No-slip boundary conditions are applied at the channel

walls. In addition, the matching conditions at the interfaces

such as continuity of velocities and force balance are

applied.

The continuity conditions of the velocities at the liquid–

liquid interfaces are:

�u1 ¼ �u2; at �y ¼ ��h interface 1�2ð Þ ð8Þ

�u2 ¼ �u3; at �y ¼ �h interface 2�3ð Þ ð9Þ

The shear stress balances that jump abruptly at the

interface due to the presence of surface charge are

o�u1

oy
þM1�qs

q1 ¼ b2

o�u2

oy
; at �y ¼ ��h interface 1�2ð Þ

ð10Þ

b3

o�u3

oy
þM3�qs

q3 ¼ b2

o�u2

oy
; at �y ¼ �h interface 2�3ð Þ

ð11Þ

where M1 = (ekbTVx1)/(z0eUreflref) and M3 = (ekbTVx3)/

(z0eUreflref). In Eq. 10, �l1
o�u1

oy is the shear stress of fluid 1

at the interface 1–2; �l2
o�u2

oy is the shear stress of fluid 2 at

the interface 1–2; M1 is the dimensionless electrical force

at interface 1–2; �qs
q1 is the dimensionless density of sur-

face charge at the interface 1–2, these values can be cal-

culated according interface zeta potential (Gao et al. 2007;

Li et al. 2009); M1�qs
q1 is the electrical force at the interface

1–2 (jump of stress). In Eq. 11, �l3
o�u3

oy is the shear stress of

fluid 3 at the interface 2–3; �l2
o�u2

oy is the shear stress of fluid

2 at the interface 3–2; M3 is the dimensionless electrical

force at interface 2–3; �qs
q3 is the dimensionless density of

surface charge, the value can be calculated according

interface zeta potential (Gao et al. 2007; Li et al. 2009);

M3�qs
q3 is the electrical force at the interface 2–3 with a

jump of stress.

Due to linearity, the velocity of the conducting fluids

and of the non-conducting fluid can be decomposed into

two parts:

�u ¼ �up þ �uE ð12Þ

where �uE corresponds to the velocity driven by

electroosmotic force, and �up is the velocity driven by

pressure gradient. With the known velocity distributions of

�uE and �up, the dimensionless flow rates can be calculated

by integrating the velocity distribution, the superscript E

represents the electroosmotic effect, while the superscript p

represents the hydrodynamic effect. The flow rates q can be

determined by integrating across the cross-section of the

streams:

�qE
1 ¼ 2

Z��h��h1

��h

Z�w

0

�uE
1 �y; �zð Þd�zd�y ð13Þ

�qp
1 ¼ 2

Z��h

��h��h1

Z�w

0

�up
1ð�y; �zÞd�zd�y ð14Þ

�qE
2 ¼ 2

Z �h

��h

Z�w

0

�uE
2 �y; �zð Þd�zd�y ð15Þ

�qp
2 ¼ 2

Z �h

��h

Z�w

0

�up
2 �y; �zð Þd�zd�y ð16Þ

�qE
3 ¼ 2

Z�hþ�h3

�h

Z�w

0

�uE
3 �y; �zð Þd�zd�y ð17Þ

�qp
3 ¼ 2

Z�hþ�h3

�h

Z�w

0

�up
3 �y; �zð Þd�zd�y: ð18Þ
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The analytical solutions of three fluids flow driven by

electroosmotic effect and pressure gradient are obtained.

The flow rates of the three fluids are functions of the liquid

fractions and pressure gradient, d�p=d�x

�q1 ¼ �q1 e1; e2; e3; d�p=d�xð Þ
�q2 ¼ �q2 e1; e2; e3; d�p=d�xð Þ
�q2 ¼ �q3 e1; e2; e3; d�p=d�xð Þ
e1 þ e2 þ e3 ¼ 1

8
>><

>>:

ð19Þ

where e1 = h1/(h1 ? 2h ? h3), e2 = 2h/(h1 ? 2h ? h3),

and e3 = h3/(h1 ? 2h ? h3) are the liquid fractions. If the

flow rate conditions are specified, the system of equations

can be solved numerically using the Newton–Raphson

method to determine the liquid fractions and pressure

gradient as following process:

