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Channel geometry combined with surface chemistry enables a stable liquid boundary flow to be attained along the
surfaces of a 12µm diameter hydrophilic glass fiber in a closed semi-elliptical channel. Surface free energies and
triangular corners formed by PDMS/glass fiber or OTS/glass fiber surfaces are shown to be responsible for the
experimentally observed wetting phenomena and formation of liquid boundary layers that are 20-50 µm wide and
12 µm high. Viewing this stream through a 20µm slit results in a virtual optical window with a 5 pLliquid volume
suitable for cell counting and pathogen detection. The geometry that leads to the boundary layer is a closed channel
that forms triangular corners where glass fiber and the OTS coated glass slide or PDMS touch. The contact angles
and surfaces direct positioning of the fluid next to the fiber. Preferential wetting of corner regions initiates the boundary
flow, while the elliptical cross-section of the channel stabilizes the microfluidic flow. The Young-Laplace equation,
solved using fluid dynamic simulation software, shows contact angles that exceed 105° will direct the aqueous fluid
to a boundary layer next to a hydrophilic fiber with a contact angle of 5°. We believe this is the first time that an
explanation has been offered for the case of a boundary layer formation in a closed channel directed by a triangular
geometry with two hydrophobic wetting edges adjacent to a hydrophilic surface.

Introduction

Microfluidic devices are characterized by low sample intake,
nanoliter volumes, and minimal reagent consumption.1-4 Surface
forces may play a dominant role in the formation of boundary
layers of liquids at an air-liquid interface in microscale devices.
Microscale liquid wetting phenomena have been studied ex-
tensively principally on open channel systems that provide a
ready air-liquid interface.5-11

Zhao et al. achieved surface-directed liquid flow by patterning
surfaces with different free energies inside an enclosed rectangular
microchannel.12-14 Multi-stream laminar flow or photolithog-
raphy based on self-assembled monolayer (SAM) chemistry was

used to obtain these patterns. Hibara et al. developed a capillarity
restricted modification method for producing gas-liquid two-
phase flow inside of a microchannel,15 while Huh et al.
demonstrated that an air-liquid two-phase flow generates 15-
100 µm wide liquid sample streams inside of an enclosed
hydrophobic microchannel.16These results suggest microfluidic
flow inside an enclosed microchannel system can be manipulated
by surface wettability, thus complementing capillary,17 chemi-
cal,18 electrical,19 mechanical,20 and optical21 control methods
by providing a nonmechanical means to position and control
fluids in practical microchannel applications.

Surface chemistry positions the fluid next to the fiber due to
the unique geometry of microfluidic channels with low corner
angles and an elliptical cross-section causing the formation of
a liquid boundary layer inside of the closed microchannel. This
configuration has been used to hydrodynamically focus cells in
a boundary flow for purposes of counting them.4 This paper
presents mechanisms responsible for the surface wetting phe-
nomena observed experimentally in microfluidic devices fab-
ricated by placing a hydrophilic glass fiber between surfaces of
hydrophobic poly(dimethylsiloxane) (PDMS) and hydrophobic
octadecyltrichlorosilane (OTS) on a silicon wafer or glass slide
surface and pressing them together to form elliptically shaped,
100µm wide microchannels with a 12µm apex.4 Geometry and
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surface forces, modeled using FLUENT (Fluent Inc., Lebanon,
NH) software, explain the boundary layer formation as a function
of surface free energy of the device’s surfaces and the elliptical
geometry of the closed channel. Modeling also shows that
analogous phenomena will occur for triangular channels, but not
for rectangular ones. Rectangular channels have a constant radius
of curvature and constant liquid-air interfacial area across the
cross-section of the channel, thus preventing boundary layer
formation due to a surface tension difference. We believe this
is the first time that an explanation has been offered for the case
of boundary layer formation directed by a corner with an angle
of less than 90°, that is, a triangular geometry with two
hydrophobic edges adjacent to a hydrophilic one.

Materials and Methods

Microdevice Fabrication and Visualization.The fabrication of
a press-fit device capable of producing a microfiber-directed boundary
layer follows the procedure described by Huang et al.4 Briefly, a
glass fiber (12µm in diameter and either 4 or 10 mm in length) is
sandwiched between a 1 mm-thick poly(dimethylsiloxane) (PDMS)
film and a hydrophobic octadecyltrichlorosilane (OTS)-modified
SiO2 wafer. This creates a microchannel that follows the glass fiber
surface and has an elliptical cross-section with a half-width of between
80 and 120µm, depending on how the device is fabricated. A glass
fiber from glass wool (obtained from Purdue University Chemistry
Stores) was pulled from the wool using tweezers. On the basis of
measurement using an optical microscope, a CCD camera, and a 10
µm calibrated grid manufactured by Bausch & Lomb (Rochester,
NY), the average diameter of 10 strands of the glass fiber is determined
to be 12( 0.5 µm. Visual inspections of the fibers were used to
select those that were sufficiently straight and of a suitable length
for constructing microchannels. Fibers were cleaned by ultrasoni-
cation in absolute ethanol for 5 min. The contact angle of the curved
glass fiber surface is difficult to measure directly. The contact angle
of the glass fiber for purposes of modeling was chosen to be 5°,
because a glass slide, cleaned with absolute ethanol, gives a contact
angle of 5-10°.

