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Surface-Directed Boundary Flow in Microfluidic Channels
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Channel geometry combined with surface chemistry enables a stable liquid boundary flow to be attained along the
surfaces of a 12m 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-&@ 26 wide and
12 um high. Viewing this stream through a 2@n slit results in a virtual optical window wita 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 Yeuaglace equation,
solved using fluid dynamic simulation software, shows contact angles that exce®edill@brect the aqueous fluid
to a boundary layer next to a hydrophilic fiber with a contact angle°of/e 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 used to obtain these patterns. Hibara et al. developed a capillarity
restricted modification method for producing gdsjuid two-
phase flow inside of a microchanriél,while Huh et al.
demonstrated that an ailiquid two-phase flow generates 45

100 um wide liquid sample streams inside of an enclosed
hydrophobic microchannéf.These results suggest microfluidic
flow inside an enclosed microchannel system can be manipulated

by surface wettability, thus complementing capillafghemi-

Microfluidic devices are characterized by low sample intake,
nanoliter volumes, and minimal reagent consumptidiSurface
forces may play a dominant role in the formation of boundary
layers of liquids at an airliquid 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>~11

Zhao etal. achieved surface-directed liquid flow by patterning
surfaces with different free energies inside an enclosed rectangulal
microchannel2-14 Multi-stream laminar flow or photolithog-
raphy based on self-assembled monolayer (SAM) chemistry was
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cal® electrical’® mechanicaf® and optical® control methods
py 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 thénthis 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,
100um wide microchannels with a 12n apex! Geometry and
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surface forces, modeled using FLUENT (Fluent Inc., Lebanon, a
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 radiu
of curvature and constant liquidhir 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 99 that is, a triangular geometry with two e

hydrophobic edges adjacent to a hydrophilic one. Hydrophobic OTS cover

PDMS

Materials and Methods

Microdevice Fabrication and Visualization. The fabrication of d

apress-fit device capable of producing a microfiber-directed boundary PDMS (Hydrophobic)
layer follows the procedure described by Huang €t Biiefly, a \

glass fiber (12«m in diameter and either 4 or 10 mm in length) is ~ Glass fiber \\ - ) Corner regions
sandwiched betwesa 1 mm-thick poly(dimethylsiloxane) (PDMS) (HydrophilieN_" /g —

film and a hydrophobic octadecyltrichlorosilane (OTS)-modified OTS (Hydrophobic)

SiO, 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 12Q:m, 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 1(
um 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 um. Visual inspections of the fibers were used to Figure 1. (&) Scanning electron microscopy (SEM) image shows

select those that were sufficiently straight and of a suitable length (&) cross-sectional view of a press-fitted microchannel with dimen-

for constructing microchannels. Fibers were cleaned by ultrasoni- isr:czgitogclzazlgbg? é‘nt urQS%o%Totzglnith;ngg;o?Zs(ggirt]?r?ilcorg?jg\l/\i/ceg
cation in absolute ethanol for 5 min. The contact angle of the curved ’ Aam). geotp

. A, : filled with 1 mg/mL FITC under 127 mmHg vacuum on (b) a
glass fiber sur_face is difficult to measure o_IlrectIy. The contacEangIe hydrophilic cover glass and (c) a hydrophobic OTS-modified cover
of the glass fiber for purposes of modeling was chosen to°he 5

) . - lass (conditions given in text, scale bar is@@). (d) Schematic
Zﬁ;‘i’:‘z? g_gllgoss slide, cleaned with absolute ethanol, gives a Comaq(ilustration of the elliptical-shaped microchannel showing location

) - of triangular corner regions, and (e) schematic illustration of the
The PDMS was made from a Dow Corning Sylgard 184 silicone elliptical-shaped channel that is in a rotational symmetry from (d).
elastomer kit with a ratio of 10:1 elastomer base/curing agent. The (Drawings are not to scale.)

