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Abstract This paper presents experimental and

numerical results of mixed electroosmotic and pressure

driven flows in a trapezoidal shaped microchannel. A

micro particle image velocimetry (lPIV) technique is

utilized to acquire velocity profiles across the micro-

channel for pressure, electroosmotic and mixed elec-

troosmotic-pressure driven flows. In mixed flow studies,

both favorable and adverse pressure gradient cases are

considered. Flow results obtained from the lPIV

technique are compared with 3D numerical predictions,

and an excellent agreement is obtained between them.

In the numerical technique, the electric double layer is

not resolved to avoid expensive computation, rather a

slip velocity is assigned at the channel surface based on

the electric field and electroosmotic mobility. This

study shows that a trapezoidal microchannel provides a

tapered-cosine velocity profile if there is any pressure

gradient in the flow direction. This result is significantly

different from that observed in rectangular micro-

channels. Our experimental results verify that velocity

distribution in mixed flow can be decomposed into

pressure and electroosmotic driven components.

Keywords Trapezoidal microchannel � Microfluidics �
Electroosmotic flow � lPIV � Mobility

1 Introduction

In the past two decades, microchannels have attracted

increasing attention in ‘‘lab-on-a-chip’’ devices. Unlike

capillaries, microchannels can be formed to build

complicated geometries. Commonly used microchan-

nel fabrication techniques are physical etching, chem-

ical etching, soft lithography or a combination of them.

Among them, soft lithography is the most successful

technology for the formation of complex microchan-

nels in polymeric materials, due to its potential

advantages such as flexibility, reproducibility, reliabil-

ity, simplicity, and cost-effectiveness (Xia and White-

sides 1998). In soft lithography, microchannels are

fabricated through replica molding of a polymeric

material after patterning positive relief on a substrate

using photolithography. Depending on the type of

photoresist used in the photolithography process, the

resultant microchannel may not have a perfect rect-

angular shape in cross section. Figure 1 shows the

profile of two microchannels (Channel 1, 300 lm base

and Channel 2, 140 lm base) fabricated on polydim-

ethyl siloxane (PDMS) using soft lithography, where

AZP4620 (AZ Electronic Materials, NJ, USA) is used

as photoresist. Neither channel has a sharp edge due to

an imperfect developing process. As a matter of fact,

for small aspect (depth to width) ratio channels, a

trapezoidal cross section is more likely to be seen ra-

ther than a perfect rectangular profile if the soft

lithography technique is applied. Isotropic etching also

results in a non-rectangular shaped microchannel due

to the under-cutting of the mask used in the etching

process. Dutta and Leighton (2001) presented a theo-

retical study on dispersion in a rectangular micro-

channel bounded by two quarter-circular disks.
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Flow studies in microchannels have been reported

by several research groups. Liquid flow visualization

techniques in microgeometries can be divided into

scalar-based and particle-based methods. There exist

a number of scalar image velocimetry (SIV) methods

such as laser-induced fluorescence (Erickson et al.

2003), molecular tagging velocimetry (Maynes and

Webb 2002), photo-bleached fluorescence (Paul et al.

1998) and microbubble lensing-induced photobleach-

ing (Sinton et al. 2003). In SIV, the velocity profile is

quantified by tracing transported dye (normally

fluorescent or phosphorescent). However, this

technique suffers from serious limitations if the flow is

not steady and fully developed. For quantification of

the velocity distribution across a microgeometry,

particle based methods are appropriate. Although

laser Doppler velocimetry (Tieu et al. 1995) and

particle tracking velocimetry (PTV) (Devasenathipa-

thy et al. 2002) are available at the micro scale, par-

ticle image velocimetry (PIV) is the most common

particle based flow analysis technique. This is pri-

marily due to the ability of PIV to acquire velocity

distributions with high spatial resolution and accuracy.

The first work in which PIV was applied to the micro

scale was presented by Santiago et al. (1998). They

utilized a continuous mercury arc lamp, so their sys-

tem was suitable for slow motion of photosensitive

biological molecules. Meinhart et al. (1999) intro-

duced a pulsed laser as the light source to effectively

freeze the motion of seeding particles, and thus ex-

tended the measured velocity range. This group also

introduced an algorithm to reduce the effects of the

Brownian motion of seeding particles by averaging in

correlation space over multiple image pairs (Meinhart

et al. 2000a). In last couple of years, a number of

research groups contributed to the understanding of

the depth of focus (Olsen and Adrian 2000; Wereley

et al. 2002; Bourdon et al. 2004), and developed high

resolution lPIV systems (Keane et al. 1995; Takehara

et al. 2000). Cummings et al. (2000) first visualized

electrokinetic flows using a lPIV technique. Later on,

Kim et al. (2002) presented both experimental and

numerical work in a grooved microchannel. In all

these experimental studies either pressure or electro-

kinetic driven flow was obtained in a rectangular

microchannel, and none of them considered trape-

zoidal shape geometry. Moreover, no previous

experimental work has addressed mixed electroos-

motic and pressure driven flow in microgeometries

both numerically and experimentally.

