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We present a capillary flow system for liquid transport in microsystems. Our simple microfluidic

system consists of two planar parallel surfaces, separated by spacers. One of the surfaces is

entirely hydrophobic, the other mainly hydrophobic, but with hydrophilic pathways defined on it

by photolithographic means. By controlling the wetting properties of the surfaces in this manner,

the liquid can be confined to certain areas defined by the hydrophilic pathways. This technique

eliminates the need for alignment of the two surfaces. Patterned plasma-polymerized

hexafluoropropene constitutes the hydrophobic areas, whereas the untreated glass surface

constitutes the hydrophilic pathways. We developed a theoretical model of the capillary flow and

obtained analytical solutions which are in good agreement with the experimental results. The

capillarity-driven microflow system was also used to pattern and immobilize biological material

on planar substrates: well-defined 200 mm wide strips of human cells (HeLa) and fluorescence

labelled proteins (fluorescein isothiocyanate-labelled bovine serum albumin, i.e., FITC-BSA) were

fabricated using the capillary flow system presented here.

1 Introduction

Control of liquid is of principal importance in almost all

microfluidic systems.1 Often mechanical and electric control is

used, such as valves,2 electrohydrodynamic pumps,3,4 electro

wetting systems,5 pressure-driven membrane pumps,6 bubble

pumps,7 or rotary pumps.8 However, a simple way of

transporting liquid is by capillary action. Capillarity or

capillary action is a common physical phenomenon, where

liquids wet the interior of capillaries. The liquid penetrates into

for instance narrow tubes, fine pores, cracks or channels due to

an energy gain obtained by extending the solid–liquid interface

while at the same time reducing the solid–gas interface.9

Capillary effects dominate in microfluidics due to the large

surface-to-volume ratio.

Conventional capillarity-driven systems consist of closed

micro channels, where the liquid is completely confined by

walls in all directions perpendicular to the flow. The liquid

sample is transported from a reservoir to a waste, and on its

way, the liquid can, e.g., be subjected to different reagents or

reactions, which can be monitored by a sensor unit.10–13 In this

paper, a single sided capillarity-driven system is presented. The

system, referred to as a surface-directed flow system, is an

open-channel system without sidewalls, consisting of parallel

top and bottom surfaces separated by a spacer layer, see Fig. 1.

The liquid is confined to a hydrophilic pathway on only the

bottom surface, without propagating sideways into surround-

ing hydrophobic areas. Other groups have developed similar

surface-directed flow systems,14–16 but in these the top and

bottom surfaces had identical hydrophilic pathways which

necessitated an accurate alignment procedure. In the system

presented here however, only the bottom surface is provided

with hydrophilic pathways, whereas the top surface is

completely hydrophobic. The need for a tricky alignment of

the surfaces is thereby eliminated.

The structure of the paper is as follows: In section 2 we

present a theoretical model of the system and an analytical

solution for the position of the liquid meniscus as a function of

time. The solution is derived from conservation of momentum

and from surface energy considerations in a simplified

geometry and under the assumption of ideal Poiseuille flow.

In section 3.1 we describe the fabrication of the system, where

a plasma-polymerized fluorinated polymer was used as the

hydrophobic surface material.17–21 The fluorinated coating

was deposited on an untreated glass substrate by low-energy

plasma polymerization of hexafluoropropene (referred to as
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Fig. 1 An open-channel surface-directed flow system. The image,

which shows the liquid meniscus after travelling a distance correspond-

ing to five channel widths, originates from a FVM (Finite Volume

Method) simulation. The modelling tool CFD-ACE+ was used. The

flow system consists of a coated glass substrate (bottom) and lid (top).

A hydrophilic pathway, is surrounded by hydrophobic areas on the

substrate, whereas the lid is completely hydrophobic. Spacers at the

edges (not shown) separate the surfaces.
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ppHFP). The low plasma energy density is advantageous, since

functional groups, such as the fluoro-groups here, are

maintained to a higher degree compared to conventional

(higher energy) plasmas. The low-energy plasma used in this

study was created using low frequency AC, but other methods

are possible: pulsed RF,22 CW-RF23–25 or DC.26 Hydrophilic

pathways were created in the ppHPF by a photolithographic

lift-off process that exposed the untreated glass of the

substrate.27,28 In section 3.2 we describe the measuring setup.

In section 3.3 and 3.4 we extend our system to a biochip. To

demonstrate applications of surface-directed flow, other than

just liquid transport, the technology was also used to pattern

both proteins, in this case fluorescein isothiocyanate-labeled

bovine serum albumin (FITC-BSA) and human cells (HeLa)

on planar surfaces. Thin protein and cell strips, 200 mm in

width, were fabricated on standard format borosilicate glass

slides.