(1) The initial values of ei are assumed;

(2) According the initial values of ei the electroosmotic

flow rates of �qE for different flows are calculated

using Eqs. 13, 15, and 17;

(3) According the relationship of �q ¼ �qp þ �qE, the

pressure-driven flow rates of �qp are calculated;

(4) According the equation of d�p=d�xð Þi¼
d�p
d�x

� �

i
�qp

i ; e1;ð
e2; e3Þ, the values of d�p=d�xð Þi are calculated;

(5) Compare the values of d�p=d�xð Þi; if they are same, the

values of ei are the fractions of flows; if they are

different, modify the values of ei. Using the modified

values of ei, repeat steps (2)–(5) until d�p=d�xð Þi have

the same value.

3 Experiments

3.1 Design and fabrication of test devices

Figure 2a shows the layout and the detailed geometries of

the microchannels used in our experiments. The test section

is a simple straight channel with five output ports. All

structures have the same depth of 50 lm. The width of the

inlet channel and outlet channel are 0.17 and 0.1 mm,

respectively. Two sheath streams are injected into the

microchannel from the inlet ports of I1 and I3, the sample

stream is injected into the microchannel from the inlet port

of I2. The sample stream are focused and delivered to the

desired outlet ports, Fig. 2b.

Soft lithography technique was used to fabricate the

microchannel in PDMS (Nguyen 2006). The layout shown

in Fig. 2a is designed using AutoCAD and printed on a

transparency film using a laser printer with a resolution of

8000 dpi. The mask design software can realize curved

channels. Thus, we used angular channels for the experi-

ments as shown in Fig. 2. A 50-lm thick SU-8 layer was

first spin-coated on a silicon wafer after soft bake (65�C,

30 min) and hard bake (95�C, 5 min), the SU-8 layer was

exposed and developed. The SU-8 master mold was

washed in DI water and IPA, and then dried in an oven.

PDMS (Dow Corning Corporation, USA) was mixed from

the two components (base and curing agent) with a weight

ratio of 10:1. The mixed PDMS was placed in a vacuum

oven for 20 min to remove air bubbles. The bubble-free

PDMS mixture was poured into the SU-8 mold. The PDMS

part was then kept at room temperature for 36 h to cure.

Subsequently, the cured PDMS was peeled off from the

master mold. Eight ports with a diameter of 0.75 mm were

punched into the PDMS part. Finally, another cured flat

PDMS slab and the PDMS with the microchannels were

treated by oxygen plasma and bonded together.

The main problem of a PDMS device is swelling when

exposed to silicone oil. For the long duration of the

8 0.75 mmφ×

I3 

I2 

I1 

O5 

O4 

O3 

O2 

O1 

0.5 mm 
0.1 mm 

0.17 mm 

10 mm 3 mm 8 mm 
(a) 

O5 

O4 

O3 

O2 O1 

e3

e2

e3  q1

q2

q3

(b) 

Fig. 2 Flow switching: a layout of the PDMS microchannel;

b measured result of three-fluid electroosmotic flow switching (color

online)
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experiments of droplet switching, PDMS is not suitable as

a substrate material. Therefore, PMMA was used as the

device material for the droplet switching device. Two

PMMA plates were cut by laser-machining and thermally

bonded. The laser machined structures were designed by

the software of Corel DRAW. The width of the channel is

controlled by the width of the drawn lines. The depth of the

microchannel can be controlled by the power and speed of

the laser beam. The thermal bonding process was achieved

using a hot press (CARVER manual press 4386). First, the

temperature of the hot plate increases to 165�C. Second,

the temperature is kept at 165�C for 30 min. Third, the

temperature is reduced to 80�C. Fourth, the temperature is

kept at 80�C for 30 min. Finally, the whole system is

allowed to cool down to the room temperature. Figure 3a

shows the layout and the detailed geometries of the

microchannel used in our experiments. They are similar

with the previous works (Wang et al. 2005; Li et al. 2009).

