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Abstract
The fabrication of microfluidic channels in poly(methylmethacrylate)
(PMMA) by proton beam writing and the characterization of their
electrokinetic behavior are reported. Microchannels down to 200 nm width
have been fabricated in high-molecular-weight, thick PMMA sheets and a
surface smoothness of 2.45 nm for the sidewalls of the channels was
measured using atomic force microscopy. The polymeric channels were
sealed using thermal bonding. The methods of digital video microscopy and
current monitoring were used for characterization of the electrokinetic
phenomena. The electrokinetic properties of the PMMA rectangular
microchannels were measured in 20 mM buffered solutions of phosphate
(pH 7.20), tris (pH 8.00) and borate (pH 9.05) at different voltages. In
addition, particle image velocimetry was used to determine the
electroosmotic flow profile and the electrophoretic mobility of 600 nm
polystyrene microspheres. A theoretical model was developed to predict the
bulk electroosmotic flow of phosphate buffer solution in the PMMA
microchannels and this model showed good agreement with the measured
electroosmotic mobilities.

Nomenclature

ψ potential field (V)
E electric field (V m−1)
ε electrical permittivity of the solution

(C V−1 m−1)
EDL electric double layer
η dynamic or absolute viscosity of the fluid

(N s m−2)
ν kinematic viscosity, dynamic viscosity/

density (m2 s−1)
ρe net charge density (C m−3)

ρ density of the fluid (kg m−3)
H channel height
kB Boltzmann constant (J mol−1 k−1)
L channel length (m)
µ mobility (µm2 V−1 s−1)
n0 bulk concentration of ions (m−3)
P hydraulic pressure in the x-direction (Pa)
Re Reynolds number
T temperature
U(u, v,w) fluid velocity with components in x, y and z

flow directions respectively (µm s−1)
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1. Introduction

The ability to create 3D structures at micrometer and smaller
scales, coupled with the ability to move and control minute
volumes of fluid within these structures, has enabled the
development of the microfluidics in a wide range of fields,
such as life sciences, chemistry and medicine. Comprehensive
overviews of microfluidics applications using lab-on-a-chip
systems are given by several authors [1–3].

Initially, the majority of the microfluidic work was carried
out in devices fabricated in glass and silicon [4–8]. However,
fabrication of microfluidic devices in polymers has clear
advantages over these more conventional substrate materials
[9]. Polymers are biocompatible, cheap, disposable and easy
to process, and can be imprinted to replicate structures in a low
cost, fast and high throughput process. Polymers also have
a wide range of physical and chemical characteristics with
different functionalities suitable for a variety of applications.
For these reasons, polymers are becoming an increasingly
popular material for fabricating microfluidic devices. A
number of techniques have been used for fabrication of plastic
microfluidic devices including soft lithography [10, 11], laser
ablation [12], hot embossing or imprinting [13–15], injection
molding [16] and x-ray photolithography [17].

In this paper, for the first time, a novel method
to fabricate microfluidic devices by proton beam writing
(PBW) is reported. PBW uses an accelerated focused
beam of MeV protons to irradiate a positive resist such as
poly(methylmethacrylate) (PMMA) or a negative resist such
as SU-8. This technique is the proton beam analog to direct-
write, electron beam lithography. The main advantage of
using protons as opposed to electrons is that protons have
a well-defined range and straight path in a polymer [18],
and as a consequence, 3D structures with vertical, smooth
sidewalls, high aspect ratios and well-defined depths [19]
(±1% depth control using 2 MeV protons) can be fabricated.
Recently, PBW has indicated a high resolution of 20 nm
that presents the technique as one of the candidates for
next generation lithography (NGL) [20]. These features are
advantageous in micro analytical applications when optical
detection methods are used, since larger optical paths provide
for higher sensitivity. This is critical in practical analytical
applications to obtain reproducible and repeatable data from
device to device. These characteristics make PBW very useful
for applications which require a 3D capability, for example,
when fabricating photonic structures [21]. PBW also has
the capability of modifying surface chemistry through atomic
displacement, and this aspect has been used in combination
with electrochemical etching to pattern 3D structures in silicon
and to produce areas with light emitting characteristics on
the surface of silicon [22]. The unique characteristics of
PBW can also be used to integrate optical and optoelectronic
components into microfluidic structures and this technology
offers great potential for fabricating integrated lab-on-a-chip
devices. However, as yet, an automated, user-friendly, p-beam
writer is not commercially available, although a prototype
system has been constructed in CIBA (Center for Ion Beam
Applications) and a compact system has been designed. One of
the niche areas of application for PBW is the fabrication of 3D
micro- and nanostamps for nanoimprint lithography, in order

to produce commercial quantities of polymeric devices. We
have developed a fabrication process for high-quality stamps
with a combination of PBW and nickel electroplating [23].
PBW, because of its 3D capability, is also a technique ideally
suited to the fabrication of microchannels and microfluidic
devices.