contact angle of the PDMS varied from8® 11C¢ and depends ) o .
on the curing condition, composition, and additives. Using a punch, Water into the sample well and drawing it through the device by
a sample well and an outlet port were created in the PDMS film, Pulling a vacuum (127 mmHg) at the outlet. Sufficient adhesion to
and these ports were completed when the film was pressed onto d0rm a tight liquid seal under pressure is achieved when either one
wafer or glass slidéTubing (Platinum-cured silicone 0.64 mmo.d., OF both surfaces are hydrophobic. Evaporation, associated with the
0.30 mm i.d. Catalog no. C-96115-00 Cole-Parmer, Vernon Hill, 9as-liquid interfaces and the use of vacuum to produce pressure-
IL) placed in the outlet hole and glued using uncured PDMS connects driven flow that pushes liquid through the device in a continuous
the outlet port to a 50 mL syringe, which serves as a vacuum sourceManner, is less than 0.05% of the volume of fluid flowing through
while the sample well remains at ambient atmospheric pressure. Athe device. We calculated this value assuming isothermal conditions
vacuum sufficient for atmospheric pressure on the sample well to @hd vapor/liquid equilibrid.In actual practice, water loss may be
push fluid through the device at a rate of 5nL/min is obtained ~larger than 0.05% because PDMS is a porous polymeric material
measured by a vacuum gauge (Catalog no. C-68004-00, 30-0in. Hg, The particular device used in this work has wells that are open
Cole-Parmer, Vernon Hill, IL) connected to the 0.64 mm o.d. tubing t© the atmosphere. The atmospheric pressure at the sample well
by a Tee fitting (Catalog no. U-433, Upchurch Scientific, Oak Harbor, Pushes the liquid from the well along the flow path toward the lower
WA). The fluid itself was deionized water. The modificationof §i0 ~ Pressure region at the outlet. For a single channel device, the air left
wafer (1000Wafer World, West Palm Beach, FL) surface with OTS ~ Within the channel at partial vacuum is a stagnant layer. For a
was carried out as described by Huang é2@he contactanglewas ~ Multichannel device, air flows in from one sample well, and water
(model #100-00, RafmeHart Instrument Co., Netcong, NJ). that is trapped between surfaces of a device that has hydrophobic
This fabrication technique is referred to as “press-fit’ because the Surfaces. In the cases discussed in this paper, the air is adjacent to
flexible PDMS film is pressed onto the inflexible OTS-coated wafer the liquid layer and results in the liquid phase flowing through the
causing the film to fit around the fiber. The PDMS adheres to the device, with a stagnant layer of air trapped inside the device.
OTS surface, forming an elliptically shaped channel with a liquid-  S¢anning electron microscopy (Figure 1a) showing the cross-
tight seal around the fiber. Microfiber-directed boundary layers are S€ction of the microchannel was carried out on a JEOL JSM-840

observed in press-fit microdevices by pipetting a volume gt 1~ Via sputter coating with Au/Pd. The magnification was Z58t 5
kV. Confocal microscopy of press-fit devices filled with 1 mg/mL

. . . FITC (fluorescein isothiocyanate) in deionized water was performed
(22) Huang, T. T.; Geng, T.; Akin, D.; Chang, W.-J.; Sturgis, J.; Bashir, R.; . . . .
Bhunia, A. K.; Robinson, J. P.; Ladisch, M. Riotechnol. Bioeng2003 83, using aB'O'Rad (Hercules,_CA) Rad|anc_e 2100 MP Rainbow System.
416-427. To obtain better confocal images, a thin cover glass (No. 1;-130

PDMS (Hydrophobic)

OTS (Hydrophobic)
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170uminthickness, Catalog no. 48404-143, VWR, South Plainfield, The second stage is the subsequent wetting of microchannel
NJ) was used as substrate instead of OTS-modified; Sigfer walls formed by PDMS and OTS surfaces along the length of
(suggested by Jennifer Sturgis of the Purdue University Flow the glass fiber, which stabilizes the boundary layer. For both
Cytometry Laboratory). The cover glass was either modified with stages, geometry and surface chemistry control the wetting.
OTS using techniques described above to achieve hydrophobic Stage One: Initial Corner Wetting. The development of the

surfaces or ultrasonically cleaned in ethanol to render the surfacemicrofiber-directed boundary layer is controlled by the initial

hydrophilic. While holding a vacuum at 127 mmHg at the device ina behavi he mi h | d icularl
outlet, the cross-section of the boundary layer containing FITC was Wetting behavior at the microchannel entrance, and particularly