The PDMS was made from a Dow Corning Sylgard 184 silicone
elastomer kit with a ratio of 10:1 elastomer base/curing agent. The
contact angle of the PDMS varied from 89° to 110° and depends
on the curing condition, composition, and additives. Using a punch,
a sample well and an outlet port were created in the PDMS film,
and these ports were completed when the film was pressed onto a
wafer or glass slide.4 Tubing (Platinum-cured silicone 0.64 mm o.d.,
0.30 mm i.d. Catalog no. C-96115-00 Cole-Parmer, Vernon Hill,
IL) placed in the outlet hole and glued using uncured PDMS connects
the outlet port to a 50 mL syringe, which serves as a vacuum source
while the sample well remains at ambient atmospheric pressure. A
vacuum sufficient for atmospheric pressure on the sample well to
push fluid through the device at a rate of 15( nL/min is obtained
by manually pulling back on the syringe plunger to create a vacuum
measured by a vacuum gauge (Catalog no. C-68004-00, 30-0 in. Hg,
Cole-Parmer, Vernon Hill, IL) connected to the 0.64 mm o.d. tubing
by a Tee fitting (Catalog no. U-433, Upchurch Scientific, Oak Harbor,
WA). The fluid itself was deionized water. The modification of SiO2

wafer (〈100〉 Wafer World, West Palm Beach, FL) surface with OTS
was carried out as described by Huang et al.22The contact angle was
105-110°, as measured by a Rame´-Hart contact angle goniometer
(model #100-00, Rame´-Hart Instrument Co., Netcong, NJ).

This fabrication technique is referred to as “press-fit” because the
flexible PDMS film is pressed onto the inflexible OTS-coated wafer
causing the film to fit around the fiber. The PDMS adheres to the
OTS surface, forming an elliptically shaped channel with a liquid-
tight seal around the fiber. Microfiber-directed boundary layers are
observed in press-fit microdevices by pipetting a volume of 1µL

water into the sample well and drawing it through the device by
pulling a vacuum (127 mmHg) at the outlet. Sufficient adhesion to
form a tight liquid seal under pressure is achieved when either one
or both surfaces are hydrophobic. Evaporation, associated with the
gas-liquid interfaces and the use of vacuum to produce pressure-
driven flow that pushes liquid through the device in a continuous
manner, is less than 0.05% of the volume of fluid flowing through
the device. We calculated this value assuming isothermal conditions
and vapor/liquid equilibria.4 In actual practice, water loss may be
larger than 0.05% because PDMS is a porous polymeric material
that can adsorb small amounts of water under such conditions.

The particular device used in this work has wells that are open
to the atmosphere. The atmospheric pressure at the sample well
pushes the liquid from the well along the flow path toward the lower
pressure region at the outlet. For a single channel device, the air left
within the channel at partial vacuum is a stagnant layer. For a
multichannel device, air flows in from one sample well, and water
from the other.4 In either case, the air itself forms a boundary layer
that is trapped between surfaces of a device that has hydrophobic
surfaces. In the cases discussed in this paper, the air is adjacent to
the liquid layer and results in the liquid phase flowing through the
device, with a stagnant layer of air trapped inside the device.

Scanning electron microscopy (Figure 1a) showing the cross-
section of the microchannel was carried out on a JEOL JSM-840
via sputter coating with Au/Pd. The magnification was 750× at 5
kV. Confocal microscopy of press-fit devices filled with 1 mg/mL
FITC (fluorescein isothiocyanate) in deionized water was performed
using a Bio-Rad (Hercules, CA) Radiance 2100 MP Rainbow System.
To obtain better confocal images, a thin cover glass (No. 1, 130-

(22) Huang, T. T.; Geng, T.; Akin, D.; Chang, W.-J.; Sturgis, J.; Bashir, R.;
Bhunia, A. K.; Robinson, J. P.; Ladisch, M. R.Biotechnol. Bioeng.2003, 83,
416-427.

