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Abstract

A novel and simple fabrication method was proposed to produce microfluidic channels with various cross-sectional shapes,
such as parallelogram, rhombus, pentagon and hexagon. The present study has the advantages of not only fabricating the
microfluidic channel shapes that have not been reported before, but also the fabrication process is simple, flexible and robust.
Microfluidic channels were fabricated using anisotropic wet etching of Si wafer and self-alignment between Si structure
and PDMS mold. In this regard, (100) single crystal Si wafer was used to fabricate the Si microchannel and the master for
PDMS mold using photolithography and anisotropic KOH etching. The Si structure for the microchannel and master were
formed from the same Si wafer by KOH etching, and the PDMS mold was made from the Si master. Finally, the microchan-
nels with various cross-sectional shapes could be easily formed through self-alignment of the Si microchannel and PDMS
mold. They were permanently bonded using O, plasma treatment. It is expected that the fabricated microchannel with various
cross-sectional shapes can be used in wide fields such as heat transfer, microscale transport of particle and fluid, and particle

separation based on inertial focusing.

1 Introduction

Over the last 2 decades, the microfluidic technique has expe-
rienced wide expansion of its applications in a vast range of
fields, such as microelectronic cooling, MEMS (microelec-
tromechanical systems), fuel cell technology, micro reac-
tors for cell biology and tissue engineering, and medical and
biomedical devices. Many microfluidic devices were easily
fabricated through replica molding process of polydimethyl-
siloxane (PDMYS) after the standard ultra-violet (UV) photo-
lithography process [1]. However, the cross-sectional shapes
of the microchannels fabricated through photolithography
and micromolding are restricted to squares and rectangles
due to the micromolds with vertical sidewalls. Furthermore,
some microfluidic devices were also fabricated through
hot-embossing or micro-injection molding process using
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thermoplastic polymers, such as poly (methylmethacrylate)
(PMMA), cyclic olefin copolymer (COC), and polycarbon-
ate (PC) [2, 3]. In this case, the cross-sectional shapes of
the microchannels were determined by a metal mold whose
fabrication technique is high-cost and time-consuming.

Some groups conducted theoretical investigations on
microchannels with cross-sections such as circle, rhombus,
pentagon and hexagon [4—6]. Tamayol et al. [4, 5] presented
analytical solutions for laminar fully developed flow and
fully developed pressure-driven slip-flow inside microchan-
nels with noncircular cross-section. Sadeghi et al. [6] ana-
lyzed fully developed electroosmotic flow in hydrophobic
microchannels with general cross-section. However, they
could not present the experimental results due to difficulties
in fabrication of microchannels with various cross-sectional
shapes. To understand various physical and chemical phe-
nomena within microchannels with various cross-sectional
shapes comparison of both the theoretical and experimental
results is necessary. In this regard, it is important to develop
a simple and novel fabrication method of microchannels
with various cross-sectional shapes.

The recent improvements in the microfabrication tech-
nique have made fabrication of microchannels with non-
rectangular cross-sections, such as circle, half-circle, trian-
gle and trapezoid possible [7-14]. Some researchers made
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rounded microchannels using various fabrication techniques,
e.g., thermal reflow, thermal air expansion and extrusion
printing. Choi et al. [7] produced microchannels with cir-
cular cross-section via soft lithography process applying
the reflow phenomenon of a positive photoresist. Also, a
simple fabrication process for microfluidic channels with
circular cross-sectional shapes was reported using a PDMS
master and thermal air expansion [8]. Xing et al. [9] fab-
ricated rounded cross-sectional molds to cast microchan-
nels using extrusion printing of thixotropic ink. Parekh
et al. [10] fabricated a microchannel with a cross-section
of semi-circular profile through direct writing with liquid
metal on a substrate (e.g., PDMS) using a 3D printer. Park
et al. [11] fabricated a microfluidic channel with a triangular
cross-section using bulk wet etching and replica molding of
PDMS to create highly defined and predictable gradients
of surface-bound molecules. Furthermore, Mukherjee et al.
[12] presented a simple fabrication method for low aspect-
ratio triangular microchannels via micromilling and PDMS
casting. Microchannels with triangular and trapezoidal
cross-section were also fabricated to study inertial focusing
of microparticles and manipulate them in non-rectangular
cross-section channels [13, 14]. In spite of availability of
all the above-mentioned geometrical cross-sections, certain
challenges still exist in realizing microchannels with some
geometries, particularly the parallelogram, rhombus, pen-
tagon and hexagon.