scanned through a 40/1.30 N.A. oil immersion objective withan  the corner regions formed by PDMS/glass fiber and OTS/glass
argon laser (blue) at 488 nm wavelength. The FITC fluorescence fiber. These corner regions arise from the elliptical geometry of
emission was directed to a high sensitivity photon multiplier tube the press-fit device (Figure la, d, and e). The channels are
(PMT) whose signal was acquired by Bio-Rad LaserSharp 2000 symmetric along the length of the fiber, and hence the symmetrical
software and displayed as an image. representations of Figure 1d and e are used for the model. While
Confocal microscopy shows the liquid (light color in Figure 1b) Figure 1d is useful in describing the channel geometry under
completely fills the microchannel formed by the sandwich of a 12 ampjent pressure, Figure 1e describes the channel under 126
umglass fiber between PDMS and a hydrophilic cover glass, resulting mmHg vacuum where the deformation of PDMS produces a
in single phase flow. On the other hand, formation of fluid boundary geometry that is in a rotational symmetry from Figure 1d, and

layers around the glass fiber (Figure 1c) is achieved when the . . . ;
hydrophilic cover glass is replaced by a hydrophobic OTS-modified conS|ste_nt with the confocal mage of F|gure_ 1b.' We use both
cover glass. The boundary layer is 38 in width measured from geometries to model the wetting phenomena inside of the press-

the outer edge of the fiber. These observations, as well as visualfit microchannel.

microscopy showing the formation of boundary layers, led to the Figure 2 illustrates different possibilities of static corner wetting

question of how surfaces with different hydrophobic character might of water in rectangular (Figure 2al, left panels), triangular

be used to control the width and thickness of boundary layers flowing (middle), and elliptical microchannels (right side of Figure 2).

through a microfluidic device. In the case where all surfaces are hydrophobic, a boundary layer
The system in which a fiber is placed between OTS and PDMS will not form (Figure 2a). Surface wettability at microchannel

is ideal for rapid assembly of devices that begin to address how \ya|is is a function of the locations of the hydrophobic or

materials with defined hydrophobic character may be used to control o philic surfaces. The boxed selection in Figure 2¢ corresponds

gﬁil:);]iccjglr)::r?ggség%nm; g?g\igggtg)r;J\?glhg;)qpﬂﬁafﬁ?gssﬁgp?gg to the experimental configuration shown in Figure 1c that

illustrates boundary layer formation next to the fiber. The

microfluidic flow. Computational fluid dynamic simulation was i ) - )
carried out to better understand how such devices might be devised"Ydrophilic glass fiber surface adjoins hydrophobic PDMS and
hydrophobic OTS surfaces to form an elliptical microchannel.

to function in a predictable manner. Y 'S ) \ & \an
Computational Fluid Dynamic Simulation. Computational fluid Air buffers the liquid flow against filling a channel consisting

dynamic simulations were carried out using FLUENT 6.0’s volume of two adjacent, hydrophobic surfaces (Figure 2c).

of fluids (VOF) model. The model allows unsteady transient tracking ~ For static wetting of a liquid between two surfaces, the

of the interface between the air and liquid. In our case, a single setminimization of surface area of a liquid may result in a curved

of momentum equations is shared by two fluids (i.e., air and water), interface. In the curved wetting interface (Figure 3a and b) created

and the volume fraction of each fluid in each cell is tracked by py |iquid (water) wetting a corner, the pressure on the concave

solution of continuity equations for the volume fraction of one (Or giqe (ajr for this case) is higher than the pressure on the convex
more) phase. The VOF model used in this study includes the eﬁeCtside (liquid water). This relationship is described by eq 1, the
of surface tension along the interface between air and liquid. The Young-Laplace eduatioﬁ“ ’

wall adhesion effect is also included in the model. It imposes the
boundary condition at the surface. The surface tension and wall
adhesion modelin FLUENT uses the continuum surface force model

proposed by Brackbill et & Detailed mathematical descriptions ) ) ) o )
of the model are available as Supporting Information. whereAP s the pressure differenceis the liquid surface tension,

Using the model provided by FLUENT, the position of the air andeanngare the radii of curvature in directions perpendicular
liquid interface may be tracked after application of initial boundary and parallel to the liquid stream.
conditions, which include the microchannel geometry and dimensions ~ The initial wetting behavior of a wetting liquid (water) at a
(elliptical geometry with 12um fiber (minor axis) and 10&:m corner under ambient conditions is a function of both the geometry
channel opening (major axis)), surface tension parameters of theand the surface free energies of the microchannel. The radius of
liquid phase (water, 0.1 N/m), and, most importantly, the wetting curvatureR, corner angles, arc lengthh, and wetting angl@y

angles at walls. We refer to a surface as hydrophobic where the ; ; ; .
liquid (water) wetting angle is 90or higher and hydrophilic where at the comer edges described by Figure 3a are given by eq 2:

