
SHORT COMMUNICATION

Capillary flow in microchannels

Y. Zhu • K. Petkovic-Duran

Received: 3 July 2009 / Accepted: 28 September 2009 / Published online: 19 November 2009

� Springer Science+Business Media B.V. 2009

Abstract The surface of microchannels, especially poly-

mer channels, often needs to be treated to acquire specific

properties. This study investigated the capillary flow and

the interface behavior in several glass capillaries and fab-

ricated microchannels using a photographic technique and

image analysis. The effect of air plasma treatment on the

characteristics of capillary flow in three types of micro-

fluidic chips, and the longevity of the acquired surface

properties were also studied. It was observed that the

dynamic contact angles in microchannels were signifi-

cantly larger than those measured from a flat substrate and

the angle varied with channel size. This suggests that

dynamic contact angle measured in situ must be used in the

theoretical calculation of capillary flow speed, especially

for microfabricated microchannels since the surface prop-

erties are likely to be different from the native material.

This study also revealed that plasma treatment could

induce different interface patterns in the PDMS channels

from those in the glass and PC channels. The PDMS

channel walls could acquire different level of hydrophi-

licity during the plasma treatment, and the recovery to

hydrophobicity is also non-homogeneous.

Keywords Microfluidic chip � Capillary flow �
Plasma treatment

1 Introduction

Microfluidics is one of the emerging science and technology

areas. It refers to microfabricated fluidic systems that can

process or manipulate small amount of fluids, typically of the

order of nanoliters or smaller, using channels with geome-

tries of length of microns to sub-millimeters. Microfluidics

has attracted ever-increasing attention since its introduction

in the early 1990s due to its advantages over conventional

technologies such as reduced reagent consumption, fast

reaction rate, short analysis time, and amenability to auto-

mation and mass production (Whitesides 2006). Microflu-

idic technologies are attracting interest in many fields,

including chemistry, biology, medicine, sensing, and mate-

rials (e.g., Beebe et al. 2002; Squires and Quake 2005).

In the early stage of development, the microfluidic chips

were mostly fabricated from silicon or glass materials due to

the established fabrication methods by the semiconductor

industry. Since the late-1990s, overwhelming effort has

been devoted to developing polymer-based chips. This is

mainly driven by the faster speed and lower cost in fabri-

cation and the need for disposable chips for diagnostics and

field-deployable devices. However, the surface of the

polymers often needs to be treated (e.g., surface coating,

plasma treatment etc.) to acquire specific properties to

enable, e.g., surface charges required for electro-osmosis,

wetting of the surfaces, and passive pumping of liquids. The

quality and longevity of the surface treatment are important

to maintain the functionality of the microfluidic chip.

There have been extensive investigations on the tech-

niques for surface modification and characterization of the

surface properties (see, for example, Fritz and Owen 1995;

Kim et al. 2001; Lim et al. 2001; Belder and Ludwig 2003

for a review on pre-2003 work; Kirby et al. 2004; Martin

et al. 2007; Klages et al. 2007; Bodas et al. 2008; Vourdas
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et al. 2008; Moon and Vaziri 2009). Most of the previous

studies reported the effect of surface modifications on the

polymer properties such as zeta potential, hydrophobicity,

contact angle, adhesion, and so on. Many of the studied

polymer samples mostly appeared as flat and smooth sub-

strates. These are very different from the inner wall surface

of microchannels, which are typically formed by laser

micromachining, injection molding, or hot-embossing.

Since 1990s, there have been a number of studies on

capillary flows in microfabricated channels. For example,

Kim et al. (1995) and Kim and Whitesides (1997) studied

the imbibition and flow of wetting fluids in rectangular

PDMS channels with self-assembled monolayers (SAMs)

for controlling the hydrophilicity of the channel surfaces.