The test section includes a T-junction channel and a simple

straight channel with five output ports. All structures have

the same depth of 50 lm. According to the experiments,

the curved channel is of advantage for a stable flow espe-

cially if the viscosity of the fluid is high.

3.2 Materials

In the experiments of valveless flow switching, de-ionized

(DI) water (Millipak� Express, Millipore, 0.22 lm) and

silicone oil (Sigma–Aldrich) work as sheath streams

and sample stream, respectively. Rhodamine B (C28H31

N2O3Cl) (Sigma–Aldrich) was added to the DI water as the

fluorescent dye to achieve a distinct interface with fluo-

rescent microscopy. The concentration of the fluorescence

is 1 g/l. NaCl was diluted in DI water with a concentration

of 7 9 10-4 M. The conductivity and viscosity of the NaCl

solution are 86.6 lS/cm and 0.85 9 10-3 Nsm-2, respec-

tively. The viscosity of silicone oil as sample stream is

4.565 9 10-3 Nsm-2. The details of the flow conditions

are shown in Table 1.

In the experiments of droplet switching, de-ionized (DI)

water was used to form liquid droplets at a T-junction by a

continuous mineral oil stream with 2% w/w surfactant

Span 80 (Sigma–Aldrich). In order to display the droplets,

Rhodamine B was added to the DI water. The concentra-

tion of the fluorescence is 1 g/l. The continuous fluid is

mineral oil (Sigma–Aldrich). Glycerol was mixed with DI

water (Vglycerol/(VDI water ? Vglycerol) = 0.72) as sheath

streams. NaCl was diluted in aqueous glycerol with a

concentration of 7 9 10-4 M. The conductivity and vis-

cosity of the NaCl solution are 86.6 lS/cm and

2.6 9 10-2 Nsm-2, respectively. The viscosity of mineral

oil is 2.69 9 10-2 Nsm-2.

3.3 Experimental setup

The experimental setup is shown in Fig. 4. The sheath

streams and sample stream were kept in three identical

glass syringes (5 ml gastight, Hamilton). Each syringe was

pushed by an individual syringe pump (KDS230, KD

Scientific Inc, USA, 0.2 ll/h to 500 l/h, accuracy of 0.5%).

In the experiment, the flow rates of three flows were kept

constant. The syringes were connected with the inlet ports

using hard Teflon tubes. Stainless steel needles (EFD,

5123PC-B, USA) were used to connect the inlet port with

the hard Teflon tube. The inner and outer surfaces of the

tips were covered with polytetrafluoroethylene. The inner

diameter and the outer diameters of the needle are 0.33 and

0.64 mm, respectively. The needles were press fit into the

access holes which was previously punched into the PDMS

substrate.

Platinum wires (Sigma–Aldrich, 0.1 mm diameter) were

used as electrodes, which are inserted into I1 and O1

(electric field 1), I3 and O5 (electric field 3) from the bot-

tom structure of the PDMS microchannel. The other ports

(I2, O2, O3, and O4) do not have electrodes. Different
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0.13mm 
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O5 
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q2
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Fig. 3 Droplet switching: a layout of the PMMA microchannel for

droplet switching; b measured result (color online)
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electric fields are provided by two high voltage power

supplies (Model PS350, Stanford Research System, Inc).

The power supply is capable of producing up to 5000 V

and changing the polarity of the voltage. The different

electric fields are controlled by changing the output value

of the high voltage power supplies.

The deformation of the liquid interfaces was recorded

using an imaging system. The system consists of four main

components: an illumination system, an optical system

(Nikon EclipseTE 2000-S, Japan), a charge coupled device

(CCD) camera, and a personal computer (PC) with control

and recording software. Fluorescence imaging technique

was used in these experiments. The illumination source for

the fluorescence measurement is a mercury lamp. The

excitation wavelength for Rhodamine B was filtered to

540 nm using an epi-fluorescent attachment of type

NikonG-2E/C (excitation filter for 540 nm, dichroic mirror

for 565 nm, and emission filter for 605 nm). Both filters in

the attachment have a bandwidth of 25 nm. In order to

select the specific emission wavelength of the Rhodamine

B and to remove traces of excitation light, an emission

filter was used in the measurements. A sensitive CCD

camera (HiSense MK) attached to the microscope was used

to capture the liquid fraction image. The resolution of the

camera is 1344 9 1024 pixels with 12 bits grayscale.