AP = y(1/R, + 1/R)) (1)

the wetting angle is less than 45imulations may be performed h 1

in either two or three dimensions, and for transient or steady wetting R=_ (2)

behaviorsinside a microchannel with predefined surface free energies. 2 sir(90° -6, — Q)

This paper presents results for both transient and steady-state behavior. 2

The solution illustrates the impact of triangular corners on microfluidic ) ) ) o

boundary layer formation. whereh is the arc lengthg, is the wetting angle of the liquid,

and¢ is the corner angle of the edge. The Concus and®inn

Results and Discussion condition derived from eq 2 assumes tiiigt< 90° — ¢/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 transportin tall trees through hollow cells with a polygonal

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.

(24) Adamson, A. WPhysical Chemistry of Surfacesth ed.; John Wiley:
(23) Brackbill, J. U.; Kothe, D. B.; Zemach, G. Comput. Physl1992 100, New York, 1990; pp 410.
335. (25) Concus, P.; Finn, RProc. Natl. Acad. Sci. U.S.A.969 63, 292.
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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 coetact angl
of 90° or higher. Hydrophilic corresponds to less tharf:4%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.)

A large corner angle with hydrophilic wall®{ < 45°) that
5 . satisfies the conditiofl, + ¢/2 > 90° may represent a wetting
2 4 liquid that can no longer spread along the corner edges; however,
sin(90 -6, *5) formation of a “spherical edge blob” is possible near the entrance
of the microchannel® A wetting liquid’s spreading advance, or
Condition: g, <90°_£ 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?” and Dong et a#®
When a hydrophobic wetting edge is placed adjacent to a
hydrophilic one (Figure 2c and d), corner wetting and spreading
h 1 may occur as long as the conditiéy/2 + 6,y/2 < 90° — ¢/2
R= 5 6, 6, ¢ is met. This wetting curvature described by Figure 3b has a
sin(90" ==+ —=—"-2) radius of curvatureR that is now given by eq 3. The wetting
angles of water in contact with two wetting wedgeés,andf,y,
together with the corner angle, predict the wetting behavior

R=

Condition: %Jr% <90° — ¢

2 P at a corner.
H
ydrop]’ilic h 1
Figure 3. Schematic illustration of the wetting interface and radius R=3 0, 0Oy P 3)
of curvature of a liquid (water) at a corner in contact with (a) two sin{90° — >33

hydrophilic wetting edges, and (b) a hydrophobic wetting edge
adjacent to a hydrophilic one characterized by two different contact
anglesf1, and 64, Simulation of Stagnant Liquid at a Corner with Different
Contact Angles.The FLUENT simulations of corner wetting
cross-section conduit as well as the behavior of capillary surfacesmodel experimentally observed microdevice behavior based on
in microgravity?> Hydrophilic wetting of corner edges requires  the corner edges of an elliptical microchannel with dimensions
a microchannel witl9, < 90° — ¢/2. We apply this condition of 12 um fiber (minor axis) and a 10@m channel opening
to predict the liquid wetting and spreading behaviors at corners (major axis) (Figure 1d). Our fabricated microchannels varied
with arbitrary surface wettability. from one device to the next with channel half-widths ranging
When walls of the microchannels are hydrophobic (contact from 100 to 12Q:m. We used the width of 1Qam for the model.
angled, > 90°) (Figure 2a), initial wetting and spreading of The physical parameters used in the FLUENT simulations are
water at corner edges does not occur because wetting is nothose of water at 28C and atmospheric pressure: liquid density
energetically favored. Wetting and spreading of liquid along = 1000 kg/n%; viscosity= 0.001 Pa s; surface tensien0.1
corner edges occurs when the walls are hydrophflic<{ 45°) N/m. Depending on the hydrophobic and/or hydrophilic character
(Figure 2b). A smaller corner angtgas in the case of triangular
and elliptical channels) is more easily wetted because a small g% gggcuih Pé ﬁ;??i’sﬂfahyéaﬁé?édﬁﬁ?ficto’s 35?1995 172 278
Wett'f‘g angle is not required to meet the Concus and Finn (28) Dong: M..;’ DuIIien,’F. A Chatzis, . Colloid Interface Sci19.95 172,
condition of eq 2. 21.
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Table 1. Boundary Conditions (i.e., Contact Angle for Surfaces)
for Simulations Shown in Figure 4