In this study, we have developed a lPIV system

from an existing macro scale PIV tool to quantify the

velocity distribution in trapezoidal microchannels.

Here an external pressure is imposed on an elect-

roosmotically driven mechanism to study the combined

flow phenomena. This paper is arranged as follows. In

next section, theory and governing equations for elec-

trokinetic microflow are provided. This is followed by

the numerical scheme and its validation. Next the

fabrication techniques and lPIV setup developed for

this study are discussed. Results of electrophoretic,

pressure, electroosmotic and mixed electroosmotic-

pressure driven flow velocities are then provided. Fi-

nally discussion and conclusions of this experimental

work are presented.
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Fig. 1 Profiles of microchannel fabricated using soft lithography
technique. Measurements were done by a profilometer (SPN
Technology, Inc., CA). a Channel 1, 300 lm base and b Channel
2, 140 lm base. The dotted line shows the base of the channel
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2 Electroosmotic flow

Electroosmotic flow is the bulk motion of an electro-

lyte solution under the action of an electric field (Yang

and Li 1998). The governing equations for ionized

incompressible flows with electrokinetic body forces

are given by the modified Navier–Stokes equations

(Probstein 1994):

qf
@~V

@t
þ ~V � r
� �

~V

 !
¼ �rPþ lr2~V þ qe~E ð1Þ

where qf is fluid density, t time, ~V ¼ u; v;wð Þ
divergence free velocity field r � ~V ¼ 0

� �
; P is

pressure, l viscosity, and qe net electric charge

density. The externally applied electric field,
~E ¼ �ru; is governed by the charge conservation

equation

r � rru½ � ¼ 0 ð2Þ

where / is externally applied electric potential and r
fluid conductivity. The electrokinetic potential

distribution (w ) due to the presence of the electric

double layer (EDL) is related to the electric charge

density (qe ) by the Poisson–Boltzmann equation

(Probstein 1994)

r2w ¼ � qe
e
¼ � e nþzþ þ n�z�ð Þ

e
ð3Þ

where e is electron charge, e permittivity, z valence,

and n ion number concentration. For a symmetric,

dilute and univalent electrolyte (z+ = – z– = z ), the

charge density can be expressed as (Dutta and Beskok

2001)

qe ¼ �2 e z n0sinh
ezw
kBT

� �
ð4Þ

where kB is Boltzmann constant, T absolute tempera-

ture, and no ion number concentration in the bulk

solution.

The main simplifying assumptions used to obtain the

above equations are:

(a) The fluid is Newtonian, and the microflow is

laminar.

(b) Fluid properties such as, viscosity, permittivity,

and conductivity are independent of local and

overall electric field strength.

(c) Temperature variation due to Joule heating is

negligible. Hence fluid properties are assumed

constant.

(d) Ions are point charges, and ionic diffusion effects

are much higher than ionic convection.

(e) The solvent is continuum.

(f) In the charge conservation equation, the effects of

advection and diffusion are negligible.

3 Numerical scheme and validation

The electrokinetic velocity field can be obtained by

solving Eqs. (1–3) with appropriate boundary condi-

tions. However, the direct solution of the coupled

system will be extremely (computationally) expensive,

especially for a 3D geometry, due to the different

length scales associated with microfluidic devices.

Generally microfluidic channels are 1–10 microns

thick, 10–500 microns wide, and 1–5 cm long. In addi-

tion to the diverse spatial length scales, the EDL

thickness ranges between 1 and 10 nm. The complete

solution of 3D electrokinetic flows is presented ana-

lytically (Yang and Li 1998) and numerically (Patankar

and Hu 1998) based on the Debye–Huckel approxi-

mation. Dutta et al. (2002) presented the steady solu-

tions for electroosmotic and mixed flows in planar

geometries for different values of ionic charge param-

eter using a spectral element method.