Electrokinetic pumping is considered as the method of
choice for fluidic transport in microchannels [24–28], which
is widely used because it has important advantages over other
fluid transport mechanisms, most importantly, a flat velocity
profile, a non-mechanical pulsation free flow, ease of operation
and integration, and the capability of parallel analytical
processing. Electrokinetic pumping depends on the surface
charge of the channels, which is an intrinsic characteristic
of the contact chemistry between the fluid and the channel
material. Surface charge arises from ionization of functional
groups at the surface produced from the opposing forces of
electrical repulsion, and chemical attraction (van der Waals
force) [29]. At relatively high pH buffers with excess of OH−

group, these interactions result in ionization of surface groups;
in materials with no ionizable surface groups, charge can arise
by adsorption of charges from the polar medium [30–32]. The
produced surface charge spontaneously forms a thin ionic layer
adjacent to the walls called the electric double layer (EDL).
The potential drop associated with the outer diffuse portion of
the double layer (slip plane), known as the Gouy–Chapman
layer, is called the zeta potential and effectively depends on
the chemical and physical characteristics of the surface of the
polymer and solution in contact. An applied external electric
field along the channel exerts a force on the diffuse ions of
the EDL and draws the layer toward the electrode with the
opposite polarity. This creates a flow of fluid near to the walls
of the channel. The flow is transferred through viscous drag
to the rest of the fluid which is electrically neutral, thereby
resulting in a bulk flow of fluid. Two pertinent parts of the
electrokinetic effect are electroosmosis and electrophoresis.
Electroosmosis flow (EOF) concerns the bulk flow of fluid
and electrophoresis (EP) concerns the motion of electric-field-
driven, charged species suspended in the solution.

In this paper, we present the fabrication of microfluidic
channels in PMMA by direct PBW and the experimental
characterization of their electrokinetic characteristics using
the methods of current monitoring and particle image
velocimetry. A numerical simulation is presented for the
particular experimental parameters used in this work, and the
experimental and theoretical results are compared.

2. Theory

Following the pioneering work of Burgreen and Nakache
[33], the first formulation of electrokinetic flow in micron-
size capillaries was presented by Rice and Whitehead [34].
Hildreth has conducted a numerical study for electrokinetic
flow in slit channels [35]. Patankar and Hu [24] developed
a 3D numerical method for the electrokinetic flow in
rectangular microchannels. Santiago et al [25] studied
electrokinetic flows in microchannels in the presence of
external inertial and pressure forces. Dongli et al [26, 36]
studied electrokinetic phenomena in microchannels under
different fluidic conditions, arbitrary geometries and arbitrary
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distribution of wall charge. Most of these studies were carried
out on microchannels fabricated in glass or silicon, whereas
for polymeric microchannels there are only few works with
experimental and numerical calculations reported [37–41].

In this section, we formulate the theory that we use
to simulate and compare the electrokinetic flow in the
microchannels with our experimental results. A numerical,
finite-difference scheme using the Gauss–Seidel iterative
method with successive overrelaxation criterion was employed
to converge the iterations quickly. More details of the
simulation method are explained elsewhere [26]. The fluid
is assumed to be Newtonian with laminar flow and is acted
on by only the external electric force. The flow velocity is
determined by first solving the Laplace equation to obtain the
electric charge density and the electric field strength inside
the microchannel, and by inserting these quantities into the
Navier–Stokes equations for the fluid motion. The simulation
was carried out for a 20 mM phosphate solution. Phosphate
dissociation reactions are as follows:

Na2HPO4 → 2Na+ + HPO2−
4

HPO2−
4 → H+ + PO3−

4

K =
[
H+ + PO3−

4

]
HPO2−

4

= [H+]x

(a − x)
,

(1)

where K is the dissociation constant, and a is the concentration
of the phosphate solution (20 mM). The second reaction can
be ignored due to its small equilibrium constant. Most of the
ions in the solution are in the form of Na+ and HPO4

2−. Hence,
the net charge density per unit volume is given by

ρe(r) = e
(
zNanNa + zHPO2−

4
− nHPO2−

4

)
= e((+1)2n0 e−(eψ/kBT ) + (−2)n0 e(2eψ/kBT ))

= −2en0(e
(2eψ/kBT ) − e−(eψ/kBT )). (2)