top surface bottom surface
figure fiber surface (PDMS) (OTS wafer) Glass fiber | Initial patch
4b 5 5° 5° / (water)
4c 150 150 150 g
4d 5 100 110 _ _I
4e 5 150 150
4f 5° 150° 150° b —
Hydrophilic (8,=5")

of adjacent surfaces, specific boundary conditions such as wetting
angleg, at microchannel walls were chosen for each run (Table
1). We tested the effect due to a channel half-width of#8

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 d
um by 5um) with liquid (water), followed by transient tracking
of liquid—air interface. A steady-state solution is usually reached
within a few microsecondsu§) 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 tensio
gradient. The liquid deforms and flows toward the hydrophilic _ |
surface so that the water achieves an energetically stable state ) t=0448

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 Figure 4. Simulation results of the expected wetting behaviors of
occurs before the spreading advance reaches the microchannedn initially static liquid (water) at two corner edges of an elliptical
outlet as demonstrated previou$Before simulation, the corner ~ Microchannel with various predefined wetting angles. (Note the red
region (now 6um x 6 um) is patched with liquid (water). The regions indicate water, while the blue regions indicate air.) Boundary

; : - - conditions for (b)-(e) are given in Table 1, while (f) is a time-
simulation shows how boundary layer formation along the fiber sequence snapshot of wetting behavior at the corners. Width of

starts with the wetting of two corner edges of the elliptical channel channel from the center of the fiber to the edge is 46§ which
(t = 0), followed by deformation of the liquid due to the results in an aspect ratio of approximately 8:1 (channel width to
hydrophobicity of the channel wall$ £ 0.4, 0.8, and 1.&s). height (12um)).
Once the liquid held in the two corners merges together, a
boundary layer is formed. and flowed through the device. Both visible light (Figure 5a,b)
Experimentally, the wetting of the top left and the bottom left as well as confocal microscopy (Figure 1c) showed formation
corner is achieved through capillary action in the absence of aof a stable boundary layer whose characteristic thickness and
pressure gradient across the fiber length. When vacuum is appliedvidth did not change during the 10 min duration of the run.
at the device outlet, the wetting liquid at the top and bottom  Stage 2: Stable Boundary Layer FlowA pressure gradient
corner edges begins to merge and forms a stabteligirid parallel to the boundary layer draws a liquid from the well into
interface. This interface between the top and bottom walls of the the channel, and it initiates the movement of the liquid along the
microchannel is stable for the 10 min duration of the run as long fiber and causes it to expand outward from the corner edges and
as a constant partial vacuum is maintained at the outlet. This partially fill the microchannel. The application of a pressure
mechanism was confirmed by a press-fit device constructed from gradient produced by a positive pressure at the inlet or a partial
10 mm long glass fiberd, = 5°) placed on a PDMS surfacéy vacuum at the outlet spreads the liquid along the length of the
= 89—-11C) and pressed on an OTS derivatized wafty € fiber and the corner edges. It facilitates the outward expansion
110) to form hydrophilic (glass fiber) and hydrophobic (PDMS  of liquid from two corner edges. The air that is trapped in the
and OTS) surfaces in close proximity to each other. ALL channel touches three surfaces: PDMS, OTS, and the aqueous
volume of deionized water was placed into the well on the slide boundary layer next to the fiber. The surface activity of PDMS

ybic (8, =100

t=15pS
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2534 mmHeg, t=0min t=35min
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Figure 5. Photomicrograph showing boundary flow is stable for at least 10 min. A hydrophilic glass filken 2210 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. Watenl(} 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 (¢). When vacuum is again applied, flow occurs and the boundary layer returns to its original thickness (scale bar
is 100um).

and OTS channel walls prevents the liquid from completely angles of the liquid in contact with two parallel wetting edges.
wetting the channel and focuses the liquid stream along the For a triangular-shaped channel, the radius of curvaRire
hydrophilic glass fiber. depends on the triangle’s corner angleas shown in eq 5:
The resulting boundary layer that forms next to the fiber (Figure
6) may also be explained by the Younbaplace equation (eq