In section 4 we present the experimental results, and

compare them to our simple model calculations. Finally in

section 5 we conclude.

2 Theory

Consider the capillary flow system, shown in Fig. 1, formed by

two horizontal, parallel, hydrophobic coated glass plates

separated by a distance a. On the lower plate a linear

hydrophilic track of length L and width b is formed as shown

in Fig. 2. The liquid flowing in this capillary is assumed to have

the static contact angles h1 and h2 on the hydrophilic and

hydrophobic surfaces, respectively.

Far from the entry and the end meniscus, the shape of the

lateral cross-section of the liquid column in the capillary is

expected to be a single circle intersected by the two planar

surfaces due to vertical stability, see Fig. 2(b). The contact

angle ht at the top surface equals the static contact angle,

ht 5 h2, due to lateral stability. At the bottom surface, the

hydrophilic surface is fully wetted and the meniscus is pinned

at the boundaries to the hydrophobic regions. At this

boundary, the actual contact angle hb is between the two

static contact angles for the hydrophobic and hydrophilic

surfaces, i.e., h1 , hb , h2, as required by geometry. In the

limit of the infinitely small separation a of the two glass plates,

hb . p 2 h2. In the following, we will ignore the small effects

related to curvature of the liquid–air interface and thus assume

a rectangular lateral cross-section (of width b and height a) of

the liquid column.

The horizontal capillary system is connected to the liquid

feed volume at position x 5 0 at the time t 5 0. At time t

the meniscus is at the position x and moves with the speed _xx.

The contribution to the total momentum from the liquid in the

capillary is Pcapillary~%abx _xx, where the mass density, r, of the

liquid is assumed to be constant. The contribution to the total

momentum from the feed volume can be written as Pfeed^%Lab _xx,

where L is a characteristic length for the feed volume capillary

system. The characteristic length, L, is dependent on the feed

volume geometry and the flow pattern, but for a hemispherical

feed volume a reasonable estimate is L . R/2, where R is the

radius of the hemisphere. However, on the time scale relevant for

the present study this contribution is only of marginal importance.

First, because a small feed volume (50 mL) with an estimated

characteristic length L . 1.5 mm is used (far less than the

experimental capillary fill length), second, because inertial effects in

general are of minor importance on the experimental time scale

(Dt 5 0.04 s). Finally, numerical solution of the full equation of

motion has verified the very small influence from the feed volume

momentum hence we shall ignore it.

Conservation of momentum is the starting point for the

analysis of the dynamics of the capillary flow in the surface-

directed flowsystem. The temporal evolution of the total

momentum Ptot of the fluid is governed by Newton’s equation

dPtot

dt
~FczFfzFh (1)

where Fc is the capillary force, Ff is the viscous friction force

and Fh is the hydrostatic force. If the liquid is considered

incompressible, it follows that the equation of motion along

the horizontal x-axis becomes

%ab
d x _xxð Þ

dt
^FczFf (2)

The contribution to the total energy of the system due to

surface tension is

Ec 5 [2a 2 b(cos h1 + cos h2)] xclv + bL(cs1v + cs2v) + Amenclv (3)

where Young’s equation clvcos hi 5 csiv 2 csil
29 has been used

to express the energy, primarily in terms of the static contact

angles h1 and h2 between the liquid and surface 1 (the

Fig. 2 (a) Cross-sectional side view of a surface-directed flow system with width b, height a and length L (at equilibrium). The solid–liquid, liquid–

vapor and solid–vapor surface tensions, defining the contact angles, are also shown at the contact lines. (b) Cross-sectional front view. The liquid is

pinned at the vapor–liquid interface with an outward circular curvature (at equilibrium). The gravitational acceleration ḡ is marked.
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hydrophilic surface) and surface 2 (the hydrophobic surface)

respectively, and the surface tension clv of the liquid. cs1v and

cs2v are the surface tensions of the two dry solid surfaces 1 and

2, see Fig. 2(a). Amen is the area of the front meniscus at x. If

Amen is assumed to be independent of the position of the

meniscus, the capillary force is independent of the filling of the

capillary

Fc:{
LEc

Lx
~{ 2a{b cos h1zcos h2ð Þ½ �clv (4)

It follows that spontaneous liquid motion (capillary driven

flow) will occur if Fc is positive, which requires 2a/b , (cos h1 +
cos h2).

The force due to viscous friction Ff can be approximated by

assuming Poiseuille flow. The parabolic velocity profile

implied results in a uniform shear stress t 5 6g<v>/a on the

top and bottom plates, where g is the viscosity of the

liquid.30,31 Since to a good approximation the average flow

velocity equals the speed of the meniscus, SvT^ _xx, the viscous

force on the liquid is

Ff^{12g
b

a
x _xx (5)

The parabolic velocity profile implied in the Poiseuille flow

is valid in most of the channel. However, in a short transition

region near the entrance, where the Poiseuille flow is not yet

fully developed, the flow pattern is different, and the viscous

drag marginally larger than in the fully developed flow.