In general, alignment including bonding is the final step
in microfluidic chip fabrication. Self-alignment can be
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a proper tool when locating the microchips at the wanted
position. Various kinds of alignment methods have been pre-
sented for self-alignment, but the main disadvantage is that
some extra treatments on the microchips are necessary to
realize self-alignment. Mastrangeli et al. [15] reviewed sur-
face tension self-alignment methods and presented a broad
and accessible review of the physics, material science and
applications of capillary self-alignment. Kim et al. [16] uti-
lized in situ micromechanical alignment for multilayer sur-
face patterning using photoplastic microstencil mask.

In the present work, we have proposed a novel yet simple
fabrication method of microchannels with various cross-sec-
tional shapes, such as parallelogram, rhombus, pentagon and
hexagon, which is based on the basic MEMS processes, viz.
photolithography, RIE (reactive ion etching) and anisotropic
KOH wet etching followed by self-alignment between Si
structure and PDMS mold. We showed that the shapes of
each cross-section can be controlled by the geometry of the
photomask design (pattern width and interval) and the KOH
etching time, and carried out experiments for confirming the
inertial focusing position of particles according to the cross-
sectional shape of microchannels.

2 Fabrication process

The fabrication method of microchannels of various
cross-sectional shapes (such as parallelogram, rhombus,
pentagon and hexagon) is briefly presented in Fig. 1. The
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Fig. 1 Fabrication processes of microchannels with various cross-sectional shapes. a Parallelogram, b rhombus, ¢ pentagon, d hexagon
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microchannels were formed using the basic MEMS pro-
cesses such as photolithography, RIE and anisotropic KOH
wet etching. The common fabrication processes of the
microchannels with various cross-sectional shapes are as
follows: (i) SizN, thin film layer of 1000 A thickness was
deposited on (100) single crystal Si wafer using low-pressure
chemical vapor deposition (LPCVD) and patterned by pho-
tolithography and RIE; (ii) the Si wafer was anisotropically
etched with KOH solution at 70 °C (in case of rhombus,
pentagon and hexagon channels, additional wet etching of Si
microchannels was performed after dicing Si wafer); (iii) a
PDMS mold was made from the Si master; (iv) the Si micro-
channel and the PDMS mold were self-aligned and bonded
by O, plasma. A small amount of methanol (or DI water)
was sprayed between the Si microchannel and the PDMS
mold to facilitate self-alignment. Finally, the methanol was

(a) parallelogram

(b) rhombus

(c-1) pentagon

ﬂlm

(c-2) pentagon

W, <—> w,
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(d) hexagon
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= pattern width of Si channel
Wz = pattern width of Si master
W3 = width between W2 and 72 pattern width
/n = etching depth of Si channel
Iz = etching depth of Si master
6 = angle between (111) and (100) of Si

evaporated on a hot-plate to complete the formation of the
microchannels which were composed of PDMS and silicon.

Previously, we already published the fabrication process
of microchannel with parallelogram cross-section [17]. That
method was basic and can be commonly employed for the
fabrication of other kinds of microchannels. As shown in
Fig. 1, the Si microchannel and master for PDMS mold for
parallelogram cross-section had same etching depth unlike
those for the other cross-sections (thombus, pentagon, and
hexagon). Therefore, it is possible to fabricate the Si micro-
channel and master in one silicon wafer without any addi-
tional etching.

The details of the relationship between the width and
interval of the pattern and the cross-sectional shape of each
microchannel are shown in Fig. 2. Figure shows the sche-
matic view of the Si master for PDMS mold on the left side,

PDMS mold

1 50 pm

Si channe|

Fig.2 Relationship between the width and interval of pattern and the cross-sectional shape of each microchannel and the SEM images. a Paral-

lelogram, b rhombus, ¢-1, ¢-2 pentagon, d hexagon
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the Si microchannel on the right, and the scanning electron
microscope (SEM) images of the fabricated microchannels

For microchannel with parallelogram cross-section
(Fig. 2a), as mentioned above, Si microchannel and Si mas-
ter should have the same height.

h; =h,. (1)

For microchannel with rhombus cross-section (Fig. 2b),
the width and height of the Si microchannel should be twice
as those of the Si master.