Figure 1. (a) Scanning electron microscopy (SEM) image shows
(a) cross-sectional view of a press-fitted microchannel with dimen-
sions of 12× 88 µm under ambient conditions (conditions given
in text, scale bar of 12µm). Confocal image of press-fit microdevice
filled with 1 mg/mL FITC under 127 mmHg vacuum on (b) a
hydrophilic cover glass and (c) a hydrophobic OTS-modified cover
glass (conditions given in text, scale bar is 20µm). (d) Schematic
illustration of the elliptical-shaped microchannel showing location
of triangular corner regions, and (e) schematic illustration of the
elliptical-shaped channel that is in a rotational symmetry from (d).
(Drawings are not to scale.)
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170µm in thickness, Catalog no. 48404-143, VWR, South Plainfield,
NJ) was used as substrate instead of OTS-modified SiO2 wafer
(suggested by Jennifer Sturgis of the Purdue University Flow
Cytometry Laboratory). The cover glass was either modified with
OTS using techniques described above to achieve hydrophobic
surfaces or ultrasonically cleaned in ethanol to render the surface
hydrophilic. While holding a vacuum at 127 mmHg at the device
outlet, the cross-section of the boundary layer containing FITC was
scanned through a 40× /1.30 N.A. oil immersion objective with an
argon laser (blue) at 488 nm wavelength. The FITC fluorescence
emission was directed to a high sensitivity photon multiplier tube
(PMT) whose signal was acquired by Bio-Rad LaserSharp 2000
software and displayed as an image.

Confocal microscopy shows the liquid (light color in Figure 1b)
completely fills the microchannel formed by the sandwich of a 12
µm glass fiber between PDMS and a hydrophilic cover glass, resulting
in single phase flow. On the other hand, formation of fluid boundary
layers around the glass fiber (Figure 1c) is achieved when the
hydrophilic cover glass is replaced by a hydrophobic OTS-modified
cover glass. The boundary layer is 35µm in width measured from
the outer edge of the fiber. These observations, as well as visual
microscopy4 showing the formation of boundary layers, led to the
question of how surfaces with different hydrophobic character might
be used to control the width and thickness of boundary layers flowing
through a microfluidic device.

The system in which a fiber is placed between OTS and PDMS
is ideal for rapid assembly of devices that begin to address how
materials with defined hydrophobic character may be used to control
boundary layer flow. This construction technique results in an
elliptical cross-section that provides a novel approach to shaping
microfluidic flow. Computational fluid dynamic simulation was
carried out to better understand how such devices might be devised
to function in a predictable manner.

Computational Fluid Dynamic Simulation. Computational fluid
dynamic simulations were carried out using FLUENT 6.0’s volume
of fluids (VOF) model. The model allows unsteady transient tracking
of the interface between the air and liquid. In our case, a single set
of momentum equations is shared by two fluids (i.e., air and water),
and the volume fraction of each fluid in each cell is tracked by
solution of continuity equations for the volume fraction of one (or
more) phase. The VOF model used in this study includes the effect
of surface tension along the interface between air and liquid. The
wall adhesion effect is also included in the model. It imposes the
boundary condition at the surface. The surface tension and wall
adhesion model in FLUENT uses the continuum surface force model
proposed by Brackbill et al.23 Detailed mathematical descriptions
of the model are available as Supporting Information.

Using the model provided by FLUENT, the position of the air
liquid interface may be tracked after application of initial boundary
conditions, which include the microchannel geometry and dimensions
(elliptical geometry with 12µm fiber (minor axis) and 100µm
channel opening (major axis)), surface tension parameters of the
liquid phase (water, 0.1 N/m), and, most importantly, the wetting
angles at walls. We refer to a surface as hydrophobic where the
liquid (water) wetting angle is 90° or higher and hydrophilic where
the wetting angle is less than 45°. Simulations may be performed
in either two or three dimensions, and for transient or steady wetting
behaviors inside a microchannel with predefined surface free energies.
This paper presents results for both transient and steady-state behavior.
Thesolution illustrates the impactof triangular cornersonmicrofluidic
boundary layer formation.

Results and Discussion

The development of a microfiber-directed boundary layer
follows two general stages. The first stage is preferential corner
wetting of the microchannel regions formed by PDMS/glass fiber
and OTS/glass fiber that initiates the boundary layer formation.

The second stage is the subsequent wetting of microchannel
walls formed by PDMS and OTS surfaces along the length of
the glass fiber, which stabilizes the boundary layer. For both
stages, geometry and surface chemistry control the wetting.