Likewise, near the front meniscus, the flow pattern is much

more complicated and a larger viscous drag is expected. These

effects are small enough that the Poiseuille flow assumption

can be justified for a first order description of the capillary

dynamics. This was confirmed by FVM (Finite Volume

Method) simulations, using CFD-ACE+.

Inserting eqns. (4) and (5) into eqn. (2) results in an

approximate equation of motion for the meniscus

d2 x2
� �

dt2
z

12g

%a2

d x2
� �

dt
z

2 2a{b cosh1zcosh2ð Þ½ �clv

%ab
~0 (6)

where d x2
� ��

dt~2x _xx has been used. This second order

differential equation for fully developed viscous incompressible

flow (Poiseuille flow) in a surface-directed flow system is analogous

to that of cylindrical capillaries, except that the constants differ.32

Ideally we would impose the initial conditions x(0) 5 0 and

_xx 0ð Þ~0 on the equation. However, if the time differentiations

in eqn. (6) are carried out and the condition x(0) 5 0 is imposed,

then the remaining terms on the left hand side of the equation are

the capillary force term and the term 2 _xxð Þ2. Thus only the first

initial condition can be fulfilled{, and the initial meniscus speed

must be _xx 0ð Þ~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b cosh1zcosh2ð Þ{2a½ �clv= %abð Þ

p
in order to

satisfy eqn. (6). This nonphysical condition, which requires infinite

acceleration at t 5 0, arises because we have ignored the feed

volume contribution to the total momentum. If the feed volume

momentum is included, a finite initial acceleration results, and the

required initial speed for the simplified solution is reached in a time

below the time resolution of the experiment. Thus, on the time

scale of the experiments this is without significance. The solution to

the simplified equation is

x tð Þ~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
clv%a3

72g2b
b cosh1zcosh2ð Þ{2a½ �

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12g

%a2
tzexp {

12g

%a2
t

� �
{1

s

(7)

For times longer than the momentum relaxation time of the

capillary system, t 5 ra2/(12g), the position is approximately

given by

x tð Þ^
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
clva

6gb
b cosh1zcosh2ð Þ{2a½ � t{tð Þ

r
, t&t (8)

In order to test the model against experimental data, it is

useful to study the behaviour in the long time regime, since the

relation

b:
1

a

d x2
� �

dt
^

clv

6g
cosh1zcosh2ð Þ{ 2a

b

� �
(9)

allows distinction between contact angle errors and other

liquid parameter errors if experimental data for different

aspect ratios a/b are plotted according to eqn. (9). The symbol

b defined in eqn. (9) is convenient for the discussions in the

experimental section.

The expression for the slope b in eqn. (9) is only valid for a

limited range of capillary aspect ratios, 0 , a/b ¡ 2 cot h2. At

an aspect ratio a/b . 2 cot h2 the fluid will start to partly wet

the hydrophobic region surrounding the hydrophilic track,

and both actual contact angles become equal to the static

contact angle of the hydrophobic surface, hb 5 ht 5 h2. As a

result, the capillary force and the slope b decrease at a

faster rate with increasing aspect ratio above this value.

Moreover, as seen from the simple geometrical considerations,

the condition for spontaneous liquid motion becomes

somewhat stronger, a/b , c1/c2, where c1~
1
2

cosh1{cosh2ð Þ
and c2 5 [sinh2 2 (2h2 2 p)/(2cosh2)].

3 Experimental and methods

3.1 Fabrication of the flow cell

500 mm standard boro-silicate glass wafers were used as

substrates (bottom) and standard format microscope slides

(ProSciTech G 300) were used as lids (top). The boro-silicate

wafers and slides were cleaned using pirañha [H2SO4

(98%) : H2O2 (30%), ratio 3 : 1] before processing. The

substrates were spin-coated with 4.2 mm thick photoresist

(AZ5214E from Clariant), which was patterned using conven-

tional photolithography, see Fig. 3(B), (C) and (D). The

lithography involved hotplate baking at 90 uC, UV-exposure,

and exposure to a photoresist developer (AZ351B from

Hoechst). The coating on the lid was not patterned.