Zhao et al. (2001) reported selective control of surfaces by

forming a UV photocleavable SAM on glass surfaces to

direct liquid flow inside microchannels. Capillary flow

controls have been investigated for processing liquid

samples (e.g., Junker et al. 2002; Chung et al. 2007). Lin

and Burns (2005) investigated the capillary flow in several

microchannels made from UV-treated COC, glass, and

oxygen plasma-treated PDMS. Significant decay of flow

speed was observed for the treated PDMS channel, but not

reported data on treated COC chips. Lim et al. (2006)

developed a polymer device with surfactant-containing

adhesive film as capping layer to control the hydrophilicity.

Jeong et al. (2007) studied capillary flow in poly(ethylene

glycol) (PEG) and PDMS/glass hybrid microchannels. It

was observed that the air–water interface in the PDMS/

glass microchannel was of convex shape, which was

opposite to the concave shape of the interface in the PEG

microchannel. However, the measured capillary speed in

PDMS microchannel departed significantly from the theo-

retical value. Chung et al. (2009) reported that the contact

angle of PMMA could be significantly reduced within

several hours of plasma treatment and restored to the initial

value in about 6 months. They developed a technique by

adding nanointerstices adjacent to microchannel to pro-

mote capillary flow.

Most of the studies discussed above measured the

location of the interface as a function of time. Data are

scarcely available on the interface shape and contact angle,

especially after surface treatment (e.g., Lin and Burns

2005). Although Jeong et al. (2007) observed the convex

air–water interface in the hybrid PDMS/glass microchan-

nel, which was opposite to the concave shape of the

interface in the PEG microchannel, the measured capillary

speed in PDMS microchannel departed significantly from

the theoretical value. This difference throws doubts on the

choice of contact angle for the calculation since the contact

angles on the channel wall surfaces may be significantly

different from those of a smooth and flat surfaces. The aim

of this study is to experimentally quantify the capillary

flow rate for several commonly used substrates (glass, PC,

and PDMS) and measure the contact angles for comparison

with existing values reported on flat surfaces. The above

measurements would provide useful information for cal-

culating capillary flow in microchannels made from these

materials. The second aim of the study is to examine the

longevity of the capillary action of PDMS and PC chips

and the interface change during the course of hydrophobic

recovery.

2 Theoretical background

Consider a laminar horizontal flow through a straight cir-

cular channel of length L and a radius r (Fig. 1). The mean

flow velocity u through the channel is given by (Landau

and Lifshitz 1987)

u ¼ � r2

8l
DP

L
ð1Þ

where DP is the total pressure drop along the channel, and

l is the fluid viscosity. In the general case of two

immiscible fluids, Eq. 1 can be rewritten as

u ¼ �a0

r2

8leff

DP� Pc

L
; ð2Þ

where leff ¼ x
Llw þ L�x

L la is the effective viscosity; lw and

la are viscosities for phase 1 and phase 2 fluids,

respectively; x is the location of the interface measured

from the inlet, Pc is the capillary pressure across the

interface, and a0 is a constant associated with the channel

cross section shape. For a rectangular cross section with a

height of h and width of w, the channel shape factor a0 is

given by (Brody et al. 1996; Ichikawa et al. 2004)

a0 ¼
64

p4

X1

n¼0

1

ð2nþ 1Þ4
1� 2h

ð2nþ 1Þpw
tanh
ð2nþ 1Þpw

2h

� �
;

ð3Þ

Fig. 1 Two-phase flow in a microchannel with length L and size 2r
and a geometric representation of the curved interface with a wetting

angle h, and a principal curvature R
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and a0 can be approximated as 64
p4 1� 2h

pw tanh pw
2h

� �
: In this

case, r in Eq. 2 should be replaced by h. For microfluidic

devices, the cross sections of the microchannels are close

to either rectangular (e.g., polymer chips) or semi-spherical

(e.g., etched glass chips). For the current polymer chips, the

aspect ratio of the cross section i.e., h/w = 0.5; a0 therefore

has an approximate value of 0.45. For channels with a

square cross section, a0 = 0.273.