Substituting the above expression into Poisson’s equation [27]
we obtain

∂2ψ

∂y2
+

∂2ψ

∂z2
= 2en0

ε
(e(2eψ/kBT ) − e−(eψ/kBT )). (3)

Substituting the charge density ρe(r) into Navier–Stokes
equation leads to the momentum differential equation

η

(
∂2u

∂y2
+

∂2u

∂z2

)
= 2en0

ε
(e(2eψ/kBT ) − e−(eψ/kBT ))Ex. (4)

3. Experimental section

3.1. Microchannel fabrication using PBW

The lithographic patterning was carried out using the PBW
facility at the National University of Singapore [42]. Two
beam-scanning methods were used to fabricate the PMMA
microchannels in this study. The first method utilizes a
magnetic scan system, which uses a set of magnetic scan coils
to deflect the proton beam over a total area no greater than
2 × 2 mm2. Larger structures can be fabricated by combining
magnetic beam scanning and scanning the sample stage at
a constant speed. Using this method, structures over areas
as large as 2.5 × 2.5 cm2 can be fabricated. The typical
irradiation parameters used in the patterning experiments are

(a)

(b)

Figure 1. (a) A scanning electron micrograph (SEM) of test
microchannels fabricated in PMMA solid sheets irradiated with a
2 MeV proton beam. (b) A close view of the SEM image of
microchannels with 60 µm depth and widths between 10 µm and
400 nm, connected to 10 µm2 reservoirs.

a magnetic scan speed of 1 mm s−1, and a beam fluence of
∼1014 protons cm−2. This corresponds to a beam current of
50 pA or less, with a beam size below 1 × 1 µm2 or less
(beam sizes of down to 35 × 75 nm2 have been achieved [43]),
at a dose of 80 nC mm−2 (1 proton per 2 nm2). The depth
of the channels in thick resist material can be controlled by
the energy of the incident beam: for example, the penetration
depth for 2 MeV protons and 2 MeV H2+ is approximately
63 µm and 20 µm, respectively, in PMMA [44]. After
irradiation the latent structures are developed using a GG
developer (60% DGMBE (diethylenglycolmonobutylether),
20% morpholine, 5% ethanolamine, 15% water) for 30 min at
35 ◦C, followed by a rinse in deionized water for 1 h. Figure 1
shows the results of a test study using PBW to fabricate
structures and channels in thick resist, showing the precise
nature of the fabricated structures at depth in the resist. The
substrate material used is a thick piece (2 mm) of PMMA sheet
(Röhm GS 233 PMMA, GmbH & Co., Germany) with a high
average weight molecular mass Mw ∼ 3 × 106 g mol−1 and
1.19 g cm−3 density. PMMA is a positive resist for
protons, which means that during fabrication, only the area
corresponding to the microchannels needs to be irradiated.

To obtain wider and longer channels, a combination of
magnetic scanning and stage scanning was used. A beam
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(a) (b)

10 µm 10 µm

Figure 2. SEM image of a 2 cm long channel in thick PMMA. The
stage velocity was 40 µm s−1 with 1 × 1 µm2 beam spot size.

of 2 MeV protons focused down to a 1 × 1 µm2 spot was
magnetically scanned over a length of 50 µm in the x-direction,
while the stage was driven at a constant speed of 40 µm s−1

in the y-direction. Figure 2 shows an SEM image of these
channels.

3.2. Bonding process

After fabrication of the channels by PBW, the channels must
be bonded to avoid fluid evaporation. Channel access is
provided via through-hole reservoirs at the termini of the
channels. In our case, the through holes were constructed
using conventional mechanical drilling from the backside
of the chip, and the alignment obtained using an inverted
microscope. After the through-hole reservoirs were drilled,
the channel was enclosed using a flat section of PMMA with
thermal bonding. The substrate containing the microfabricated
channel and the flat section of PMMA was sandwiched
between two microscopes slides under 2 kg cm−2 pressure,
and heated up to 145 ◦C for 30 min. After bonding, the
structures were gradually cooled down to room temperature.
Figures 3(a) and (b) show a four-port, T-cross, microchannel
device with an inset that depicts the cross section of a sealed
microchannel. Our observations indicate that thermal bonding
can be achieved successfully for PMMA of similar molecular
weights (MWs) and from the same supplier. However, bonding

(a) (b)

50µm 50µm

10µm

Figure 3. (a) An angled microchannel with 90◦ turning points (b) A four-port, T-cross, microchannel, both made in PMMA. The inset is an
optical micrograph of the cross section of the sealed microchannel.

of different types of PMMAs in terms of MW or purchase
from different suppliers proved difficult or unsuccessful in
most cases.