The active area of the CCD sensor is 2.2 mm 9 1.7 mm.

The exposure time for recording the images is 70 ms.

3.4 Fluorescence imaging measurement

Rhodamine B is neutrally charged and does not affect the

ion concentration and the electroosmotic effect (Wang

et al. 2005). For the purpose of visualization, Rhodamine B

is added to the sheath flow. Rhodamine B is a water-soluble

fluorescent dye, can be excited by green light (540 nm) and

emit red light with the maximum emission wavelength of

610 nm. The interface positions between the three fluids

were measured using the recorded images and a custom-

ized image processing program written in MATLAB

(Wu et al. 2004; Wu and Nguyen 2005). The program

Table 1 The details of flow conditions for experiments

Exp Fluids Viscosity (Nsm-2) Conductivity (lS/cm) Channel

Switching sample fluid Conducting fluids Aqueous NaCl ? Rhodamine B 0.85 9 10-3 86.6 PDMS

Non-conducting fluid Silicon oil 4.565 9 10-3

Switching droplets Conducting fluids Aqueous glycerol ? NaCl 2.6 9 10-2 86.6 PMMA

Non-conducting fluid Mineral oil 2.69 9 10-2

Droplets DI water ? Rhodamine B 0.85 9 10-3

syringe pump
(KDS 230 )Inverted fluorescent micrscope

(Nikon TE2000-S)

CCD camera
(HiSense MKII)

Dc power supply

sheath flow

sample flow

sheath flow

electric field 3

electric field 1

           syringes 
(5 ml gastight, Hamilton)

(Ps350)

syringe pump
(KDS 230 )

           syringes 
(5 ml gastight, Hamilton)

Fig. 4 Schematic of the

experimental setup
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cancels the noise in the collected images with an adaptive

noise-removal filter. The program also determines the pixel

intensity values across the channel, which is normalized

using I* = (I - Imin)/(Imax - Imin), where I, Imax, and Imin

are the intensity values, its maximum and minimum,

respectively. The program calculates the position (y) based

on the derivative of concentration (I) with respect to the

distance y, can be taken by the formula of (I2* - I1*)/

(y2 - y1). The interface position is determined when

dI*/dy is at its maximum value, Fig. 5.

Figure 5d shows the cross-sectional view of the three

fluids in the microchannel, h1, 2h, and h3 are denoted as the

width of sheath flow, sample stream, and sheath flow,

respectively. Figure 5e shows the cross-sectional view of

the channel for droplet switching.

4 Results and discussion

4.1 Switching and focusing under electroosmotic effect

Figure 6 shows a series of pictures for sample stream

injection into specific outlet ports. The electroosmotic

effect for switching is confirmed experimentally. The

sample stream can be delivered into any desired output

ports under the coupled effect of hydrodynamics effect and

electroosmosis.

Two sheath streams q1 and q3 (conducting liquids of

aqueous NaCl), and the sample stream q2 (silicon oil,

dimethylsiloxane 200� fluid. Viscosity 5 cSt), are

introduced through the inlets by the syringe pumps. The

volumetric flow rate of sample stream (q2) is 0.1 ml/h, and

the volumetric flow rates of sheath flow (q1 and q3) are

0.3 ml/h. The mean velocity (U) of the sample stream is

about 0.003 m/s. The surface tension (c) of silicon oil/DI

water is 19.7 mN/m, and the capillary number

Ca & 7 9 10-4. These immiscible fluids flow side by side

in a straight rectangular microchannel.

Figure 6a–f shows that at fixed flow rates, the sample

stream can be delivered to the desired outlet ports

according to the magnitude and the polarity of the electric

fields. The results also show that when Vx1 = Vx3, the

sample stream cannot be switched to other ports except the

center port, O3. When the magnitudes or polarities of

applied two electric fields are different (Vx1 = Vx3), the

droplets are shifted away from the center port.