Stage One: Initial Corner Wetting. The development of the
microfiber-directed boundary layer is controlled by the initial
wetting behavior at the microchannel entrance, and particularly
the corner regions formed by PDMS/glass fiber and OTS/glass
fiber. These corner regions arise from the elliptical geometry of
the press-fit device (Figure 1a, d, and e). The channels are
symmetric along the length of the fiber, and hence the symmetrical
representations of Figure 1d and e are used for the model. While
Figure 1d is useful in describing the channel geometry under
ambient pressure, Figure 1e describes the channel under 126
mmHg vacuum where the deformation of PDMS produces a
geometry that is in a rotational symmetry from Figure 1d, and
consistent with the confocal image of Figure 1b. We use both
geometries to model the wetting phenomena inside of the press-
fit microchannel.

Figure 2 illustrates different possibilities of static corner wetting
of water in rectangular (Figure 2a-d, left panels), triangular
(middle), and elliptical microchannels (right side of Figure 2).
In the case where all surfaces are hydrophobic, a boundary layer
will not form (Figure 2a). Surface wettability at microchannel
walls is a function of the locations of the hydrophobic or
hydrophilic surfaces.Theboxedselection inFigure2ccorresponds
to the experimental configuration shown in Figure 1c that
illustrates boundary layer formation next to the fiber. The
hydrophilic glass fiber surface adjoins hydrophobic PDMS and
hydrophobic OTS surfaces to form an elliptical microchannel.
Air buffers the liquid flow against filling a channel consisting
of two adjacent, hydrophobic surfaces (Figure 2c).

For static wetting of a liquid between two surfaces, the
minimization of surface area of a liquid may result in a curved
interface. In the curved wetting interface (Figure 3a and b) created
by liquid (water) wetting a corner, the pressure on the concave
side (air for this case) is higher than the pressure on the convex
side (liquid water). This relationship is described by eq 1, the
Young-Laplace equation,24

where∆P is the pressure difference,γ is the liquid surface tension,
andR1andR2are the radii of curvature in directions perpendicular
and parallel to the liquid stream.

The initial wetting behavior of a wetting liquid (water) at a
corner under ambient conditions is a function of both the geometry
and the surface free energies of the microchannel. The radius of
curvatureR, corner angleφ, arc lengthh, and wetting angleθb

at the corner edges described by Figure 3a are given by eq 2:

whereh is the arc length,θb is the wetting angle of the liquid,
andφ is the corner angle of the edge. The Concus and Finn25

condition derived from eq 2 assumes thatθb < 90° - φ/2, so
that capillary-driven flow may occur in the corner due to the
decrease in the radius of curvature at the edge where two surfaces
intersect. This condition describes mechanisms responsible for
water transport in tall trees through hollow cells with a polygonal

(23) Brackbill, J. U.; Kothe, D. B.; Zemach, C.J. Comput. Phys.1992, 100,
335.

(24) Adamson, A. W.Physical Chemistry of Surfaces, 5th ed.; John Wiley:
New York, 1990; pp 4-10.

(25) Concus, P.; Finn, R.Proc. Natl. Acad. Sci. U.S.A.1969, 63, 292.
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cross-section conduit as well as the behavior of capillary surfaces
in microgravity.25 Hydrophilic wetting of corner edges requires
a microchannel withθb < 90° - φ/2. We apply this condition
to predict the liquid wetting and spreading behaviors at corners
with arbitrary surface wettability.

When walls of the microchannels are hydrophobic (contact
angleθb > 90°) (Figure 2a), initial wetting and spreading of
water at corner edges does not occur because wetting is not
energetically favored. Wetting and spreading of liquid along
corner edges occurs when the walls are hydrophilic (θb < 45°)
(Figure 2b). A smaller corner angleφ (as in the case of triangular
and elliptical channels) is more easily wetted because a small
wetting angle is not required to meet the Concus and Finn
condition of eq 2.

A large corner angle with hydrophilic walls (θb < 45°) that
satisfies the conditionθb + φ/2 > 90° may represent a wetting
liquid that can no longer spread along the corner edges; however,
formation of a “spherical edge blob” is possible near the entrance
of the microchannel.26 A wetting liquid’s spreading advance, or
the inhibition of liquid spreading along corner edges of a
microchannel, is the result of capillary pressure gradients due to
the imbalance of capillary pressure, as reported by Dong and
Chatzis,27 and Dong et al.28

When a hydrophobic wetting edge is placed adjacent to a
hydrophilic one (Figure 2c and d), corner wetting and spreading
may occur as long as the conditionθ1b/2 + θ2b/2 < 90° - φ/2
is met. This wetting curvature described by Figure 3b has a
radius of curvatureR that is now given by eq 3. The wetting
angles of water in contact with two wetting wedges,θ1b andθ2b,
together with the corner angle,φ, predict the wetting behavior
at a corner.