After the photoresist steps, the ppHFP was deposited by

plasma polymerization using a simple (50 Hz AC voltage)

plasma generation technique. This technique has been

described in detail in previous work.27,28 The wafers and slides

were placed in the plasma chamber and the pressure was

decreased to 1.3 Pa. The wafers and slides were then pre-

treated in an argon plasma followed by a hydrogen plasma, 10 s

each and with a power density of 5 W L21. The purpose of the

argon and hydrogen plasma is to clean and activate the glass
{ In eqn. (6) we of course initially fulfil both x2 5 0 and then trivially
d(x2)/dt 5 0.
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surface, thereby improving adhesion. The power density was

subsequently lowered to 2.5 W L21 and a flow of 1-hexene

vapor (100 sccm) and argon (20 sccm) was fed into the

chamber for 30 s. The hexene (ppHexene) acts as an adhesion

layer for the ppHPF. After the deposition of ppHexene, the

plasma was stopped, and a flow of hexafluoropropene

(.98.5%, supplied by sABCR, Karlsruhe, Germany) was

introduced to the chamber (flow rate: 30 sccm). The pressure

was then increased to 5 Pa and the power was turned on for

60 s at 4 W L21. This gave an approximate total thickness

of 270 Å, determined using a QCM (Quartz Crystal

Microbalance) during deposition.

Finally, the plasma-polymerized coating on the substrate

was lifted using acetone, see Fig. 3(F). Ultrasound for 20 min

was used to promote the lift-off.

Lift-off did, however, leave residues of photoresist on the

glass surface, which increases the water contact angle on the

glass to approximately 55u. To reduce the contact angle

without harming the ppHFP, a fluorine plasma (CF4)

treatment was used. The oxygen plasma (O2), which is

conventionally used to remove photoresist residues, would

also etch the thin ppHFP coating within a few seconds. By

using a fluorine plasma instead, a longer treatment is possible,

thereby removing the photoresist residues and still maintaining

a functional ppHFP coating. A TePla 300 Plasma Processor

system (from Technics Plasma GmbH) was used with the

following process parameters: flow 125 sccm CF4, power

100 W, time 1 min and pressure 41 Pa. This process resulted in

a contact angle on glass of approximately 21u ¡ 5u, without

influencing the contact angle on the ppHFP, which remained

at approximately 103u ¡ 2u (see Table 1).

The lid and substrate were then tightly clamped together

using tinfoil straps as spacers, see Fig. 3(G).

3.2 Experimental setup for flow measurements

After tightly clamping the lid and substrate of the surface-

directed flow cell together, the flow cell was placed under a

Leica MZ125 zoom microscope fitted with a Leica ICA

camera. Continuous video recordings were used to determine

the position of the liquid meniscus. 50 mL DI water was

dispensed at the inlet of the flow cell at every measurement.

The flow cell was disassembled and the water removed using

compressed nitrogen, after each recording. Each individual

recording was repeated four times. After each set of individual

recordings, the substrate and lid were cleaned using acetone

and ultrasound for 2 min and washed using DI water for 5 min.

The CF4 plasma treatment, mentioned above, was necessary in

some cases to reduce the contact angle of the glass further. The

contact angle was measured shortly before each set of flow

recordings. The spacer distance a was varied by using one or

more pieces of tinfoil each 15 mm thick.

The video recordings were then analyzed using the software

‘‘Jasc Animation Shop v3.04’’ (Jasc Software). The position of

the liquid meniscus was determined by splitting each recording

into frames. The sample rate of video recording equipment was

25 frames s21, corresponding to a resolution of 0.04 s.

3.3 Human cell culture preparation

Human cells (HeLa, Cat. no. CCL-2) were prepared using the

following procedure. The flow cell was exposed to a cell

Fig. 3 The process sequence. (A) and (B): 4.2 mm thick photoresist

was spun onto a boro-silicate substrate. After a short bake, the

photoresist was exposed to UV light through a photomask, (C), and

parts of the photoresist were dissolved (in this case the exposed parts,

i.e., positive-tone) in a photoresist developer, (D). The substrate was

then placed in the plasma chamber and ppHexene and ppHFP were

deposited by plasma polymerization, (E). The coatings were patterned

by lift-off using acetone, (F). Finally, the lid and substrate were tightly

clamped together with one or more 15 mm thick tinfoil straps as

spacers, (G).

Table 1 Capillary dimensions and measured water contact angles for
four different experiments. The contact angles were measured on glass
(corresponding to the hydrophilic pathways) and ppHFP (hydro-
phobic area) using a FTÅ200 dynamic contact angle analyzer from
First Ten Ångstroms. The measurements were performed at room
temperature and at air humidities between 30–39%RH, using a
spherical fit model in the case of ppHFP and a non-spherical fit
model in the case of glass. Five measurements were performed in each
case at different locations on the surfaces. An average dispense volume
of 6 mL was used

Experiment

Capillary dimensions/mm Contact angle

Height a Width b Glass surface ppHFP

1 15 ¡ 1 200 22 ¡ 4.2u 104 ¡ 1.8u
2 30 ¡ 2 200 23 ¡ 3.7u 103 ¡ 2.2u
3 45 ¡ 3 200 22 ¡ 4.0u 104 ¡ 1.2u
4 15 ¡ 1 100 18 ¡ 4.9u 104 ¡ 0.7u
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culture, which had previously been grown in Eagle’s