When a negative electric field is applied along the con-

ducting sheath stream 1 (q1, Fig. 6a, Vx1 = -1700 V), the

electroosmotic flows act against the pressure-driven flow.

Consequently, q1 encounters a larger resistance and appears

to be more ‘‘viscous’’ due to the additional electroosmotic

effect. Because the same pressure drop along the micro-

channel and the fixed volumetric flow rate forced by the

syringe pump, the more viscous fluid has to spread over a

larger area, thus occupy a larger portion (e1) of the channel.

When a positive electric field is applied along the con-

ducting sheath stream 3 (q3, Fig. 6a, Vx3 = 1700 V), the

electroosmotic effect acted along the pressure-driven flow,

and q3 is dragged in the same direction as the pressure-

driven flow. As a result, q2 flows faster and occupies a

(a) (b) 

1e 2e 3e

0.0 0.2 0.4 0.6 0.8 1.0

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

dI
/d

y

y

(c) 

Sheath 
stream 

Sheath  
stream 

Sample  
stream 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

I*

y

y 

y 

Interface 1-2 Interface 

Na NaSilicon w

1h 2h 3h(d)

Sheath Sheath flow 

Interface 1-2 Interface 

1h 2h
3h

w

Droplet 

(e) 

Fig. 5 Process of defining the

liquid fraction: a The location

(y–y) of the measurement;

b normalized concentration

distribution of the fluorescent

dye across the channel width;

c liquid fractions of the three

flows; d cross-sectional view of

the three fluids in the main

channel; e cross-sectional view

of the switching droplets system

in the main channel
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smaller width (e2) of the channel. The results show that when

Vx1 = Vx3 = -300 V (Fig. 6c) and Vx1 = Vx3 = -700 V

(Fig. 6d), the liquid fraction of NaCl increase symmet-

rically (e1 = e3), and the sample stream is delivered to

the center port O3. The fractions e1 and e3 increase with

the increase of negative electric fields, hence the focused

width e2 varies with the applied electric fields. In Fig. 6b,

when a positive electric field (Vx3 = 300 V) and a negative

electric field (Vx1 = -1000 V) are applied, e3 decrease, and

e1 increase, the sample stream is delivered to port O4.

Figure 6a, e, f shows that the sample stream can be guided

to the desired outlet port by adjusting the magnitude and the

polarity of the electric field.

Figure 7 shows that droplets can be delivered to the

desired outlet ports according to the magnitude and the

polarity of the electric fields. The effect of electric fields is

similar to that shown in Fig. 6.

The above results show that a negative electric field

could ‘push’ the sample stream (droplet), while a positive

electric field could ‘pull’ the sample stream (droplet) in the

span-wise direction of the microchannel. Hence the posi-

tion of the interface or of the droplet could be controlled.

4.2 Comparison between theoretical analysis

and experiment

Figure 8a compares the measured and mathematical results

under different applied electric field strengths. For the

mathematical solutions, a reference velocity of Uref =

1.16 9 10-3m/s, a reference length of Lref = 500 lm, and

respective viscosities of NaCl solution and aqueous glyc-

erol of 0.85 9 10-3 and 4.565 9 10-3 Nsm-2 were used.

The zeta potentials of PDMS and silicon oil with NaCl

solution are nPDMS = -85 mV(Lee and Li 2006), noil =

-40 mV(Gu and Li 1998).

Figure 8a shows the relationship between applied volt-

ages Vx1, and Vx3 for flow switching into desired outlet ports

at a fixed flow rates q1 = q3 = 0.3 ml/h, q2 = 0.1 ml/h. It is

clearly seen that the proposed model gives reasonable

agreement with the measurement. In general, for guiding the

Fig. 6 Flow focusing and

switching based on the

combined effect of

hydrodynamics and

electroosmosis (color coded)

(q1 = q3 = 0.3 ml/

h; q2 = 0.1 ml/h): a Vx1 =

-1700 V, Vx3 = 1700 V;

b Vx1 = -1000 V,

Vx3 = 300 V; c Vx1 = -700 V,

Vx3 = -700 V; d Vx1 =

-300 V, Vx3 = -300 V;

e Vx1 = 300 V, Vx3 =

-1200 V; f Vx1 = 1700 V,

Vx3 = -1700 V
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sample stream into output ports other than the center port, a

combination of the positive and negative electric fields is

needed. The results further suggest that the most sensitive

switching can be achieved by setting the two applied electric

fields to have the same magnitude but opposite in polarity,

Vx1 = -Vx3. This manipulation scheme can be accom-

plished by using only one high voltage power supply.