Simulation of Stagnant Liquid at a Corner with Different
Contact Angles.The FLUENT simulations of corner wetting
model experimentally observed microdevice behavior based on
the corner edges of an elliptical microchannel with dimensions
of 12 µm fiber (minor axis) and a 100µm channel opening
(major axis) (Figure 1d). Our fabricated microchannels varied
from one device to the next with channel half-widths ranging
from 100 to 120µm. We used the width of 100µm for the model.
The physical parameters used in the FLUENT simulations are
those of water at 20°C and atmospheric pressure: liquid density
) 1000 kg/m3; viscosity) 0.001 Pa s; surface tension) 0.1
N/m. Depending on the hydrophobic and/or hydrophilic character

(26) Concus, P.; Finn, R.Phys. Fluids1998, 10, 39.
(27) Dong, M.; Chatzis, I.J. Colloid Interface Sci.1995, 172, 278.
(28) Dong, M.; Dullien, F. A.; Chatzis, I.J. Colloid Interface Sci.1995, 172,

21.

Figure 2. Schematic illustration of the wetting behaviors of a liquid (i.e., water, shaded areas) at corner edges of three different types of
microchannels (rectangular, triangular, and elliptical) with various configurations of surface wettability. Hydrophobic refers to contact angle
of 90° or higher. Hydrophilic corresponds to less than 45°: (a) all surfaces hydrophobic; (b) all surfaces hydrophilic; (c) one surface is
hydrophilic, while the others are hydrophobic; and (d) adjacent surfaces either hydrophilic or hydrophobic. (Drawings are not to scale.)

Figure 3. Schematic illustration of the wetting interface and radius
of curvature of a liquid (water) at a corner in contact with (a) two
hydrophilic wetting edges, and (b) a hydrophobic wetting edge
adjacent to a hydrophilic one characterized by two different contact
anglesθ1b andθ2b.

R ) h
2

1

sin (90° -
θ1b

2
-

θ2b

2
- φ

2)
(3)
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of adjacent surfaces, specific boundary conditions such as wetting
anglesθb at microchannel walls were chosen for each run (Table
1). We tested the effect due to a channel half-width of 48µm
and obtained similar results with respect to boundary layer
formation. This further confirms that the regions of interest are
the triangular intersections between fiber/OTS and fiber/PDMS.

The simulation begins by first patching the corner region (5
µm by 5µm) with liquid (water), followed by transient tracking
of liquid-air interface. A steady-state solution is usually reached
within a few microseconds (µs) of elapsed time within the
simulation.

Figure 4 illustrates subtle differences that occur in the shape
of water that wets a corner consisting of two hydrophilic surfaces
(Figure 4b) as compared to two hydrophobic surfaces (Figure
4c). The hydrophilic case gives a concave liquid layer, while the
hydrophobic case gives a convex liquid layer. The water spreads
out more when a hydrophobic surface is in close proximity to
a hydrophilic one (Figure 4d and e). The spreading occurs because
an imbalance in surface free energies produces a surface tension
gradient. The liquid deforms and flows toward the hydrophilic
surface so that the water achieves an energetically stable state.

The mechanism involving the spreading of a stagnant liquid
provides insight into how the dynamic focusing of the liquid
layer along the fiber takes place as it transitions from corner
wetting to boundary layer formation. Figure 4f represents a time-
sequence of the computational simulation of wetting behavior
in the corners of an elliptically shaped microchannel with adjacent
hydrophobic and hydrophilic surfaces and an aspect ratio of 1:8.
We use this simulation to understand the mechanisms involving
the spreading advance of the liquid layer as it climbs the wall
of the hydrophilic glass fiber under a partial vacuum.

The climbing effect of the liquid layer along the glass fiber
occurs before the spreading advance reaches the microchannel
outlet as demonstrated previously.4 Before simulation, the corner
region (now 6µm × 6 µm) is patched with liquid (water). The
simulation shows how boundary layer formation along the fiber
starts with the wetting of two corner edges of the elliptical channel
(t ) 0), followed by deformation of the liquid due to the
hydrophobicity of the channel walls (t ) 0.4, 0.8, and 1.5µs).
Once the liquid held in the two corners merges together, a
boundary layer is formed.

Experimentally, the wetting of the top left and the bottom left
corner is achieved through capillary action in the absence of a
pressure gradient across the fiber length. When vacuum is applied
at the device outlet, the wetting liquid at the top and bottom
corner edges begins to merge and forms a stable air-liquid
interface. This interface between the top and bottom walls of the
microchannel is stable for the 10 min duration of the run as long
as a constant partial vacuum is maintained at the outlet. This
mechanism was confirmed by a press-fit device constructed from
10 mm long glass fiber (θb ) 5°) placed on a PDMS surface (θb

) 89-110°) and pressed on an OTS derivatized wafer (θb )
110°) to form hydrophilic (glass fiber) and hydrophobic (PDMS
and OTS) surfaces in close proximity to each other. A 1µL
volume of deionized water was placed into the well on the slide

and flowed through the device. Both visible light (Figure 5a,b)
as well as confocal microscopy (Figure 1c) showed formation
of a stable boundary layer whose characteristic thickness and
width did not change during the 10 min duration of the run.