R, = h 1 5
1). Because the radius of curvatuRgin the direction parallel T 2 (91b ) ()
sin

0

to the boundary layer is infinite, eq 1 simplifiesAd® = y/R;. > + 72b - 90° — (E]b
The pressure in the concave side (water) is now higher than the

ressure in the convex side (air). The radius of curvature of the . -
iFr)ﬂerface between airand Wat(er i?lside the microchannel promotesThe are length of the menlscds,due_ to hydrophoblC-dlrepted
the stability of a boundary layer formed adjacent to hydrophobic WEtting between two walls, the wetting angles of the liqéig,
surfaces in rectangular, triangular, and elliptical channels (Figure 21d @1, in contact with two wetting edges, a corner, and the
7). From confocal images shown in Figure 1b and ¢, the channel Orner angle of the triangl@, is illustrated in Figure 7b. For a
geometry and boundary layer under vacuum are similar to what {fiangle with heighia, and widthb, the comer angle and arc
is illustrated in Figure 6d, and to a lesser degree, that illustrated €ngthh are given by egs 6 and 7. The condition for hydrophobic
in Figure 6b and c. wetting is now01/2 + 0,4/2 > 90° + ¢/2. Hence, for a PDMS

Effect of Channel Geometry and Contact Angles on  Surface with a contact angle of 10and an OTS surface with

Meniscus ShapeThe radius of curvature of the wetting meniscus @ contact angle of 120the condition predicts a corer angle

R depends on channel geometry and contact angles. Equatiorfhat cannot be greater than"3e maintain a stable hydrophobic

4 givesRg as a function of channel heightand wetting angles ~ Wetting interface. As predicted by this condition, there is a

61,andb-p for a rectangular channel (Figure 7a). A hydrophobic discontinuous transition in wetting behavior at the crossing point

wetting interface is formed when c@sp, + cos 6z, < 0. wheref1y/2 + 021/2 = 90° + ¢/2 (or ¢ = 30°). When61y/2 +

020/2 < 90° + ¢/2 (or¢ > 30°), a hydrophobic wetting curvature

—h cannot be stably maintained and the water layer will spread out.

€0s0,, + cosb,,

Re = (4)

_ b
whereh is the channel height, arti, and 0, are the wetting ¢= arctar(;) 6)
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Hydrophobic
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.)

whereb is the height and is the width.

_ [ _bX 1
" [b al S(_elb + 0t ¢) @
co f

Equation 5 also gives the radius of curvatiBgdor an elliptical
channel with anglep and lengthh, defined by eqs 8 and 9.
Becausep is the angle between the horizontal axis and tangent
line of the ellipse (Figure 7c), it is a function afandb, the
length of two principal vertices of the eclipse, arithe distance
between originX = 0) measured from the center of the fiber and
liquid layer. The radiusRe, decreases as the wetting interface
moves away from the originx(= 0) to the corner edge of the
microchannelX = a), and¢ varies from 0 atx = 0 to 9C at
X = a, wherea denotes the half-width of the microchannel.

The corner angl® is given by:

e

wherea andb are the two principal vertices of ellipse, arnis
the distance from interface anfrom the center.

_|n /1 X 2| 1
n= [b ! (a) 005(_01b 0t 4’) ®)
2

wherea andb are the two principal vertices of ellipse ards

b
= arctan -
¢ a

8)
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Equation (4)

Condition: cos#,, +cos8,, <0

Hydrophobic @,

Equations (5), (6), (7)
6. 4

glh 2b °
ition: ——+—->90"+=
Condition: 5 5 5

Equations (5), (8), (9)

¢

Condition: G + O >90° +=
2 2 2

Equations (5), (10), (11)

6, 6 ¢

Condition: %» + 20 S 907
2 2

0 8,7

X Hydrophobic
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 andgles
and 6y, Four different types of microchannels are shown: (a)
rectangular, (b) triangular, (c) elliptical, and (d) elliptical with
rotational symmetry from (c).

the distance of wetting interface @nfrom the center¢ 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 curvatire)(is
also given by eq 5. However, tlgeandh are now given by eqs
10 and 11.