Figure 8b shows that the voltage required for flow

switching depends on the fluid viscosity ratio. The theo-

retical results indicated that it is more difficult to switch the

sample stream with higher viscosity, because a higher

voltage is needed. The switching response becomes slower

with the increase of the viscosity of the sample stream.

Figure 9 shows the influence of the applied voltage

when Vx1 = -Vx3 on the sample stream position in the

microchannel. The location of the sample stream for flow

switching into desired outlet ports has also been compared

with the analytical model. A rapid increase in the sample

stream position occurs when the voltages decrease from

1000 to -1000 V. At fixed flow rates, the switching

response under the electroosmotic effect becomes slower

as the sample stream is far from the center of the channel.

Experimental results are compared with the analytical

results in Figs. 8 and 9. These results agree within a 95%

confidence level. The discrepancy between the mathemat-

ical model and the experiment is possibly caused by the

assumption of flat interfaces and the fluctuation of the

pressure gradient provided by the syringe pumps.

5 Conclusions

This paper reports a new technique for switching a non-

conducting sample stream or droplets using sheath streams

V =1500Vx3

V =-1500Vx1

V =1200Vx3

V =-1200Vx1

V =0Vx3

V =0Vx1

V =-1200Vx3

V =1200Vx1

V =-1500Vx3

V =1500Vx1

O5 O5

O5 O5

O5

O4

O4

O4

O4

O4

O3
O3

O3 O3

O3

O2 O2

O2 O2

O2

O1 O1

O1 O1

O1

(a)

(c)

(e)

(d)

(b)

q3

q2

q1

Fig. 7 Droplet switching based

on the combined effects of

hydrodynamics and

electroosmosis (color coded)

(q1 = q2 = q3 = 0.1 ml/h):

a Vx1 = -1500 V,

Vx3 = 1500 V; b Vx1 =

-1200 V, Vx3 = 1200 V;

c Vx1 = 0 V, Vx3 = 0 V;

d Vx1 = 1200 V, Vx3 =

-1200 V; e Vx1 = 1500 V,

Vx3 = -1500 V
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of conducting fluid in a microchannel using the coupled

effects of hydrodynamics and electroosmosis. Under the

fixed flow rates, the sample stream can be delivered to

the desired outlet ports by electroosmosis, rather than the

conventional ‘‘flow rate ratio’’ method. By applying dif-

ferent electric fields to the sheath streams along the

microchannel, the electroosmotic effect can adjust the

velocity of the sheath streams and change the locations of

the sample flow. Quantitatively, the liquid fractions and the

location of droplets are measured by fluorescence imaging

technique. The results indicate that the electric fields can

deliver the sample stream to a desired outlet, but two

electric fields have to cooperate. The switching speed of

about 0.2 s is the only limitation of the presented approach.

The comparison of the location of the sample stream

between the measured data and the analytical models

shows good agreement with a confidence level of 95%.
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Brask A, Goranović G, Jensen MJ, Bruus H (2005) A novel electro-

osmotic pump design for nonconducting liquids: theoretical

analysis of flow rate-pressure characteristics and stability.

J Micromech Microeng 15(4):883–891

Campbell K, Groisman A, Levy U, Pang L, Mookherjea S, Psaltis D,

Fainman Y (2004) A microfluidic 2 9 2 optical switch. Appl

Phys Lett 85(25):6119–6121

Chen C-H, Santiago JG (2002a) Electrokinetic instability in high

concentration gradient microflow. American Society of Mechan-

ical Engineers. Fluids Engineering Division (Publication) FED

258, pp 415–418

Chen CH, Santiago JG (2002b) A planar electroosmotic micropump.