Stage 2: Stable Boundary Layer Flow.A pressure gradient
parallel to the boundary layer draws a liquid from the well into
the channel, and it initiates the movement of the liquid along the
fiber and causes it to expand outward from the corner edges and
partially fill the microchannel. The application of a pressure
gradient produced by a positive pressure at the inlet or a partial
vacuum at the outlet spreads the liquid along the length of the
fiber and the corner edges. It facilitates the outward expansion
of liquid from two corner edges. The air that is trapped in the
channel touches three surfaces: PDMS, OTS, and the aqueous
boundary layer next to the fiber. The surface activity of PDMS

Table 1. Boundary Conditions (i.e., Contact Angle for Surfaces)
for Simulations Shown in Figure 4

figure fiber surface
top surface

(PDMS)
bottom surface

(OTS wafer)

4b 5° 5° 5°
4c 150° 150° 150°
4d 5° 100° 110°
4e 5° 150° 150°
4f 5° 150° 150°

Figure 4. Simulation results of the expected wetting behaviors of
an initially static liquid (water) at two corner edges of an elliptical
microchannel with various predefined wetting angles. (Note the red
regions indicate water, while the blue regions indicate air.) Boundary
conditions for (b)-(e) are given in Table 1, while (f) is a time-
sequence snapshot of wetting behavior at the corners. Width of
channel from the center of the fiber to the edge is 100µm, which
results in an aspect ratio of approximately 8:1 (channel width to
height (12µm)).

Surface-Directed Boundary Flow Langmuir, Vol. 22, No. 14, 20066433



and OTS channel walls prevents the liquid from completely
wetting the channel and focuses the liquid stream along the
hydrophilic glass fiber.

The resulting boundary layer that forms next to the fiber (Figure
6) may also be explained by the Young-Laplace equation (eq
1). Because the radius of curvatureR2 in the direction parallel
to the boundary layer is infinite, eq 1 simplifies to∆P ) γ/R1.
The pressure in the concave side (water) is now higher than the
pressure in the convex side (air). The radius of curvature of the
interface between air and water inside the microchannel promotes
the stability of a boundary layer formed adjacent to hydrophobic
surfaces in rectangular, triangular, and elliptical channels (Figure
7). From confocal images shown in Figure 1b and c, the channel
geometry and boundary layer under vacuum are similar to what
is illustrated in Figure 6d, and to a lesser degree, that illustrated
in Figure 6b and c.

Effect of Channel Geometry and Contact Angles on
Meniscus Shape.The radius of curvature of the wetting meniscus
RR depends on channel geometry and contact angles. Equation
4 givesRR as a function of channel heighth and wetting angles
θ1bandθ2b for a rectangular channel (Figure 7a). A hydrophobic
wetting interface is formed when cosθ1b + cosθ2b < 0.

whereh is the channel height, andθ1b andθ2b are the wetting

angles of the liquid in contact with two parallel wetting edges.
For a triangular-shaped channel, the radius of curvatureRT

depends on the triangle’s corner angleφ, as shown in eq 5:

The arc length of the meniscus,h, due to hydrophobic-directed
wetting between two walls, the wetting angles of the liquid,θ1b

and θ1b, in contact with two wetting edges, a corner, and the
corner angle of the triangle,φ, is illustrated in Figure 7b. For a
triangle with heighta, and widthb, the corner angleφ and arc
lengthhare given by eqs 6 and 7. The condition for hydrophobic
wetting is nowθ1b/2 + θ2b/2 > 90° + φ/2. Hence, for a PDMS
surface with a contact angle of 100° and an OTS surface with
a contact angle of 110°, the condition predicts a corner angleφ

that cannot be greater than 30° to maintain a stable hydrophobic
wetting interface. As predicted by this condition, there is a
discontinuous transition in wetting behavior at the crossing point
whereθ1b/2 + θ2b/2 ) 90° + φ/2 (or φ ) 30°). Whenθ1b/2 +
θ2b/2< 90° + φ/2 (orφ > 30°), a hydrophobic wetting curvature
cannot be stably maintained and the water layer will spread out.