The computational effort required for 3D electro-

kinetic flow can be minimized considerably by placing

an effective slip velocity at the channel wall to capture

the thin EDL effects on the fluid flow. The slip velocity

concept has been reported recently in a number of

numerical works to study electroosmotic flow in planar

and arbitrary geometries (Hlushkou et al. 2005 and

references therein).

In this study, a 3D finite volume scheme is used to

solve the Navier–Stokes equations without any elec-

trokinetic body forces. To model the electrokinetic

effects in electroosmotic and mixed flow, the velocity

at the slip plane is specified as

~V ¼ � efr/
l

� �
¼ �Meor/ ð5Þ

where f is zeta potential and Meo electroosmotic

mobility. For simplicity electroosmotic mobility is as-

sumed constant along the channel wall, and it has been

obtained from the experiments. In solving the pure

electroosmotic velocity field, the pressure is main-

tained atmospheric at both inlet and exit reservoirs.

The external electric field distribution is obtained from

Eq. (2), which is subjected to insulating boundary

conditions r/ �~n ¼ 0ð Þ on the channel surfaces.
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A semi implicit method for pressure linked equa-

tions revised (SIMPLER) algorithm in a staggered grid

system has been used to solve the velocity field (Pat-

ankar 1980). A line by line method is employed to

solve each dependent variable, where each partial

differential equation is discretized as algebraic equa-

tions along each grid line, and a tri-diagonal matrix

algorithm (TDMA) is used to solve them directly.

Figure 2 shows the numerical results for pressure

driven flows in rectangular microchannels with a pres-

sure gradient of 9,319 N/m3. The flow velocity becomes

fully developed within 2 mm from the upstream reser-

voir. The stream-wise velocity distribution presented

here is averaged in the depth-wise direction, and is

extracted from the fully-developed region (1 cm away

from the entrance). Two different channel sizes are

considered in this numerical work: (a) 300 · 12 lm and

(b) 140 · 8 lm. For the same pressure gradient, a

thinner channel yields a lower flow velocity. These

numerical results are also compared with analytical

results of Ebadian and Dong (1998), and as shown in

the Fig. 2 an excellent agreement is obtained through-

out the computational domain.

4 Experimental

4.1 Microfabrication technique

In this study, two different kinds of microchannels

(PDMS–glass and PDMS–PDMS) are fabricated. Both

PDMS and glass materials are favorable to electroki-

netic flow, are compatible with a variety of bio-ana-

lytical processes, and are suitable for optical based

detection techniques. Here microchannel structures

are formed in PDMS using soft lithography technique

(Xia and Whitesides 1998).

Figure 3 illustrates the procedures used to form a

trapezoidal microchannel with embedded electrodes.

First, a positive photoresist (AZP4620, AZ Electronic

Materials, NJ, USA) is spin coated on a silicon wafer at

2,000 rpm for 19 s to form a 10 lm thick layer. After

60 s of ultraviolet (UV) light exposure, a patterned

positive relief is prepared by dissolving the exposed

regions with the corresponding developer (AZ400, AZ

Electronic Materials, NJ). Meanwhile, the PDMS

prepolymer and the curing agent (Sylgard 184, Dow

Corning Inc., MI, USA) are mixed at a ratio of 10:1.

The mixed liquid elastomer is then degassed for 2 h at

0.001 Torr and cast onto the prepared substrate after

placing capillaries on the inlet and outlet reservoir

positions. After curing for 6 h at 80�C in a hot oven,

the solidified PDMS is carefully peeled off and capil-

laries are removed to reveal holes in the PDMS. The

resultant slab is the top layer of the microchannel. For

a PDMS–glass microchannel, a cover glass is used as

the bottom layer, while for the PDMS–PDMS channel

another layer of thin flat PDMS is formed.

Next, to form the electrodes, 5 nm of titanium

tungsten (TiW) is sputtered on the bottom layer fol-

lowed by 95 nm of gold (Au). Here, TiW is deposited

as a binding agent since the bonding strength between

Au and glass/PDMS is very weak. In order to minimize

flow disturbances, the total electrode thickness is re-
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Fig. 2 Validation of numerical results for pressure driven flows
(dP/dx = –9,319 N/m3) in rectangular microchannel. a
300 · 12 lm and b 140 · 8 lm microchannels. A 3D finite
volume scheme is used to simulate flow in microchannels.
Analytical solution of pressure driven flow in rectangular
channel by Ebadian and Dong (1998) is used for validation
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stricted to 100 nm. The precise patterning of photore-

sist (AZ4620) on this thin metal layer is carried out by

identical photolithography used to prepare the top

layer. Gold uncoated by photoresist is etched, rinsed in

DI water, and then agitated in 30% hydrogen peroxide

for 40 s to remove the TiW layer. Cleaning with ace-

tone and IPA washes away photoresist, so a patterned

Au–TiW layer is formed on the bottom layer. Oxygen

RF plasma etching (PDC-32G, Harrick Scientific Co.,

NY, USA) is utilized for 20 s to temporally activate the

PDMS surface before bonding the two layers.