3.3. Surface roughness measurement

One of the features of PBW is its ability to produce smooth
sidewalls. To determine the surface smoothness of the PBW
microchannels, we used atomic force microscopy (AFM). A
50 × 50 µm2 area was irradiated with a 2 MeV proton beam
focused to a 800 × 800 nm2 beam spot size. The structure
was machined over the edge of a 2 mm thick PMMA sheet
at 90◦ to the normal beam-scanning direction in order to
provide access to the sidewall of the channel by the AFM (see
figure 4). Figure 4(a) shows a typical picture of the patterned
areas fabricated at the edge of the substrate. The surface
roughness was measured over an area of 2 × 2 µm2 using an
AFM in tapping mode and a sidewall roughness of 2.45 nm
RMS at different depths was obtained (see figure 4(b)) .

3.4. Flow experiments

Flow measurements were performed using a 50 µm (width)
× 50 µm (depth) × 2.1 cm (length) bonded PMMA
microchannel connected to a 2 mm diameter reservoirs.
Large reservoirs were used to ensure a minimal electrolysis
effect on the buffer electrolyte, which destabilizes the ionic
strength and pH of the solution and, therefore, the measured
current. To characterize the electrokinetic behavior of the
fabricated microchannels, a series of current-versus-time
measurements at different pH values and electric field strengths
were conducted. Five standard electrophoretic buffers
were used: sodium dihydrogenphosphate (pH 2.50), sodium
acetate (pH 5.00), disodium hydrogenphosphate (pH 7.20),
tris[(hydroxymethyl)aminomethane hydrochloride] (tris) (pH
8.00) and sodium borate (pH 9.05). The lower conductivity
buffers were prepared by diluting an aliquot to 18 mM. Before
conducting the tests, the microchannels were conditioned for
10 min with the solution to be tested. To carry out the current-
monitoring tests, the microchannel and the fluid reservoir at the
cathode side were filled with the 20 mM buffer. The second
fluid reservoir on the anode side was filled with the same
buffer at a concentration of 18 mM. When an electric field
is applied between both reservoirs, the 18 mM buffer flows
into the channel and displaces the 20 mM buffer, resulting
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AFM Tip, Tapping Mode 

PBW 

RMS = 2.45nm

10nm

1.0
0.5

1.5 µm  µµµ

(a) (b)

Figure 4. Schematic diagram of the AFM measurement. (a) SEM image on the sidewall of an open PMMA channel fabricated at the edge.
AFM image of the selected region in (a), and (b) SEM image of a region where AFM measurements were performed.

(This figure is in colour only in the electronic version)

in a decrease in current signal. When the 18 mM buffer
completely filled the channel, the current reached a constant
value. The reverse process was also performed by swapping
the position of the buffers at the anode and cathode reservoirs
and filling the channel and the cathodic reservoir with the
low concentration (18 mM) buffer. In this case, the higher
concentration buffer (20 mM) flows into the channel and
displaces the lower concentration buffer (18 mM) and an
increase in current is observed. After the 20 mM buffer
fills the channel completely, the current reaches a steady-state
value. The tests were performed in triplicate at voltages of
100, 200 and 400 V. The voltage was applied and the current
associated with the displacement process was recorded using
a Keithley picoammeter and power source Model 487. Data
were collected every 1.0 s and recorded as a function of time.
The bulk liquid conductivity of the prepared solutions was
measured using a high-precision conductivity meter (Mettler
Toledo).

3.5. Particle imaging setup

The seed particles used in the experiment had a diameter of
600 nm, with negatively charged sulfate surface groups, chosen
to minimize the adherence of the particles to the walls of the
channels and to reduce agglomeration. Video images of the
particles were taken when a constant particle flow velocity was
observed, the video frames taken by focusing the microscope
in the middle of a 50 µm (width) × 20 µm (depth) ×
2 mm (length) microchannel. The microfluidic system was
observed using an Olympus microscope equipped using a
150× magnification, oil-immersion, objective lens with a
numerical aperture (NA) of 1.2 and a 200 µm working distance
(WD). The addition of a 2.5× eyepiece provided a total
system magnification of M = 190 nm/pixel. Particle images
were recorded using a Princeton Instruments Micromax
cooled interline-transfer, charge-coupled device camera with a
1024 × 1024 pixel array and 12-bit readout resolution. The
measurement depth determined experimentally was 2 µm,
consistent with quantitative depth estimates for particles with
the size of dp = 0.6 µm, NA = 1.4, λ0 = 700 nm for normal
light, n = 1.515 (oil) and sin θ = NA/n [45]. The velocity
fields in the fluid were calculated by tracking the motion of
the microspheres for an applied electric field of 30 V cm−1.