Minimal Essential Medium (from LGC Promochem,

Sweden) in T75 flasks, with an admixture of Foetal Bovine

Serum 10% (v/v) (from ATTC) and Penicillin–Streptomycin–

Glutamine (10 U mL21–10 mg mL21–2 mM, from Invitrogen,

CA). After the cell suspension had reached confluence by

incubation at 37 uC and 5% CO2, the cells were separated from

the growth medium using phosphate-buffered saline (PBS) and

trypsin–EDTA in HBSS (both from ATTC). To concentrate

the cells, the cell suspension was centrifuged at 200 rpm for

30 s, using an Eppendorf 5804R centrifuge, after which the

pellet was resuspended with conditioned growth medium. This

procedure was repeated. The new suspension (100 mL) was

then dispensed at the inlet of the flow cell and allowed to fill

the hydrophilic pathways. The flow cell was inspected using a

Zeiss 200 m inverted (fluorescence) microscope fitted with a

Hamamatsu Orca L7465 digital CCD camera.

LysoTracker Red (DND-99, supplied by Molecular Probes)

was diluted in PBS (100 nL mL21). LysoTracker, which is a

red-fluorescent dye that stains acidic compartments in live

cells, was used to distinguish living and dead cells.33

3.4 Protein adsorption preparation

Fluorescent labeled proteins (fluorescein isothiocyanate-

labeled bovine serum albumin (FITC-BSA)) were dissolved

in PBS (1 mg mL21), both supplied by Sigma. 50 mL of FITC-

BSA–PBS solution was dispensed at the inlet of the flow cell,

and the solution was allowed to rest for 30 min in the flow cell.

The flow cell was then disassembled and the surfaces washed

for 5 min in PBS and 1 min in DI water. The samples were

scanned (530 nm) using an array WoRx scanner from

AppliedPrecision (fitted with FITC-filters).

4 Results and discussion

4.1 Contact angle

Static, advancing and receding water contact angle measure-

ments of the ppHFP and the borosilicate glass surfaces were

performed. The water contact angles were measured using a

FTÅ200 dynamic contact angle analyzer from First Ten

Ångstroms. Measurements were carried out at room tempera-

ture, and the DI water used for the measurements was

dispensed and retracted at a rate of 60 mL min21. A typical

dynamic contact angle measurement on ppHFP is shown in

Fig. 4. The advancing contact angle on ppHFP drops from

approximately 115u to 105u, whereas the receding contact

angle decreases from 105u down to approximately 82u and

increases again to approximately 93u. The increase in the

receding contact angle is a geometrical side effect of the

measurement method, which occurs when the radius of

the droplet becomes comparable to the radius of the feed

tube, thus this effect appears at feed volumes that increase with

increasing static contact angle of the surfaces. Fig. 4 also

shows the advancing and receding contact angle on glass. The

graph for glass is much more coarse, compared to the graph

for ppHFP. This is due to limitations of the contact angle

analyzer. It is inherently difficult to measure low dynamic

contact angles. As a consequence, the uncertainties are higher

compared to, for instance, measurements on hydrophobic

surfaces. The observed fluctuations are therefore not a result

of uneven advancing and receding contact angles, but

probably due to the limitations of the equipment. The

observed advancing contact angle is more or less constant at

approximately 25u, whereas the receding contact angle drops

from 25u down to approximately 6u, then increases again to

approximately 9u. The contact angle on glass generally varies

dramatically depending on cleanliness and wetting conditions.

To ensure a realistic contact angle, measurements were

performed shortly before each set of flow recordings as

mentioned above.

The static water contact angle was also measured using the

same contact angle analyzer. The static contact angle

corresponds approximately to the contact angle at the turning

point between the advancing and the receding contact angle,

i.e., y105u and y25u on ppHFP and glass, respectively.

These are within the standard deviations of the measured

static contact angles shown in Table 1 (in the case of

Experiments 1–3).

4.2 Flow experiments

The flow experiments were performed on meander-like

hydrophilic tracks in order to accommodate a long capillary

path on a limited sample size. Fig. 5(a) shows a microscope

image of the liquid meniscus in a 200 mm wide track, the image

was taken using a Leica MZ125 zoom microscope. The curved

sections of the track are semicircular arcs with an inner radius

of 400 mm. The liquid is obviously confined to the hydrophilic

pathway. A close-up image of the front of the liquid meniscus

is shown as an insert in Fig. 5(a). The shape of the front

meniscus is similar to the shape obtained by FVM simulation,

as shown in Fig. 5(b). A similar curvature at the top (lid) of the

front meniscus is seen in the two images. This curvature results

Fig. 4 Advancing and receding water contact angle as a function of

droplet volume on ppHFP and glass. The graphs consist of 245 and 78

points respectively, measured in continuous runs. The graph for glass

consists of fewer points due to limitations of the contact angle

analyzer, i.e., because of a low contact angle. Both measurements were

performed using DI water at room temperature, at an air humidity of

approximately 40%RH and using spherical and non-spherical fits as

contact angle models respectively.
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from minimization of the surface tension energy. The bottom