4.2 Micro particle image velocimetry system

An in-house lPIV system has been developed from an

existing regular-PIV system. Figure 4 shows the sche-

matic of the microscale PIV system used in the exper-

imental work. It consists of a Nd:YAG laser, a CCD

camera, optical components (neutral density filter,

beam expander, dichroic mirror, color filters, and

objective lens), a synchronizer, and a data acquisition

system. Here a 7 ns pulsed laser is used to illuminate

the seeding particles in the microchannel. For this lPIV

setup, the intensity of the laser (Nd:YAG Powerlite,

Continuum, CA, USA) is reduced to 10 mJ by using a

neutral density filter (FSR-OD80, Newport Corp, CA,

USA). A Galilean type beam expander, composed of

two lenses (01LPK007/078 and 01LAO256/078, Melles

Griot, CA, USA), is placed to expand and collimate

light beams into the inverted fluorescent microscope

(CKX41, Olympus Co., Tokyo, Japan). The expanded

beam is then reflected by the dichroic mirror and illu-

minates the seeding particles in the microchannel test

section. In this study, 500 nm orange fluorescent

(540 nm excitation and 560 nm emission) polystyrene

microspheres (Molecular Probes, OR, USA) are used

as seeding particles. Since the orange fluorescent

seeding particles have a very narrow wavelength dif-

ference between excitation and emission, a special di-

chroic cube (Z532/10, 532RDC, HQ575/50) is installed
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Fig. 3 Fabrication schemes
used to form PDMS–glass and
PDMS–PDMS
microchannels. a Substrate
cleaning, b photoresist spin
coating, c UV exposure, d
photoresist development and
capillary placement, e PDMS
casting, f top layer, g PDMS
spin coating and curing, h
TiW and Au sputtering, i
patterning of electrodes, j
bottom layer, and k bonding.
Titanium tungsten and Au
electrodes are deposited to
apply electric fields in
electrokinetic flows
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in the optical path. Emitted fluorescent signals are then

transmitted through an objective lens, dichroic mirror,

and emission color filter. Depending on the width of the

channel, 20· and 40· magnification objective lenses are

chosen for the wide and narrow channels, respectively.

The refracted signals are then recorded in an interline

cooled CCD camera (PIVCAM13-8, TSI Inc., MN,

USA). Images are acquired at 8 frames/s with a reso-

lution of 1,280 · 1,024 video pixels. Finally velocity

vector fields are obtained from captured images using a

double-frame cross-correlation algorithm. In this study,

the interrogation window size is set at 32 · 32 pixels

with 50% overlapping.

4.2.1 Spatial resolution and depth of field

of lPIV system

The theoretical diameter of a diffraction-limited point

source of light, obtained from an infinitely corrected

optical system, onto a CCD chip is given by

ddiff�1 ¼ 2:44f #
1Mkem ¼ 1:22 M kem

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n=NAð Þ2 � 1

q

ð6Þ

where f#
¥ is f-number for infinite-corrected optics, M

magnification of the objective lens, kem wavelength of

emission light, NA numerical aperture, and n refractive

index of the immersion medium. The theoretical

diameter of diffraction-limited point source (ddiff – ¥)

identifies the smallest feature an optical system can

resolve. For the lPIV system (M = 20, n = 1, NA = 0.4,

and k em = 555 nm) it has been estimated as ddiff –

¥= 31.31 lm. The effective particle diameter recorded

on the CCD chip is the convolution of the geometric

image with the point spread function. If a Gaussian

distribution is assumed for both the geometric and

diffraction limited images, the effective particle

diameter can be given as

deff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MdP
� �2 þ d2

diff�1

q
ð7Þ

where dP is diameter of particle. The thickness of the

measurement plane can be determined as (Meinhart

et al. 2000b)

dz ¼ 3nkex

NA2
þ

2:16 n dP
NA

þ dP ð8Þ

where k ex is excitation wavelength of light in vacuum.