An image processing program, implemented in IDL, a
programming language optimized for visual data analysis,
has been developed to locate the centroids of the candidate
particle position in each frame by identifying local brightness

maxima. An algorithm refines these positions obtained
from sequence of frames, discriminating ‘false’ particles,
and finally linking the time-resolved particle locations into
trajectories. Determining which particle in a given image
most likely corresponds to that in the preceding image requires
colloidal particles large enough to image with a conventional
optical microscope. Colloidal particles at these dimensions
typically diffuse through water a distance smaller than their
diameters in the video frame interval. Consequently, particles
misidentification rarely imposes a practical limit on particle
tracking at video frame rates.

4. Results and discussion

4.1. Proton beam writing

When MeV energetic protons penetrate into a low-z material,
they transfer energy to the material using two mechanisms:
energy transfer to the target nuclei, and to atomic electrons.
The dominant energy transfer mechanism is to atomic
electrons, which in turn produces many short-range secondary
electrons very close to the path of the incident proton beam.
In proton/electron scattering, the scattering of protons by
atomic electrons is small compared with electron/electron
scattering. The protons can, therefore, penetrate deep into
the resist while maintaining a straight path, and also while
transferring energy. However, as the protons get near to
their end of range, the proton/nuclear scattering mechanism
becomes more dominant, and therefore toward the end of
range the scattering of the protons is increased, and the
proton beam undergoes progressively more broadening. For
microchannels, this effect is minimal since the size of the
channel is comparatively much larger than the resulting end-
of-range beam spread.

To investigate the degree of beam spread from the vertical
path on the channel walls, we carried out size measurements
on 660 nm wide channels imaged by SEM from an open
20 × 20 µm2 square reservoir area that was fabricated at the
edge of a PMMA sheet adjacent to the end of the channel
(see the inset in figure 5(a)). Figure 5 shows the SEM
images of the 660 nm wide and 65 µm deep channel. The
SEM images indicate the formation of near vertical sidewalls
which appear, up to a depth of approximately 5 µm. At
depths greater than 5 µm, the cross section of the channel
increases gradually, and continues increasing until near to the
end of range (corresponding to a depth of 60 µm), where,
due to the rapid increase in the nuclear stopping power or

1174



Fabrication of PMMA micro- and nanofluidic channels by PBW

(a)

(b)

10µm

10µm

Figure 5. (a) SEM images of a 660 nm channel in thick PMMA
connected to 20 µm2 reservoirs at the side of an optically polished
PMMA sheet. The channel is connected to reservoirs where one of
them was positioned at the edge, which after development produced
an open space to reveal the channel for SEM imaging in a
cross-sectional view. (b) SEM image of a 200 nm channel in
PMMA showing straight vertical sidewalls down to 5 µm depth
with smooth edges and surfaces and high aspect ratio.

energy deposition, the width of the channel increases rapidly.
The SEM images of 660 nm channels indicate a lateral
increase of the width of the channels of 112 nm at a depth of
12.9 µm. Factors affecting this lateral spread are the lateral
beam spread, the energy of the secondary electrons, the
incident angle of the focused beam with respect to vertical
direction and any swelling of the polymer during development.
Figure 5(b) shows a close view of a 200 nm PMMA channel
connected to 20 × 20 µm2 reservoir fabricated by PBW
in PMMA. The channel illustrates straight, smooth, vertical
sidewalls and edges. The results presented indicate that PBW
with 2 MeV energetic protons can be used to fabricate straight-
sided and vertical micro- to nano-size fluidic channels at depths
up to 5 µm.

To compare the experimental results with theory, we
carried out a Monte Carlo simulation using the computer code
SRIM (stopping and range of ions in matter) [44]. Since
the average energy transfer per electron collision is relatively
small, and many thousands of collisions occur before the
proton comes to rest, the results of a Monte Carlo simulation
are acceptable. In our simulation, we considered a number
of 50 000 protons incident on a PMMA target (lucite ρ =
1.19 g cm−3) with a layer of thickness starting from 0.1 µm
and increasing in steps of 0.1 or 0.5 µm. At every step,

Figure 6. Comparison of experimental and SRIM simulation results
of the radial range of a beam of 2 MeV protons incident on PMMA
(lucite) target. For experimental measurements we used the lateral
increase in the width of the microchannel in figure 5.

we calculated the radial range of the transmitted protons that
spread out in the Y–Z plane perpendicular to the incident
beam. The radial range was taken as the radius of a circle that
covers 90% of the number of transmitted protons. Figure 6
shows the radial range of the beam spread as a function of
PMMA depth, using the SRIM calculations and its comparison
with experimental results of the width of the channel in
figure 5.