(at the substrate) of the front meniscus however, apparently

has a somewhat different shape in the microscope image when

compared to the FVM simulation. This difference in appear-

ance is most likely due to limited resolution in the microscope

image, since in the simulation a liquid film of any thickness will

be visible, whereas a film below a certain thickness is invisible

in the microscope.

The arrival time t for the liquid meniscus at predetermined

positions x on hydrophilic tracks were determined from video-

recorded flow experiments. Details of the experimental

conditions, that is the contact angles and channel dimensions

are shown in Table 1. Experimental results are shown in Fig. 6

for position as a function of time for two individual, sequential

flow experiments on a 200 mm wide and 15 mm high capillary.

The two sets of data almost coincide showing the excellent

repeatability in the best cases. In some experiments the

repeatability was less good, since the contact angles are very

sensitive to contamination and since the flow is strongly

affected by any particle settling in the capillary. In Fig. 6 the

theoretically expected meniscus position according to eqn. (7)

is also plotted as the full line. The dashed lines represent the

standard deviations due to the experimental uncertainties of

the contact angles, h1 and h2, and the height, a, which are

assumed to be uncorrelated. We have not included uncertain-

ties in the measurement temperature, but these are important

since both viscosity and surface tension are strongly tempera-

ture dependent. At the measurement temperature the ratio

of surface tension to viscosity of water is approximately

clv/g . 73 m s21 with the relative temperature coefficient34

2.2% K21. The actual measurement temperature is not known

accurately, since the small, open 50 mL feed volume of DI

water might cool significantly due to evaporation during the

experiments. In view of these considerations the agreement

between the simple theory and the experiments is good (y5%

level).

The theory predicts a meniscus position proportional to the

square root time, x!
ffiffi
t
p

for large t, see eqn. (8). The square of the

experimental meniscus position as a function of time is shown

in Fig. 7, where representative data for four different flow

experiments, Experiments 1–4 of Table 1, are reported. The

experimental positions squared are in all four cases to a good

approximation linearly dependent on time as expected, and

verified by the linear fits overlaid on the plot (dashed lines).

Eqn. (9) predicts a linear relationship between the

aspect ratio a/b of the capillary and the normalized slope,

b 5 (1/a)d (x2)/dt, of a plot of the meniscus position squared as

a function of time. In Fig. 8 the normalized slopes b for

Experiments 1–4 of Table 1, are shown as a function of the

aspect ratio a/b of the capillary. At each set of experimental

conditions three or four individual experiments were done and

these are all reported in Fig. 8. The error bars indicate the

measurement errors and the uncertainty related to the channel

heights. The full line in the plot shows the theoretical

prediction according to eqn. (9) with parameters consistent

with the experimental conditions in the Experiments 1–3 of

Table 1, whereas the dashed lines indicate the standard

Fig. 5 (a) Microscope image of the liquid meniscus inside a meander-

like surface-directed flow system. The width, b, of the hydrophilic zone

is 200 mm and the height, a, is 30 mm. A close-up of the front of the

liquid meniscus is shown in the upper right corner. (b) Result of a

FVM CFD-ACE+ simulation, showing the front and sides of the liquid

meniscus in the surface-directed flow structure. The liquid film height

at the meniscus is grey-scale encoded. The curved shape of the front of

the liquid meniscus is similar to the results of the CFD-ACE+
simulation shown in (b).

Fig. 6 Experimentally determined meniscus position, x, as a function

of time, t, in the microflow system (solid lines with filled circles). The

filled circles indicate actual measurements of time and meniscus

position for two independent flow experiments. For comparison, the

theoretical prediction of the capillary dynamics is shown as a full line,

with the standard deviation due to uncertainties in the experimental

conditions surrounding it (dashed lines). The dimensions of the flow

channel in the experiments are width b 5 200 mm and height a 5 15 ¡

1 mm, with the static contact angles h1 5 22 ¡ 4u and h2 5 104 ¡ 2u
for the hydrophilic and hydrophobic surfaces respectively, correspond-

ing to Experiment 1 in Table 1. In the theoretical calculation, a liquid

viscosity of g 5 1023 Pa s, a liquid surface tension of clv 5 0.073 N m21,

and a liquid mass density of r 5 103 kg m23 were assumed.
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deviations corresponding to the uncertainties in the contact

angles h1 and h2. A linear fit to all the data in Experiments 1–3

of Table 1 essentially coincides with the dashed line

corresponding to the lower standard deviation from theory.