¢ = arctan= L - (20)
a ) 1
=
1
11
S(_01b+02b+¢) (D
cog— 5

In general, for the rectangular microchannel, the radius of
curvature Rz of the liquid—air interface is constant along
the width of the channel. There exists a critical pres$us
(Pmax = AP = y/Ry)112 over which the pressure at the liquid
(water) side is larger, and the liquid breaches the lienaiol
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 airliquid interface is located near the
corner edge.
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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 heighjt#hd

width (100um). Four wetting menisci (dotted lines) in contact with the top and bottom walls of the channels are shown at axi&stayce

from the origin (wherex = 0). The wetting angl®, is 11C. The variations in radius of curvature of the wetting meniscus along the width

of the channel are shown in (b). The radii of curvatu®e\ere calculated using eqs-41, wherea = 100um, b = 12 um, and, = 61,

= 02b =11C.

Water (surface tension 0.1 N/m at room temperature), with  geometriesp varies from 0 to 9¢° along the width of the channel.
a radius of curvature of xm at the interface, requires an The condition @142 + 622 > 90° + ¢/2) predicts a discontinuity
overpressure of Z 10* Pa 0.2 atm, or 152 mmHgto obtain behavior aip = 40° where the conditiof1y/2 + 0,/2 = 90°
wetting. This means a hydrophobic corner with small radius of + ¢/2 is reached. This is of particular interest because, at this
curvature does not wet easily and the geometry of a microchannelpoint, a small change in either wetting angle or corner angle can
is extremely important in maintaining a stable boundary layer result in a large discontinuous transition in wetting behavior.
flow. In general, maintaining such flow in a hydrophobic Such is the case where the conditiy/2 + 0,y/2 < 90° + ¢/2
rectangular-shaped microchannel (Figure 6a) is more difficult is reached. By increasing to a value larger than 40the
when compared to an elliptical (Figure 6¢ and d) or triangular- equilibrium wetting configuration characterized by a hydrophobic
shaped channel (Figure 6b). wetting curvature can suddenly change discontinuously, and

The wetting meniscus radius of curvature variation along the possibly transition into a hydrophilic wetting curvature where
width of different channel types shown in Figure 8 summarizes the water layer spontaneously spreads out.
our explanation. All four geometries illustrated in Figure 7 have Summary of Mechanisms. Two mechanisms have been
the same channel height £ 12um), width @ = 100um), and identified to explain the experimentally observed and math-
wetting angle §, = 110°) as summarized in Figure 8a. For each ematically simulated wetting phenomenain a microchannel where
geometry, the radius of curvature of the wetting interface may geometry and surface chemistry control the wetting. The first

be calculated along the width of the channel using egq$# mechanism, corner wetting, is based on the close proximity of
Because the wetting anglig is the same for parallel or adjacent  a hydrophobic (PDMS or OTS) surface and hydrophilic surface
wetting edgesf1, and 6y, are replaced by, wheref:p = 602, (glass fiber) at the corner edge. These surfaces work together to
= 0p = 110. produce a net surface tension force that deforms and then fuses

The rectangular channel has a constant radius of curvaturethe liquid at the two corner edges into a thin boundary layer. The
that equals 17.am and a critical pressuréfa,) of 0.056 atm second mechanism, wall wetting, describes whether liquid flow
(Figure 8b). The elliptical channel (rotational symmetry case) from wetted corners establishes itself as a stable boundary layer
has aradius of curvature of 4uén (Figure 8b). Th&maxis 0.201 flow or as a channelfilling flow. The fluid boundary layer seeks
atm with a boundary width of 3am. This analysis shows an  the lowest energetic state and expands through corner wetting
elliptically or triangularly shaped microchannel can tolerate a into corner edges that define the upper and lower parts of the
much larger overpressure due to the smaller radius of curvaturechannel. The hydrophobicity of the PDMS and OTS and the
atthe hydrophobic corners with low corner angles. This provides curvature of the PDMS surface prevent outward expansion, and
an environment favorable to a stable boundary layer where thetherefore stably focus the liquid boundary layer along the
liquid is always effectively pinned at the center location near and hydrophilic glass fiber. Unlike triangular or elliptical channels,
adjacentto the fiber of the channel. A balance between the pressurgectangular channels have a constant radius of curvature and a
of the boundary layer and the critical pressufgay, is found at constant liquid-air interfacial area across the cross-section
this location, which translates into a stable boundary layer.  of the channel; therefore, surface forces are insufficient to

At the conditions given above, a microchannel with triangular constrain the boundary layer and the rectangular channel fills
geometry has a corner angle = 6.8°. For two elliptical with liquid.
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