4.2. Surface roughness

The wall surface roughness of microfluidic channels is one
of the factors affecting fluid flow and heat transfer. It has
been experimentally and theoretically proven that the surface
roughness becomes important in the low Reynolds number
regime. When the size of the channel decreases to a few
microns, the surface roughness increases the fluid friction for
both pressure-driven flow [46–52] and electrokinetic flow [53].
However, up to now, there has been no experimental published
data on the effect of roughness on the EOF or EP in fluidic
channels.

The sidewall roughness of 2.45 nm RMS achieved by
PBW is a significant improvement by a factor of 2 over other
micromachining techniques [54, 55]. We do not anticipate
that a small wall roughness has a significant influence on flow
characteristics. However, low surface roughness is particularly
important in electrophoresis and other analytical applications
in order to obtain reproducible results, and reduce undesirable
effects such as analyte adsorption.

Since the fabrication of high aspect ratio smooth channels
is highly beneficial for sub-micron or nanometer size fluidic
channels, PBW represents a method of high potential in this
emerging field.

4.3. Current monitoring results

To obtain information on the flow profile and bulk flow
rate in the PMMA microchannels fabricated by PBW, digital
video microscopy [56], and current monitoring [57] techniques
were used. Current monitoring was used to measure the
EOF, and video microscopy was used to measure both
phenomena EOF and EP jointly. The available techniques for
measuring EOF and zeta potential (ζ ) for several polymeric
materials have been reported in the literature [37–40, 58–
61]. Current monitoring is an indirect flow-rate measurement
method, which determines the electroosmotic mobility in a
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(a) (b)

Figure 7. Data obtained from current monitoring experiments in a PMMA microchannel (50 µm × 50 µm × 2.1 cm) using
(a) 20/18 mM phosphate (pH 7.20) buffer solution at voltages of 500, 200 and 100 V and (b) 20/18 mM Tris (pH 8.00) at voltages 400, 200
and 100 V. Plot I shows the change in current observed when 18 mM buffer replaces in the channel the 20 mM buffer.
Plot II shows the current change observed when 20 mM buffer replaces the 18 mM buffer in the channel.

microchannel by measuring the current change associated with
the displacement of a buffer electrolyte by the same buffer of
lower or higher concentration [57]. The current monitoring
experiments were performed when a low concentration buffer
replaces the high concentration buffer (figure 7, plot I)
and vice versa (figure 7, plot II). Plot I represents the
experimentally obtained current–time data when the low
concentration buffer (18 mM) is transferred into the channel to
replace the high concentration buffer (20 mM). Immediately,
after that, by placing higher concentration buffer (20 mM) into
both reservoirs, and reapplying the electric field, the higher
concentration buffer (20 mM) is transferred into the channel
to replace the lower concentration buffer (18 mM)—see
plot II. Since the reservoirs were large and the experiments
were carried out some time after injection (i.e. when the
system had reached a stable condition), the pressure-driven
contribution is expected to be minimal.

The EOF mobility at different pHs was calculated using
the method described by Ren et al [8]. For this purpose, the
slope of the transient region of the current time curves obtained
was used in the following equation:

slope = 
I


t
= EAC


t

Ltot

Ltot
= ūave

EA(C2 − C1)

Ltot
, (5)

where ūave is the average EOF velocity, E is the electric field
strength, A is the cross-section area of the microchannel,
and (C2 − C1) is the bulk conductivity difference between
the replaced buffer and the new buffer. Figures 7(a)
and (b) illustrate the typical current–time measurements for
20/18 mM of phosphate (pH 7.20) and tris (pH 8.00),
respectively.

Figure 8 shows the calculated EOF mobility as a function
of pH for the buffers: phosphate (pH 7.20), tris (pH 8.00)
and borate (pH 9.05). An increase in µeof with pH was
observed, indicating that the surface charge of the PMMA
channels increased with pH. This observation can be attributed
to surface ionization of carboxylic groups of the bulk acrylic
polymer. The EOF mobility obtained in our experiments
was somewhat higher than that reported for other type of
PMMA microchannels [37, 40, 58–62]. At the experimental
conditions used in this study, we did not detect a measurable
EOF with acetate buffer at (pH 5.00) or sodium phosphate at
(pH 2.50), indicating that the ionization of the surface was
insignificant.