The slope a of this line only depends on the ratio of surface

tension to viscosity of the liquid, a~{clv=(3g). Thus the

measurements are in agreement with these parameters at the

nominal measurement temperature. The fit line should in theory

intersect the abscissa at a value, 1
2

cosh1zcosh2ð Þ, determined only

by the contact angles, h1 and h2. The intersect of the actual fit is

just at the boundary given by the standard deviations of the

contact angles. This could be due to the uncertainty in the contact

angles in combination with the large uncertainty in the channel

height.

The measured flow speeds are consistently below the

predicted flow speeds, which is understandable in view of the

simplifications involved in the simple theory. The theory

clearly underestimates the viscous drag, as discussed in the

Theory section, and thus overestimates the flow speed. The

meander-like shape of the capillary is also expected to have

some impact on the flow speed, since an additional viscous

drag is expected from the semicircular arcs. If a simple calcula-

tion, based on Poiseuille flow, is done on the capillary flow in a

system with an infinite circular track similar to the arcs in the

meander structure, the expected slope, b, is 4% less than in a

similar linear track. In the flow systems with b 5 200 mm 42%

of the pathlength is curved, whereas in the case of b 5 100 mm

only 28% of the pathlength is curved. This difference in

geometry might partly explain why the slopes, b, extracted

from Experiment 4 (a/b 5 15 mm/100 mm) are significantly

(y14%) higher than for Experiment 2 (a/b 5 30 mm/200 mm);

the difference in contact angles in the two experiments can

only account for a y5% increase in slope in Experiment 4. The

large uncertainty in capillary height (y7%) might also play a

role in explaining the difference between Experiments 2 and 4.

In view of the uncertainties in the experimental conditions,

the agreement between experiments and theory is good.

4.3 Human cell experiments

200 mm wide strips of HeLa cells were fabricated using surface-

directed flow. The cells were allowed to sediment onto the

hydrophilic (glass) pathway inside the flow cell. After 24 hours

of incubation, the cells were inspected using the inverted

microscope. Fig. 9(a) shows the result of the inspection—a

confluent monolayer of cells on the hydrophilic pathway. The

liquid meniscus is clearly visible. Fig. 9(b) shows a similar strip

of cells after the lid had been removed and the substrate rinsed

using PBS, and placed in a Petri dish with conditioned growth

medium. The cells still adhere to the hydrophilic pathway. The

cells are restricted to the hydrophilic pathways. Also, few cells

have attached to the hydrophobic ppHFP generally. The low

cell adhesion of ppHFP is in good agreement with previous

reports of relatively low biomolecule adsorption, i.e., that

ppHPF is non-fouling.35–37

The Petri dish was then placed in the incubator, and after an

additional 24 hours of incubation, the growth medium was

replaced by the LysoTracker–PBS solution. After 30 min of

Fig. 8 Experimentally determined values of the time derivative of

the meniscus position squared normalized by the channel height,

b 5 (1/a)d(x2)/dt, as a function of the normalized channel height a/b.

The open symbols represent measurements in four different conditions

(Experiments 1–4 in Table 1), for each condition the experiment was

repeated three or four times. The symbol % denotes experiments with

the channel width b 5 100 mm, and the symbol # denotes b 5 200 mm,

in both cases the error bars show the combined effect of measurement

errors and experimental uncertainties on the channel height. The full

line represents the theoretical prediction for experimental conditions

corresponding to all the experiments with the channel height b 5

200 mm (Experiments 1–3 in Table 1). The dashed lines surrounding it

indicate the effect of uncertainties in the actual static contact angles in

the experiments. The vertical dotted line indicates the condition where

the liquid starts to partially wet the hydrophobic areas surrounding the

track. The slanted dotted lines are continuations of the simple theory.

Fig. 7 Experimentally determined values of the square of the

position, x2, as a function of time, t, for four different flow experiments

in the microflow system. The filled symbols represent actual

measurements. The four experiments were done with different

experimental conditions corresponding to Experiments 1–4 of

Table 1. In the experiments the flow system height to width ratios

are: & a/b 5 15 mm/200 mm, w a/b 5 30 mm/200 mm, $ a/b 5 45 mm/

200 mm, and m a/b 5 15 mm/100 mm. The dashed lines represent linear

fits to the experimental data for each experiment, as expected the linear

fits represent the experiments quite well.
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incubation in the LysoTracker–PBS solution, the substrate

was inspected once more. Fig. 9(c) shows the result of the

fluorescent staining. The majority of the cells are alive after

48 hours of incubation.

4.4 Protein adsorption experiments

Strips of fluorescence labeled proteins (FITC-BSA) were also

fabricated on planar surfaces using surface-directed flow.