Inertial effects of the particles are not significant in this

study because the response time of the particles is on

the order of 10–8 s. For an optical magnification of
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a. CCD camera
b. Emission filter
c. Dichroic mirror
d. Objective lens
e. Electric power supply
f. Microchannel

g. Excitation filter 
h. Beam expander
i. Neutral density filter
j. Nd:YAGlaser
k. Synchronizer
l. Desktop computer

Fig. 4 Experimental setup
for lPIV technique. The
modified carboxyl seeding
tracers are excited at 540 nm
and emit light at 560 nm. The
cooled CCD camera with
1,280 · 1,024 pixels provides
1,280 instantaneous vectors.
For a 40· magnification
objective lens, the spatial
resolution of our lPIV
system is 5.36 · 5.36 lm with
a depth of field dz = 6.73 lm
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M = 20, particle diameter of dP = 500 nm, excitation

wavelength of k ex = 532 nm, refractive index of n = 1

and numerical aperture of NA = 0.4, the depth of field

is calculated to be 13.18 lm. Since the depth of field

(dz) is larger than channel height (H), the lPIV results

presented here are depth-wise averaged values. In this

study, the concentration of fluorescent micro-spheres is

optimized to have ten particles per interrogation vol-

ume (32 · 6.7/M)2 · dz lm3 where the system resolu-

tion is (32 · 6.7/M). Table 1 lists the above-mentioned

important parameters of the lPIV system. For valida-

tion of our lPIV results, a syringe pump is used to

drive a flow in the microchannel at a known flow rate.

The error was estimated within 5% for the velocity

range studied here (10–1,000 lm/s).

4.3 Experimental setup for flows in microchannels

Two kinds of microchannel materials (PDMS–glass

and PDMS–PDMS), as well as, two different channel

sizes (Channel 1, 300 lm base and Channel 2, 140 lm

base) are used to characterize the flow behavior in

trapezoidal microchannels. Embedded electrodes are

used to apply an electric field along the channel, while

a pressure gradient is formed along the channel by

creating a pressure head difference between the inlet

and exit reservoirs. The applied pressure gradient can

be calculated as qfgDh
�

L� CLossqfV2
m=ð2LÞ where

CLoss accounts for entrance and exit losses, qf = 998 kg/

m3 fluid density, and L = 2 cm channel length. The

height difference, Dh, is varied from 10 to 30 mm. Since

Vm
2 /2 is extremely small compared to gDh, the effects of

entrance and exit losses are minor in this experiment.

In this study, DI water (pH = 7.5) and 100 mM borate

buffer (pH = 9.2) are used as the working fluids.

The instantaneous measured velocity field obtained

from the lPIV system can be decomposed into several

terms

~umeasure ¼~uflow þ~uB þ~uPH ð9Þ

where~uflow is flow velocity,~uBvelocity contribution due

to Brownian motion, and ~uPH electrophoretic velocity.

The flow velocity may contain electroosmotic, pressure

driven, or mixed electroosmotic-pressure driven

component depending on the pumping technique ap-

plied along the channel. Detailed discussions of the

Brownian velocity ð~uBÞ and the electrophoretic veloc-

ity ð~uPHÞ are presented in the next sections.

4.3.1 Elimination of Brownian motion effects

Brownian motion of seeding particles may cause fluc-

tuation of measurement velocities when the size of the

particle is less than a few microns. The Brownian

motion velocity can be calculated as (Einstein 1956)

~uB ¼
ffiffiffiffiffiffiffi
2D

Dt

r
~er ð10Þ

where Dt is desired separation time between pulses of

laser and ~errandom unit vector. D is diffusivity of

seeding particles, and it can be estimated as

(Friedlander 1977)

D ¼ kBT

3pldP
ð11Þ

Since Brownian motion occurs in all directions, the error

due to this random motion can be dramatically reduced

by ensemble-averaging techniques if the flow is steady

(Meinhart et al. 2000a). Among the three major aver-

aging techniques (average velocity method, average

image method, and average correlation method), it was

found that the average of correlation functions over 40

experimental runs demonstrated the best result in our

particular experiment, and the fluctuation of velocity

due to Brownian motion is significantly reduced.