WI = 2W2 and h] == 2h2. (2)
Also, as shown in Fig. 2¢-1, c-2, the following equations

should be satisfied for microchannel with pentagon cross-
section, respectively,

W, =2W,, (3-1)

or W, =2W, + Wj. (3-2)
For microchannel with hexagon cross-section (Fig. 2d),
the following equation should be satisfied:

W, =2W, + W;,. 4-1)
Furthermore, for microchannel with hexagon cross-sec-

tion whose six sides are equal in length the following equa-
tions are satisfied:

hy =2h, and h, = (Wl - 2W2) sin 6. (4-2)

According to the relationship between W, — W, and A,
we can get various shapes of parallelogram, as shown in the

Fig.3 SEM micrographs of
microchannels with vari-

ous cross-sectional shapes. a
Parallelogram, b rhombus, ¢
pentagon, d hexagon with equal
sides

Si chaﬁ
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SEM images in Fig. 2a. The value of 8 (54.7°) remains the
same in all cases because it is the angle between (111) and
(100) of single crystal Si. Therefore, self-alignment between
Si microchannel and PDMS molds from Si master is pos-
sible because the Si microchannel and Si master were fabri-
cated using anisotropic wet etching of Si, and therefore, they
have same the crystal plane. More details will be discussed
in the next section.

Figure 3 shows the SEM micrographs of representative
microchannels with various cross-sectional shapes. It shows
that the Si microchannel and PDMS mold were perfectly
aligned and bonded because of their geometrical similar-
ity. The cross-sectional shapes of each microchannel could
be controlled by two parameters (pattern width and inter-
val, KOH etching time), as mentioned above. The widths
of the Si microchannel and PDMS mold (W, W,, W;) were
determined by the widths and interval of the initial photo-
mask design, whereas the depths of the Si microchannel and
PDMS mold (h,, h,) were affected by the anisotropic KOH
etching time. In other words, through pattern design and
control of etching time, it is possible to get various types of
microchannel with polygonal cross-section. In Fig. 3c, d,
we obtained microchannel with hexagon cross-section with
six equal sides, but no such microchannel with pentagon
cross-section and having five equal sides could be formed.
This was due to geometric limitation which arose because
the angles of pentagon were determined by crystal direction
of Si.
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3 Results and discussion

Microchannels with non-rectangular cross-section have been
used for specific applications such as the multilayer on-chip
valves with rounded flow channels [18], haptotactic gradi-
ents of protein with triangular channels [11], and inertial
focusing using half-circle and triangles [13]. In the present
study, we carried out the experiments to investigate inertial
focusing phenomena using the microchannels with various
cross-sectional shapes. To this end, we used polystyrene par-
ticles (10 pm, green fluorescent, excitation 468 nm and emis-
sion 508 nm, Thermo SCIENCE Inc.). They were dispersed
in DI water (0.05-0.1 wt% concentration) with 1% Tween
20 (Sigma-Aldrich). The particle suspensions were then
injected using a syringe pump (LEGATO 111, KD Scientific

Schematic view of
cross-sectional shape

(2)

50pl/min

50ul/min

Inc.) with controlled volumetric flow rate, and a fluorescence
microscopy (Leica DM IL LED and Leica EL6000, Leica
Microsystems Inc.) was used to confirm focusing positions
in cross-sections.

According to the study by Carlo et al. [19], the chan-
nel length required for particles to reach lateral equilibrium
positions (Ly) is

2
L= 2 ©)
pUma fL
where U, is the maximum channel velocity (~ 1.5 U, the
mean channel velocity). The average f; was about 0.02-0.05
for channel aspect ratios (H/W) between 2 and 0.5, where H
is the channel dimension in the direction of particle migra-
tion, W is the channel width in the perpendicular direction, u

Flow rate

350pul/min

200pul/min

200pl/min

300p/min

Fig.4 Fluorescence images (top view) of inertial lift in microchannels with various cross-sectional shapes. a Parallelogram, b rhombus, ¢ penta-

gon, d hexagon
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and p are the fluid viscosity and density, and a is the particle
diameter. The channel length (L;) calculated from the param-
eters used in the current study using Eq. (5), was around
8.6 mm, but the fabricated channel length was 20 mm which
was enough for the particles to reach lateral equilibrium.
Therefore, we observed the inertial focusing at the center of
the channel and near the outlet.