Figure 5. Photomicrograph showing boundary flow is stable for at least 10 min. A hydrophilic glass fiber 12µm × 10 mm is sandwiched
between hydrophobic PDMS and hydrophobic OTS-modified wafer. The center point of the fiber in the photomicrograph is at a distance
of 5 mm, at a length/fiber diameter ratio of about 417. Water (1µL) is placed in sample inlet and pulled into the microchannel from left
to right under a constant vacuum with (a) at 254 mmHg, and (b) at 127 mmHg. A constant partial vacuum ensures a stable boundary layer
flow for a duration of 10 min or longer. After the vacuum at the outlet is reduced to 0 mmHg from 127 mmHg, the boundary layer retracts
back inward as seen in (c). When vacuum is again applied, flow occurs and the boundary layer returns to its original thickness (scale bar
is 100µm).

RR ) -h
cosθ1b + cosθ2b

(4)

RT ) h
2

1

sin(θ1b

2
+

θ2b

2
- 90° - φ

2)
(5)

φ ) arctan(ba) (6)
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whereb is the height anda is the width.

Equation 5 also gives the radius of curvatureRE for an elliptical
channel with angleφ and lengthh, defined by eqs 8 and 9.
Becauseφ is the angle between the horizontal axis and tangent
line of the ellipse (Figure 7c), it is a function ofa andb, the
length of two principal vertices of the eclipse, andx the distance
between origin (x ) 0) measured from the center of the fiber and
liquid layer. The radius,RE, decreases as the wetting interface
moves away from the origin (x ) 0) to the corner edge of the
microchannel (x ) a), andφ varies from 0° at x ) 0 to 90° at
x ) a, wherea denotes the half-width of the microchannel.

The corner angleφ is given by:

wherea andb are the two principal vertices of ellipse, andx is
the distance from interface ona from the center.

wherea andb are the two principal vertices of ellipse andx is

the distance of wetting interface ona from the center.φ is the
corner angle described by eq 8.

For the case where the rotational symmetry is used to describe
an elliptical channel (Figure 7d), the radius of curvature (RE′) is
also given by eq 5. However, theφ andh are now given by eqs
10 and 11.

In general, for the rectangular microchannel, the radius of
curvature RR of the liquid-air interface is constant along
the width of the channel. There exists a critical pressurePmax

(Pmax ) ∆P ) γ/R1)11,12 over which the pressure at the liquid
(water) side is larger, and the liquid breaches the liquid-air
interface so that the channel fills with liquid. For the case of
press-fit elliptical microchannels, the radius of curvature for the
liquid-air interfaces varies with the width of the channels and
is largest near the glass fiber and smallest at the edges. A larger
Pmax is expected if the air-liquid interface is located near the
corner edge.

Figure 6. Schematic three-dimensional illustration of the focused
liquid inside four different types of microchannels: (a) rectangular,
(b) triangular, (c) elliptical, and (d) elliptical with rotational symmetry
from (c). (Drawings are not to scale.)

h ) [b - bx
a ] 1

cos(-θ1b + θ2b + φ

2 )
(7)

φ ) arctan(ba 1

x(ax)2
- 1) (8)

h ) [bx1 - (xa)2] 1

cos(-θ1b + θ2b + φ

2 )
(9)

Figure 7. Schematic illustration of the wetting curvature (dotted
line) and the radii of curvature of a liquid (water) in contact with
two hydrophobic walls that have two different contact anglesθ1b
and θ2b. Four different types of microchannels are shown: (a)
rectangular, (b) triangular, (c) elliptical, and (d) elliptical with
rotational symmetry from (c).

φ ) arctan(ba 1

x( a
a - x)2

- 1) (10)

h ) [b - bx1 -
(a - x)2

a2 ] 1

cos(-θ1b + θ2b + φ

2 )
(11)
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Water (surface tension) 0.1 N/m at room temperature), with
a radius of curvature of 5µm at the interface, requires an
overpressure of 2× 104 Pa1 0.2 atm, or 152 mmHg2 to obtain
wetting. This means a hydrophobic corner with small radius of
curvature does not wet easily and the geometry of a microchannel
is extremely important in maintaining a stable boundary layer
flow. In general, maintaining such flow in a hydrophobic
rectangular-shaped microchannel (Figure 6a) is more difficult
when compared to an elliptical (Figure 6c and d) or triangular-
shaped channel (Figure 6b).