4.3.2 Estimation of electrophoretic velocity

Although the seeding particles are neutrally buoyant in

both working fluids (DI water and 100 mM borate

buffer), they acquire negative charges at pH > 7 due

to the presence of a carboxyl group (–COOH) at their

surfaces. This causes electrophoretic mobilization of

seeding particles when an electric field is applied to

drive the flow. The electrophoretic velocity of seeding

particles under an applied electric field can be esti-

mated as (Probstein 1984)

Table 1 Effective particle diameter, measurement uncertainty (dx), working distance (WD), and depth of measurement for different
objective lens used in this study

M n NA WD (mm) f#
¥ ddiff – ¥ (lm) deff(lm) dx (nm) dz (lm)

20 1 0.40 3.0 1.1456 31.31 32.87 164 13.18
40 1 0.60 2.5 0.6667 36.44 41.57 104 6.73

Since each particle image is resolved over 3–4 pixels, the experimental uncertainty is estimated as dx @ deff /10 M
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~uPH ¼ �
ze

3pdPl
r/ ¼ �MPHr/ ð12Þ

where MPH is electrophoretic mobility. In our experi-

mental setup, the electrophoretic mobility of seeding

particles can be obtained by subtracting the electro-

osmotic velocity from the observed flow field. There

are two widely used methods to knock out electroos-

motic flow: covalent bonding and dynamic coating.

Covalent wall coatings can suppress electroosmotic

flow in microchip by (a) eliminating the ionizable Si–

OH groups on the surface and (b) increasing the vis-

cosity of the coating layer near the surface. However,

the protocols used to make covalent coating are both

complicated and time consuming. The dynamic coating

provides a temporary thin layer of hydrophilic, non-

ionic polymer on the channel surface using two simple

steps. First, the channel surface is rinsed with a coating

solution to adsorb a temporary layer of polymer onto

the walls. Second, a coating agent such as methyl cel-

lulose or cetyltrimethylammonium bromide is added

with the buffer solution.

In this study, the wall surface is dynamically coated

with methylcellulose (1.1% w/w MC) to isolate the

electrophoretic velocity from the observed velocity.

This dynamic coating suppressed 99.5% of electroos-

motic flow (Cui et al. 2005). Hence, the error intro-

duced by the electroosmotic mobility (less than 1 lm/s)

was not detectable by our lPIV system. It is note-

worthy to mention that electrophoresis is a particulate

flow phenomenon, so PTV has more physical meaning

for the measurement of the electrophoretic velocities

of each particle. But, in this study the electrophoretic

velocity of the particles is measured by the lPIV

detection technique. The PIV detection system pro-

vides a mean electrophoretic velocity field rather than

distinguishing each particle. However, this approach is

more appropriate since the electroosmotic flow field is

obtained by subtracting the electrophoretic velocity

from the observed velocity field ~umeasureð Þ obtained

from lPIV. The mean electrophoretic velocities of the

two different buffer solutions (DI water and 100 mM

borate buffer) are illustrated in Fig. 5. The direction of

the flow in both cases is from cathode to anode, indi-

cated by the negative sign of velocity or mobility

(opposite direction of electric field). The electropho-

retic mobility in the borate buffer is higher than that of

DI water. This is due to the fact that the seeding par-

ticles acquire larger negative charges at high pH. The

observed velocity is linearly proportional to the ap-

plied electric field, and the slope of the curve repre-

sents the electrophoretic mobility. However, the

linearity of the curve will break down at high electric

fields (> 300 V/cm) due to Joule heating effects. Joule

heating increases the fluid temperature, which changes

the dynamic viscosity and mobility. Note that neither

channel materials (PDMS–glass and PDMS–PDMS)

nor channel size (300 lm base channel and 140 lm

base channel) affects the value of the electrophoretic

velocity. In this experiment, electrolysis and resultant

bubbles did not affect the magnitude of the observed

velocity because we utilized relatively large reservoir

compared to the size of the microchannel. The same

channel can be used for more than ten times under the

high electric field (300 V/cm).

5 Discussion of results

5.1 Pressure driven flow

In these experiments, the pressure head along the mi-

crochannel is generated by changing the height of the

liquid column between the inlet and outlet reservoirs.

Figure 6 shows the pressure driven velocity profile

across the microchannel. Here symbols represent

experimental results, while solid lines show the

numerical predictions. Numerical results obtained

from 3D simulation are also averaged in the depth-wise

direction. Simulation results show that the velocity

(depth-wise averaged) profile in a rectangular channel

is uniform across the channel, except very close to the

side wall. However, in a trapezoidal microchannel the

average velocity has a tapered-cosine shape. This is due

to the fact that in a trapezoidal microchannel side walls

are not perpendicular to the base. It is clearly seen that

both numerical and experimental results manifest the

tapered-cosine velocity profile for the trapezoidal mi-

crochannel. The experimental results show good

agreement with the numerical prediction except at the

tip of the tapered region. This disagreement is pri-

marily due to agglomeration of seeding particles in the

corner regions. It was observed that some seeding

particles were attached at the corner regions where the

PDMS surface roughness was relatively high.