Fig. 10 shows the result of the adsorption experiments

(fluorescent scans). Fig. 10(a) shows FITC-BSA selectively

adsorbed onto the hydrophilic pathways on the bottom

substrate. Well-defined patterns with high adsorption contrast

to the surrounding hydrophobic ppHFP are observed.

Fig. 10(b) shows FITC-BSA selectively adsorbed onto the

hydrophobic lid, i.e., the areas which were above the

hydrophilic pathways. A lower fluorescent intensity is seen in

this case, due to poorer adhesion on ppHFP compared to

glass. This is in good agreement with the cell adhesion results

obtained in this study, i.e., low biomolecule adsorption of

ppHFP.

In all cases we see minor traces of FITC-BSA scattered

across the ppHFP surfaces. This originates from the disas-

sembling of the flow cell, before the fluorescent scan, where

FITC-BSA washed out onto the surrounding (hydrophobic)

ppHFP areas. With further washing of the surfaces and careful

disassembling, the amount of residues would be reduced

significantly.

5 Conclusions

An open-channel microfluidic system has been presented. The

system consists of parallel planar surfaces separated by

spacers, and thus has no sidewalls. The liquid flows on a

hydrophilic pathway on the bottom surface, without propa-

gating sideways into surrounding hydrophobic areas. The

entire top surface is hydrophobic, which eliminates the need

for alignment. The surface-directed flow system was fabricated

by patterning (photolithographic lift-off process) of a hydro-

phobic fluorinated polymer (hexafluoropropene), deposited by

plasma-polymerization. The resulting exposed untreated glass

areas of the substrate, constitute the hydrophilic pathways.

A theoretical model describing the capillary flow in the

system has been suggested and an analytical solution of it

was found. The solution is in good agreement with the

Fig. 9 (a): Optical microscope image of HeLa cells attached to a

hydrophilic pathway in a surface-directed flow system. A 100 mm bar is

indicated in the lower left corner of the image. The width of the

pathway was b 5 200 mm. The liquid meniscus is clearly visible. The

cells form a confluent monolayer inside the flow cell. (b): A similar

HeLa cell strip, but after removing the lid of the flow cell. The cells are

still attached to the hydrophilic pathway. (c): Cells stained using

LysoTracker Red. The cells attached to the hydrophilic pathway are

alive.

Fig. 10 (a): Result of a fluorescent scan of labeled proteins (FITC-

BSA) on the substrate (with hydrophilic pathways). The dimensions

are indicated on the figure. The FITC-BSA is selectively adsorbed onto

the hydrophilic pathway with minor traces of FITC-BSA scattered

across the surrounding hydrophobic ppHFP. (b): Fluorescent scan of

the hydrophobic lid (without a hydrophilic pathway). A lower

fluorescent intensity is seen, due to poor adhesion of FITC-BSA to

the ppHFP.
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experimental results. The minor discrepancies between the

theoretical and experimental results were primarily ascribed to

four reasons. (1) Geometry, our theoretical model does not

take into account the meander-like geometry used in the actual

flow experiments. (2) Temperature; the water temperature may

have been lower than assumed, resulting in a higher viscosity

and lower surface tension. (3) Water contamination; even

minute amounts of contaminants may change (decrease) the

surface tension. (4) Model assumptions; Poiseuille flow and a

simple rectangular meniscus geometry were assumed in the

theoretical model.

Biochip applications were demonstrated by fabricating

200 mm wide strips of human (HeLa) cells using surface-

directed flow. Confluent monolayers of cells were formed on

the hydrophilic pathways. The cell adhesion was tested by

removing the lid and flushing the surface with PBS. The cells

adhered nicely to the surface, and LysoTracker Red experi-

ments confirmed that the cells were alive.

Fluorescent labeled proteins (FITC-BSA) were also pat-

terned using surface-directed flow. FITC-BSA were selectively

adsorbed to both the hydrophilic pathway and the hydro-

phobic lid, i.e., the area above the hydrophilic pathway. The

protein adsorption was however substantially lower in the case

of ppHFP, compared to the hydrophilic glass. This was in

good agreement with the results obtained for the human cells,

where cells on the pathways were not able to form cell

extensions into the surrounding ppHFP.

The open sidewalls of the channels in surface-directed

capillary flow systems eliminate the problems with air-bubbles

seen in conventional closed wall microsystems. In systems

handling live cells the easy transport of oxygen and carbon

dioxide across the gas/liquid interface is advantageous; more-

over this interface also facilitates controlled gas liquid

reactions. In some systems the need for other pumping

mechanisms besides the capillarity is eliminated, however, if

a pressure driven system is required the open channel structure

severely limits the maximum pressure allowed, especially in the

single sided system presented here.
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