J Microelectromech Syst 11(6):672–683

Chen CH, Lin H, Lele SK, Santiago JG (2005) Convective and

absolute electrokinetic instability with conductivity gradients.

J Fluid Mech 524:263–303

Dittrich PS, Manz A (2005) Single-molecule fluorescence detection in

microfluidic channels-the Holy Grail in lTAS? Anal Bioanal

Chem 382(8):1771–1782

Dittrich PS, Tachikawa K, Manz A (2006) Micro total analysis

systems. Latest advancements and trends. Anal Chem 78(12):

3887–3907

Fu LM, Yang RJ, Lee GB, Pan YJ (2003) Multiple injection

techniques for microfluidic sample handling. Electrophoresis

24(17):3026–3032

(a)

-1500 -1000 -500 0 500 1000 1500

-1500

-1000

-500

0

500

1000

1500

O1

O2

O3

O5

O4

V
x3

(V
ol

t)

V
x1

(Volt)

β
2
=1

β
2
=5.43

(b)

-1500 -1000 -500 0 500 1000 1500

-1500

-1000

-500

0

500

1000

1500

 Theory
 Measurement

O2

O1

O3

O4

O5

V
x3

(V
ol

t)

V
x1

(Volt)

Most sensitive switching at Vx1 = -Vx3

Fig. 8 Relationship between the location of the sample fluid and the

applied voltages Vx1 and Vx3 (b1 = b3 = 1, q1 = q3 = 0.3 ml/h,

q2 = 0.1 ml/h; nPDMS = -85 mV, noil = -40 mV): a b2 = 1;

b b2 = 5.43

-2000 -1500 -1000 -500 0 500 1000 1500 2000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

L
oc

at
io

n 
of

 th
e 

sa
m

pl
e 

st
re

am

V
x1

(Volt)

 Measurement
 Theory

O5 

O4 

O3 

O2 

O1 

Fig. 9 Relationship between the location of the sample stream and

the applied voltages (b1 = b3 = 1, b2 = 5.43, q1 = q3 = 0.3 ml/h,

q2 = 0.1 ml/h, Vx3 = -Vx1, nPDMS = -85 mV, noil = -40 mV)

Microfluid Nanofluid (2011) 10:965–976 975

123



Fu LM, Yang RJ, Lin CH, Pan YJ, Lee GB (2004) Electrokinetically

driven micro flow cytometers with integrated fiber optics for on-

line cell/particle detection. Anal Chim Acta 507(1):163–169

Gao Y, Wang C, Wong TN, Yang C, Nguyen NT, Ooi KT (2007)

Electro-osmotic control of the interface position of two-liquid

flow through a microchannel. J Micromech Microeng 17(2):

358–366

Gu Y, Li D (1998) The f-potential of silicone oil droplets dispersed in

aqueous solutions. J Colloid Interface Sci 206(1):346–349

Haiwang L, Wong TN, Nguyen NT (2009) Analytical model of mixed

electroosmotic/pressure driven three immiscible fluids in a

rectangular microchannel. Int J Heat Mass Transfer 52(19–20):

4459–4469

Huh D, Gu W, Kamotani Y, Grotberg JB, Takayama S (2005)

Microfluidics for flow cytometric analysis of cells and particles.

Physiol Meas 26(3):R73–R98

Huh D, Bahng JH, Ling Y, Wei HH, Kripfgans OD, Fowlkes JB,

Grotberg JB, Takayama S (2007) Gravity-driven microfluidic

particle sorting device with hydrodynamic separation amplifica-

tion. Anal Chem 79(4):1369–1376

Kohlheyer D, Besselink GAJ, Lammertink RGH, Schlautmann S,

Unnikrishnan S, Schasfoort RBM (2005) Electro-osmotically

controllable multi-flow microreactor. Microfluid Nanofluid 1(3):

242–248

Lee JSH, Li D (2006) Electroosmotic flow at a liquid-air interface.