5.2 Electroosmotic flow

In electroosmotic flow an external electric field is ap-

plied along the channel through electrodes. The

embedded electrodes are 1 mm wide, 100 nm thick,

and 2 cm apart. Simulation results (not shown here)

indicate that this configuration of electrodes provides a

uniform electric field along the channel. All experi-

mental data are captured 30 s after initiation of the

electric field. The height of the liquid surface is kept at
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the same level to prevent pressure driven flow by

fabricating 1 cm diameter inlet and outlet reservoirs.

The electroosmotic velocities for PDMS–glass and

PDMS–PDMS are exhibited in Fig. 7 for an electric

field range of 50–300 V/mm. Pure electroosmotic flow

velocity is calculated by subtracting the estimated

electrophoretic velocity ~uPHð Þ from the measured

velocity ~umeasureð Þ obtained from the lPIV system.

Like the electrophoretic velocity results, the electro-

osmotic velocity is also a linear function of the electric

field. In all cases, the fluid travels toward the cathode,

which means that both glass and PDMS surface are

negatively charged. Because the electroosmotic flow

profile is almost uniform, there was no dependence on

channel size or geometries (300 lm base channel and

140 lm base channel). However, experimental results

show that the channel material influences the magni-

tude of electroosmotic flow. If PDMS is used as a

channel material, one should take care how the chan-

nel surface is treated. In this work plasma was used to

bond the top (PDMS) layer and the bottom (PDMS or

glass) layer in the fabrication process. Plasma treat-

ment affects the hydrophobicity on both glass and

PDMS surfaces. The oxidized PDMS–PDMS channel

surface is highly hydrophilic so that relatively high

electroosmotic mobility is achieved as shown in Fig. 7.

However, the PDMS surface quickly returns to its

original hydrophobic character, when the microchan-

nel is flushed three times with a buffer solution. The

hydrophobic PDMS is known as native PDMS. The

electroosmotic flow is stable in native PDMS for longer

periods of time (40 days of observation for this work),

even though their mobility values are much smaller.

Unlike other studies, no other chemical solutions (such

as sodium hydroxide) were loaded into the channel.

Hence the surface chemistry prior to the experiment

was unaltered. The glass material has substantially

higher electroosmotic mobility than the native PDMS.

For that reason, the hybrid PDMS–glass channel yields

higher electroosmotic velocity than that of native

PDMS. This agrees with other researchers’ findings

(Duffy et al. 1998; Devasenathipathy et al. 2002).
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Microfluid Nanofluid (2007) 3:347–358 355

123



5.3 Mixed electroosmotic and pressure driven flow

In this section, the applied electric field is held constant

at 100 V/cm and the head difference of the liquid in

inlet and outlet capillaries is varied between 10 and

30 mm. Both favorable DP=L\0ð Þ and adverse

DP=L[0ð Þ pressure gradient mixed flow cases are

studied here. In the case of favorable pressure gradient

mixed flow, the flow direction of the pressure driven

flow and electroosmotic flow is the same. It may take

place in two scenarios. First, if the electric field gets

enhanced due to stacking of charged molecules (or

seeding particles) on the channel surface, pressure is

induced locally. Charged seeding particles may stick to

the wall due to geometric complexity or roughness of

the channel surface. Second, by maintaining a pumping

head along the channel (by connecting the microchan-

nel with a syringe pump or pressure regulator) while an

electric field is applied for the purpose of separation or

mixing of the species. On the other hand, an adverse

pressure gradient arises more often in practice when

electroosmotic pumping is desired. Due to the place-

ment of valves or an increase in head of the liquid in the

outlet reservoir, the velocity at the center of the channel

tends to decrease or even becomes negative (reverse

flow). Mixed flow cases are also predicted using the

numerical technique presented earlier, and compared

with experimental results. It is important to note that

the lPIV system cannot resolve the EDL region.

Hence, in the numerical scheme, we have specified the

slip velocity boundary conditions on the channel sur-

face, where slip velocity is calculated from electroos-

motic mobility and the applied electric field.