Equation (5), in conjunction with the Helmholtz–
Smoluchowski approximation for a thin EDL,

ueof = −µeofEx (6)
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Figure 8. Experimental measured electroosmotic mobility as a
function of buffer pH.

Table 1. EOF mobilities for the PMMA microchannel (50 ×
50 µm2 cross section, 2.1 cm long) measured for 20/18 mM borate
(pH 9.05), 20/18 mM tris chlorate (pH 8.00) and 20/18 mM
phosphate (pH 7.20) buffers.

Applied µeof

Buffer voltage (V) (10−4 cm2 V−1 s−1) ζeof (mV)

Borate 400 4.9 ± 0.1 68.9 ± 6.9
(pH 8.00) 200 4.7 ± 0.2 99.9 ± 5.0

100 3.7 ± 0.3 52.9 ± 4.3
Tris 400 4.4 ± 0.1 61.8 ± 0.8

(pH 8.00) 200 3.8 ± 0.2 53.8 ± 2.6
100 3.1 ± 0.2 44.1 ± 3.4

Phosphate 400 3.8 ± 0.5 53.8 ± 7.0
(pH 7.20) 200 2.3 ± 0.5 32.9 ± 7.2

100 1.4 ± 0.2 19.6 ± 3.2

µeof = εζeof

η
(7)

was used to obtain the EOF mobility µeof, and from there the
zeta potential (ζ eof) of the channel walls can be calculated.

Table 1 summarizes the calculated EOF mobility and zeta
potential (ζ eof) of the PMMA microchannel at voltages of
400, 200 and 100 V with the different buffer pHs. The
calculated mobilities and zeta potentials are higher than
the measurements reported in the literature [37, 40, 59–
62]. In our study, the buffer characteristics are assumed
to be similar to the deionized water (dielectric constant
of K = ε/ε0 vacuum permittivity of ε0 = 8.854 ×
10−12 C2 N−1 m−2, and viscosity of 0.001 N s m−2).
It is interesting to note that the zeta potential and the EOF
mobility values obtained were not constant with the field
applied but increased as voltage was raised.

Figure 9 illustrates the observed trend of the EOF mobility
increasing with electric field. This phenomenon is not
expected to be the result of temperature effects since relatively
low electric fields were used. The phenomenon can be
explained on the basis of an increase in surface charge due
to an additional polarization at the channel surface arising
from the application of voltage. That is to say, the electric
field induces an increase in the zeta potential. It is also worth
noting that this effect is more apparent at lowers pHs where
the surface charge due to ionization is expected to be less.
The dependence of EOF mobility with the applied field was
reported before by Bello and co-workers [63], who provided an

Figure 9. Experimental measured electroosmotic mobility as a
function of electric field strength.

experimental and a theoretical model explaining the existence
of a radial field in conventional fused silica capillaries.

At sufficiently low electric field strengths the variation
of the EOF mobility is small, and hence the plot of velocity
versus electric field strength appears linear.

4.4. PIV results

In the field of fluid mechanics, seed particles with micron
size dimensions have been used extensively to visualize and
quantify fluid flow. An excellent review of particle imaging
techniques is presented by several authors [64, 65]. Here,
we employed a method of digital video microscopy [66]
to image and quantify the fluid velocity profile inside our
microchannels.

Figure 10(a) shows a typical optical micrograph of
microspheres taken by the particle imaging system. When
the colloidal system was stable, the electric field was switched
on and the spheres moving along the field direction could be
observed on the monitor. In micro-PIV, seed particle size must
be small enough to follow the flow without disturbing the flow
field, and small enough to avoid clogging the device. At the
same time, particles must be large enough to be adequately
imaged and to dampen the effects of Brownian motion.
Figure 10(b) shows a particle tracking velocity flow field from
a series of 70 images for flow in sealed PMMA microchannel.
The motion of the particles in the microchannel includes
components due to the electrophoretic (EP), electroosmotic
(EOF) and Brownian motion (BM).

The normalized histograms of the forward (streamwise)
and lateral (spanwise) particle displacements are shown
respectively in figures 11(a) and (b). Using a Gaussian
fit to each histogram, the standard deviations for the direct
and lateral velocities are measured to be 12.5 µm s−1 and
5.5 µm s−1, respectively. In the streamwise direction,
the variation is due to Brownian motion and differences
in particle electrophoretic mobility. The mobility obtained
from figure 11(a) represents the total mobility, which is the
sum of the electrophoretic mobility and the electroosmotic
mobility. Thus, the mean electrophoretic mobility of the
particles is obtained by subtracting the electroosmotic mobility
obtained by the current monitoring method for similar buffer
solution from the total mobility. From figure 11(a), the mean
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(a) (b)

Figure 10. (a) Digital video microscopy of 600 nm polystyrene microspheres (molecular probes) injected into a sealed microfluidic
channel. The spheres moved along the length of the channel under a 30 V cm−1 externally applied electric field. The mobility of the
microspheres was measured by tracking the displacement paths of the moving particles using processed, successively taken optical images.
(b) The vectors display the particle tracking of individual spheres measured from 70 consecutive images. The time interval between
consecutive frames was 40 ms and the velocity of every particle was averaged over ten frames.