Figure 4 shows the fluorescent streak images from the top
view according to the cross-sectional shapes. For the flow
rate of 10 pl/min, there was no separation of the particles
by inertial lift force. However, the inertial lift was observed
when the flow rate increased (>200 pl/min). Generally, iner-
tial focusing position of the particles is determined by the
balance of the two inertial forces (shear-gradient lift force
and wall-effect lift force) [13, 19]. From the top view, we
could observe several focusing positions for each microchan-
nel. For microchannels with parallelogram and rhombus

(@)

Parallelogram Top view

Intensity

(©)

e
o

Intensity
e
»

0.2

0.0

(b)

cross-sections, two focusing positions were observed, as
shown in Fig. 4a, b. The focusing behavior in microchan-
nels with parallelogram and rhombus cross-sections was
very different from that in microchannel with rectangular
cross-section [19]. However, they all showed the same focus-
ing position due to their geometrical similarities (near obtuse
angles of tetragon). On the other hand, three and four focus-
ing positions were observed for microchannels with penta-
gon and hexagon cross-sections, respectively (Fig. 4c, d).
The microchannel with pentagon cross-section showed simi-
lar focusing behavior (three focusing position) to that with
triangular cross-section [13]. The difference was that there
were two focusing positions in microchannel with pentagon
cross-section near the bottom side, whereas in microchannel
with triangular cross-section the two focusing positions were
near the top side. For the hexagon with equal sides, it was
difficult to observe any focusing position due to overlapped

Rhombus Top view

0.6

0.4

Intensity

0.2+

0.0

(d)

Hexagon Top view
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Fig.5 Fluorescence intensities (top view) according to the particle position and R,,. a Parallelogram, b rhombus, ¢ pentagon, d hexagon
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positions, which was confirmed from confocal microscope
measurement.

Two dimensionless numbers are defined to describe the
flow of particles in closed channel systems [20], viz. Reyn-
olds number (Re) and particle Reynolds number (R))).

UD

a\?

and Rp:Re(B) , 6)
where p and y are the density and dynamic viscosity of the
fluid, respectively, U is the average velocity of the fluid, a is
the particle diameter, and D is the hydraulic diameter.

We observed inertial focusing in each microchannels with
varying particle Reynolds number (R). The normalized flu-
orescent intensities of particle positions in the y-coordinate
are shown in Fig. 5. It shows the variation of fluorescent
intensity according to particle position (y/W) and particle
Reynolds number (R, for microchannels with cross-sections
of parallelogram, rhombus, pentagon and hexagon. It clearly
shows the intensity peaks that indicate the focusing posi-
tions. The particles were randomly distributed at low R,
but with increasing Rp, the peaks representing the focusing
position became clear and the positions and number of peaks
agreed with the results shown in Fig. 4.

It is expected that these microchannels with various
cross-sectional shapes can be a good platform to study both
inertial focusing and inertial lift forces, and can be used for
particle separation with high-throughput.

4 Conclusions

We used a novel yet simple process to fabricate microchan-
nels with various cross-sectional shapes, viz. parallelo-
gram, rhombus, pentagon and hexagon which were diffi-
cult to realize. The proposed fabrication method was based
on the basic MEMS process, viz. photolithography and
anisotropic wet etching. Single crystal Si wafer was used
to fabricate Si microchannel and the master for PDMS
mold. Microchannels with various cross-sectional shapes
were easily formed through self-alignment between the Si
microchannel and PDMS mold. We confirmed experimen-
tally that the inertial focusing position of particles could
be changed according to the cross-sectional shape of the
microchannels.

It is expected that the fabricated microchannel with var-
ious cross-sectional shapes can be applied in wide fields
such as heat transfer study in microscale, microscale trans-
port of particle and fluid, microfluidic systems for medical
and biomedical device and particle separation based on
inertial focusing.
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