Mixed flow under a favorable pressure gradient is

illustrated in Fig. 8a. Obviously, as the pressure gra-

dient gets steeper the pressure driven flow becomes

more dominant. The tapered cosine profiles are char-

acteristic of pressure driven flow (depth-wise average)

velocity profile as discussed in the pressure driven flow

section. Experimental data (symbols) match well with

numerical predictions (solid lines). The deviation of

the profile is the biggest if the flow is pure electroos-

motic. The maximum deviation is estimated to be

~9 lm/s. This deviation can be explained from the

following facts. In the flow velocity estimation, the

mean electrophoretic velocity is subtracted from the

observed velocity under the assumption that the

seeding particles are distributed uniformly, and they

have identical charges and sizes. In practice, each

particle experiences slightly different electrophoretic

migration. Moreover, since the microchannel is not

pretreated with a concentrated sodium hydroxide,

there may have been non-uniform zeta potential dis-

tribution inside the channel. As compared to pure

pressure driven flow (Fig. 6), the mixed velocity

(experimental) near the sidewalls is slightly higher than

the expected value. This can be attributed to relatively

stronger surface interactions (adsorption) between the

seeding particles and the channel due to the applied

electric field.

Figure 8b demonstrates the combined electroos-

motic and adverse pressure driven flow. Although all

the values of velocities in this figure are positive, the

observed velocity field before subtracting the electro-

phoretic velocity did indicate reverse flow, especially at

the center of the channel. The pure electroosmotic flow

is identical to the one in Fig. 8a at an electric field of

100 V/cm. If the pressure driven component were

subtracted from the pure electroosmotic flow instead of

being added in Fig. 8a, the results would look more

like Fig. 8b. This means that Fig. 8a, b are almost

symmetric about the horizontal line of pure electro-

osmotic flow velocity profile. The evidence of linear

superposition of electrokinetic (electrophoretic veloc-

ity and electroosmotic velocity) and pressure driven

flow indicates that the calculation in the PIV post-

processing technique, such as ensemble averaging

successfully eliminates Brownian motion effects.

Mixed flow with an adverse pressure gradient requires

careful testing of erroneous vectors if the total flow

rate happens to be zero, since ambiguity of the flow
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direction sometimes creates errors in the PIV calcula-

tion. For this reason, three different magnitudes of

pressure gradient were selected so that obvious reverse

flow at the center of the channel was observed visually.

It turns out that a relatively small pressure gradient can

generate reverse flow in our experiment. This implies

that the difference in elevation between inlet and

outlet is sensitive to generation of pressure head if a

micro scale pumping system is interconnected to meso

scale devices.

6 Summary and conclusions

We have demonstrated pressure, electroosmotic, and

mixed electroosmotic-pressure driven flow in a trape-

zoidal microchannel. A microscale particle velocimetry

technique is used to measure the velocity for these

conditions. Brownian motion effects are successfully

reduced by applying an average correlation function

over 40 experimental runs to the PIV measurements.

The electrophoretic velocity of modified carboxyl

seeding particles is measured to accurately quantify

electroosmotic and mixed flows. In electrophoretic

mobility measurement, the PDMS channel surfaces are

dynamically coated with methylcellulose (1.1% w/w

MC) to effectively suppress the electroosmotic flow.

Two different buffer solutions (DI water and 100 mM

borate buffer) are tested, and it is observed that higher

pH value gives higher electrophoretic mobility. The

linear relationship between the electric field and the

electrophoretic velocity starts to breakdown if the

magnitude of the electric field exceeds 300 V/cm.

Three dimensional numerical results of pressure

driven flow in a trapezoidal microchannel show a ta-

pered-cosine averaged velocity profile. This unique

characteristic of pressure driven velocity profile is

experimentally verified by using in-house lPIV detec-

tion technique.

Electroosmotic velocity is obtained by subtracting

pre-examined electrophoretic velocity from observed

velocity field. Electroosmotic velocity profile is almost

uniform and linearly proportional to the electric field

regardless of channel dimensions. A modified PDMS

surface activated by oxygen plasma enhances electro-

osmotic flow. Native PDMS, however, is more stable

for longer periods of time, though the electroosmotic

mobility is very low.

Finally, mixed electroosmotic and pressure driven

flow is analyzed. Electroosmotic flow combined with a

favorable pressure gradient provides higher pumping

capabilities. On the other hand, mixed flow with an

adverse pressure gradient showed reverse flow espe-

cially at the center of the channel. In both cases,

numerical predictions match with experimental data

nicely. The maximum deviation of velocity between

experiments and predictions was 9 lm/s. Experimental

results verify that the observed flow can be decom-

posed into electrophoretic, electroosmotic, and pres-

sure driven flows after applying an ensemble averaging

technique.
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