(a) (b)

Figure 11. Normalized histogram of electrokinetic velocities for
600 nm particles in PMMA microchannels in the (a) streamwise
direction and (b) spanwise or lateral direction. The particle
velocities in the streamwise direction are the sum of the
electrophoretic and electroosmotic components. The velocities over
the measured time interval are plotted on the abscissa.

electrophoretic mobility is −0.23 × 10−4 cm2 V−1 s−1 showing
a standard deviation of 0.38 × 10−4 cm2 V−1 s−1.

We also characterized the diffusion constant to reveal how
much the microspheres were laterally dispersed when traveling
a given distance, as distinct from the lateral spread over a given
time. The particle diffusion constant, D, can be estimated from
the Einstein diffusion equation


x = (2Dτ)1/2, (8)

where 
x is the root-mean-square distance traversed by a
molecule during the time interval τ with diffusion coefficient
D. 
x is the variance of the Gaussian fit to the lateral
(Brownian) velocity (figure 11(b)), which yields a value of
D = 0.61 × 10−12 m2 s−1 for the particle diffusion constant.
This value can be compared with the value obtained from the
Stokes–Einstein correlation

D = kBT

3πηdp
, (9)

Figure 12. Comparison of the experimental average EOF velocities
determined by the current monitoring experiments and theoretical
average velocities obtained by the numerical simulation model for
20 mM phosphate (pH 7.20) buffer in the 50 µm × 50 µm ×2.1 cm
microchannel.

which yields a value of 0.71 × 10−12 m2 s−1 for dp = 600 nm
microspheres immersed in a dilute buffer solution with
a viscosity near to the dynamic viscosity of water,
η = 0.001 N s m−2 at room temperature.

The slightly smaller experimental value compared with
theory has also been reported before [60] and explained
as being caused by a decrease in friction between the
electrohydrodynamic (EHD) flow and the spheres; the
electrokinetic force therefore moves the spheres faster which
leads to a reduction in the diffusion constant and hence less
dispersion in a given distance.

4.5. Numerical simulation results

Simulations were carried out using the physical and chemical
characteristics of deionized water as the fluid: a room
temperature (T = 25 ◦C), a phosphate solution with an ionic
number density of n0 = 1.2 × 1025 particles m−3 in the bulk
solution, and an electrolyte concentration of C = 20 mM,
zeta potential values of ζ ∗ = 2.1, 1.3 and 0.8, which were
measured by current monitoring, E∗

x = 6.8 × 103, 6.2 ×
103 5.1 × 103, and double layer thickness parameter of κ−1 ∼
2 nm for a channel with hydraulic diameter of Dh = 100 µm.
Figure 12 shows the comparison of the average velocity for a
20 mM phosphate buffer solution, according to the numerical
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model prediction and the experimental results. The results
show a good agreement at lower electric fields and small
deviations at higher electric fields. The small deviation at
larger electric field strengths could be due to joule heating
and surface charging that arises from the application of higher
voltages. This results in an increase of mobility and therefore
the EOF velocity. The consistency of the calculated bulk
velocity and the experimental values confirms the assumption
made for the charge density (equation (2)).

5. Conclusion

In conclusion, we have demonstrated the high potential of
PBW for the fabrication of microfluidic and nanofluidic
channels with precise dimensions, high aspect ratio and high
smoothness. We have characterized the electrokinetic flow
in the fabricated PMMA microfluidic channels using current
monitoring and digital video microscopy techniques. The
current monitoring measurements were highly reproducible.
The EOF was calculated from the slope of the transient region
of the current–time curves. The magnitude of the EOF was
somewhat higher than previously reported and dependent on
the pH of the buffer electrolyte. A dependence of the EOF
mobility with the applied electric field was also observed and
this effect was explained in terms of induced zeta potential
arising from a polarization effect at the channel surface with
applied voltage. Particle tracking experiments showed that the
velocity profile of the electrokinetic flow inside the channels
was laminar and flat. A numerical model was developed
to predict the bulk electroosmotic flow for phosphate buffer
solution. The model showed good agreement with the
measured electroosmotic mobilities.
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