Microfluid Nanofluid 2(4):361–365

Lee GB, Lin CH, Chang SC (2005) Micromachine-based multi-

channel flow cytometers for cell/particle counting and sorting.

J Micromech Microeng 15(3):447–454

Li H, Wong TN, Nguyen NT (2009) Electroosmotic control of width

and position of liquid streams in hydrodynamic focusing.

Microfluid Nanofluid 7:489–497

Lin CH, Lee GB (2003) Micromachined flow cytometers with

embedded etched optic fibers for optical detection. J Micromech

Microeng 13(3):447–453

Lin H, Storey BD, Oddy MH, Chen CH, Santiago JG (2004)

Instability of electrokinetic microchannel flows with conductiv-

ity gradients. Phys Fluids 16(6):1922–1935

Maenaka H, Yamada M, Yasuda M, Seki M (2008) Continuous and

size-dependent sorting of emulsion droplets using hydrodynam-

ics in pinched microchannels. Langmuir 24(8):4405–4410

McClain MA, Culbertson CT, Jacobson SC, Ramsey JM (2001) Flow

cytometry of Escherichia coli on microfluidic devices. Anal

Chem 73(21):5334–5338

Nguyen NT (2006) Fundamentals and applications of microfluidics.

Boston, Artech House

Nguyen NT, Kong TF, Goh JH, Low CLN (2007) A micro optofluidic

splitter and switch based on hydrodynamic spreading. J Micro-

mech Microeng 17(11):2169–2174

Pan YJ, Lin JJ, Luo WJ, Yang RJ (2006) Sample flow switching

techniques on microfluidic chips. Biosens Bioelectron 21(8):

1644–1648

Pan YJ, Ren CM, Yang RJ (2007) Electrokinetic flow focusing and

valveless switching integrated with electrokinetic instability for

mixing enhancement. J Micromech Microeng 17(4):820–827

Stone HA, Stroock AD, Ajdari A (2004) Engineering flows in small

devices: microfluidics toward a lab-on-a-chip. Annu Rev Fluid

Mech 36:381–411

Tan YC, Lee AP (2005) Microfluidic separation of satellite droplets

as the basis of a monodispersed micron and submicron

emulsification system. Lab Chip 5(10):1178–1183

Taylor JK, Ren CL, Stubley GD (2008) Numerical and experimental

evaluation of microfluidic sorting devices. Biotechnol Prog

24(4):981–991

Wang C, Gao Y, Nguyen NT, Wong TN, Yang C, Ooi KT (2005)

Interface control of pressure-driven two-fluid flow in micro-

channels using electroosmosis. J Micromech Microeng 15(12):

2289–2297

Wolfe DB, Conroy RS, Garstecki P, Mayers BT, Fischbach MA, Paul

KE, Prentiss M, Whitesides GM (2004) Dynamic control of

liquid-core/liquid-cladding optical waveguides. Proc Natl Acad

Sci USA 101(34):12434–12438

Wu Z, Nguyen NT (2005) Rapid mixing using two-phase hydraulic

focusing in microchannels. Biomed Microdevices 7(1):13–20

Wu Z, Nguyen NT, Huang X (2004) Nonlinear diffusive mixing in

microchannels: theory and experiments. J Micromech Microeng

14(4):604–611

Yang RJ, Chang CC, Huang SB, Lee GB (2005) A new focusing

model and switching approach for electrokinetic flow inside

microchannels. J Micromech Microeng 15(11):2141–2148

Yang SY, Hsiung SK, Hung YC, Chang CM, Liao TL, Lee GB (2006)

A cell counting/sorting system incorporated with a microfabri-

cated flow cytometer chip. Meas Sci Technol 17(7):2001–2009

976 Microfluid Nanofluid (2011) 10:965–976

123


	Microfluidic switch based on combined effect of hydrodynamics and electroosmosis
	Abstract
	Introduction
	Mathematical model
	Experiments
	Design and fabrication of test devices
	Materials
	Experimental setup
	Fluorescence imaging measurement

	Results and discussion
	Switching and focusing under electroosmotic effect
	Comparison between theoretical analysis and experiment

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