The wetting meniscus radius of curvature variation along the
width of different channel types shown in Figure 8 summarizes
our explanation. All four geometries illustrated in Figure 7 have
the same channel height (b ) 12µm), width (a ) 100µm), and
wetting angle (θb ) 110°) as summarized in Figure 8a. For each
geometry, the radius of curvature of the wetting interface may
be calculated along the width of the channel using eqs 4-11.
Because the wetting angleθb is the same for parallel or adjacent
wetting edges,θ1b andθ2b are replaced byθb whereθ1b ) θ2b

) θb ) 110°.
The rectangular channel has a constant radius of curvature

that equals 17.5µm and a critical pressure (Pmax) of 0.056 atm
(Figure 8b). The elliptical channel (rotational symmetry case)
has a radius of curvature of 4.9µm (Figure 8b). ThePmaxis 0.201
atm with a boundary width of 35µm. This analysis shows an
elliptically or triangularly shaped microchannel can tolerate a
much larger overpressure due to the smaller radius of curvature
at the hydrophobic corners with low corner angles. This provides
an environment favorable to a stable boundary layer where the
liquid is always effectively pinned at the center location near and
adjacent to the fiber of the channel. A balance between the pressure
of the boundary layer and the critical pressure,Pmax, is found at
this location, which translates into a stable boundary layer.

At the conditions given above, a microchannel with triangular
geometry has a corner angleφ ) 6.8°. For two elliptical

geometries,φ varies from 0° to 90° along the width of the channel.
The condition (θ1b/2+ θ2b/2> 90° + φ/2) predicts a discontinuity
behavior atφ ) 40° where the conditionθ1b/2 + θ2b/2 ) 90°
+ φ/2 is reached. This is of particular interest because, at this
point, a small change in either wetting angle or corner angle can
result in a large discontinuous transition in wetting behavior.
Such is the case where the conditionθ1b/2 + θ2b/2 < 90° + φ/2
is reached. By increasingφ to a value larger than 40°, the
equilibrium wetting configuration characterized by a hydrophobic
wetting curvature can suddenly change discontinuously, and
possibly transition into a hydrophilic wetting curvature where
the water layer spontaneously spreads out.

Summary of Mechanisms. Two mechanisms have been
identified to explain the experimentally observed and math-
ematically simulated wetting phenomena in a microchannel where
geometry and surface chemistry control the wetting. The first
mechanism, corner wetting, is based on the close proximity of
a hydrophobic (PDMS or OTS) surface and hydrophilic surface
(glass fiber) at the corner edge. These surfaces work together to
produce a net surface tension force that deforms and then fuses
the liquid at the two corner edges into a thin boundary layer. The
second mechanism, wall wetting, describes whether liquid flow
from wetted corners establishes itself as a stable boundary layer
flow or as a channel filling flow. The fluid boundary layer seeks
the lowest energetic state and expands through corner wetting
into corner edges that define the upper and lower parts of the
channel. The hydrophobicity of the PDMS and OTS and the
curvature of the PDMS surface prevent outward expansion, and
therefore stably focus the liquid boundary layer along the
hydrophilic glass fiber. Unlike triangular or elliptical channels,
rectangular channels have a constant radius of curvature and a
constant liquid-air interfacial area across the cross-section
of the channel; therefore, surface forces are insufficient to
constrain the boundary layer and the rectangular channel fills
with liquid.

Figure 8. (a) Schematic illustration showing the microchannel dimensions superimposed with four types of channel geometries (rectangular,
elliptical, triangular, and elliptical with rotational symmetry). All four geometries are constrained with the same channel height (12µm) and
width (100µm). Four wetting menisci (dotted lines) in contact with the top and bottom walls of the channels are shown at a distancex away
from the origin (wherex ) 0). The wetting angleθb is 110°. The variations in radius of curvature of the wetting meniscus along the width
of the channel are shown in (b). The radii of curvature (R) were calculated using eqs 4-11, wherea ) 100µm, b ) 12 µm, andθb ) θ1b
) θ2b ) 110°.
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Conclusions

We demonstrate liquid-air boundary layer formation in a
fluidic microchannel device constructed from a hydrophilic glass
microfiber and two hydrophobic surfaces (a flexible PDMS film,
and an inflexible glass or SiO2 wafer). This configuration forms
channels of semi-elliptical cross-section that direct water to a
boundary layer next to a glass fiber, which serves to guide and
center liquid flow in the middle of the channel. We employed
the Young-Laplace equation to develop a model that explains
how these boundary layers form in microfluidic channels. Model
simulations using FLUENT were compared to experimental
results and showed good agreement. These expressions permit
material surface contact angle to be combined with microfluidic
channel geometry and fluid properties to predict the microfluidic
devices’ boundary layer flow characteristics. This has advanced
our understanding of fluid flow in microfluidic channels with a
liquid-static air boundary layer and the application of surface
free energy to direct boundary layer fluid flow in these channels.
Together with our facile device assembly method, the model
will enable new types of microfluidic devices to be built to
predetermined flow and path specification where channel flow
characteristics are directed by the surface chemistry control within
the microchannel.
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