If the effect of the second phase can be ignored such as

that in air–water systems, then Eq. 2 becomes the Wash-

burn equation (Washburn 1921). If the pressure drop DP is

much smaller than the capillary pressure and the gas phase

effect can be ignored, then Eq. 2 can be rewritten as

u ¼ a0

r2

8l
Pc

x
: ð4Þ

Equation 4 can be integrated to give an expression of x

as a function of time t, i.e.

x2 ¼ a0

r2Pc

8l
t: ð5Þ

Assuming that the fluid system is in static equilibrium,

the capillary pressure at an interface in a rectangular

channel is given by (e.g., Junker et al. 2002)

Pc ¼ r
cos h1 þ cos h2

w
þ cos h3 þ cos h4

h

� �
; ð6Þ

where r is the interfacial tension between the two phases;

h1 and h2 are contact angles for the left and right side walls,

while h3 and h4 are contact angles for the top and bottom

walls, respectively. For a circular channel with a radius of

r, this equation is simplified as

Pc ¼
2r
r

cos h: ð7Þ

3 Experimental details

All the experiments were carried out in the Microfluidics

Laboratory in the CSIRO Division of Materials Science

and Engineering at Highett, Melbourne, VIC 3190, Aus-

tralia. The capillary flows were measured in several

microfluidic chips and glass capillaries. The details of these

microchannels are given below.

3.1 Glass microchannels

The borosilicate square glass capillaries with an inner cross

section of 50 9 50 and 500 9 500 lm were purchased

form VitroCom (New Jersey, USA). A circular glass cap-

illary with an internal diameter of 50 lm SGE Analytical

Science Pty Ltd (Melbourne, VIC, Australia) was also used

in the study. The glass chip was purchased from Mycra-

lyne, Edmonton, Canada. The channel layout and the cross

section of the channel are shown in Fig. 2. Prior to each

experiment the glass chip was cleaned using NaOH

(1 mM) solutions and deionised water (DI) and then dried

using nitrogen gas. Glass capillaries were used without

pretreatment. All the glass microchannels were used

without plasma treatment.

3.2 PDMS and PC microchannels

The PDMS and PC microchannels were used in the present

investigations. The PDMS chips contained only one

straight channel with a rectangular cross section. Two

channel sizes were used, one with a cross section of 110 9

220 lm (h 9 w), and the other of 35 9 70 lm. The PDMS

chips were prototyped in the CSIRO Microfluidics Labo-

ratory at Highett, VIC 3190, using a standard photoli-

thography technique. After the PDMS replica (3-mm

thickness) was peeled from the mold, holes of 1.5-mm

diameter were punched as access ports. The PDMS chan-

nels and the capping layer (PDMS) were placed inside the

air plasma machine (Harrick PlasmaFlow) for 5-min

treatment and then pressed together for bonding. The

plasma machine was operated at a frequency of 8–12 MHz

with a flow rate of five SCFH (standard cubic feet per hour)

and at a pressure of 500 mTorr.

The PC chips were fabricated in the Microfabrication

Laboratory in CSIRO Division of Materials Science and

Engineering, Clayton, VIC 3169, Australia. The PC chip

layout was the same as that shown in Fig. 2, and the

channels had a cross section of 35 9 70 lm. Such a layout

is mostly used for molecule separation by capillary elec-

trophoresis method. In this study, only the long separation

channel was used in investigation. The microfluidic

Fig. 2 Microfluidic chip layout and cross sections. The PC chip and

the Mycralyne glass chip have the same layout (a) while the PDMS

chips only have a straight channel. Both the PC and PDMS chips have

a rectangular cross section (b). The cross section for the glass chip is

shown in (c). The measurement location x was measured from the

inlet port. The glass and polycarbonate chips were originally used for

capillary electrophoresis. For these studies, only the long channels

were used for measurements
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channel pattern was designed using a commercial layout

tool and fabricated as a film mask. The mask pattern was

exposed into a 35-lm layer of Laminar 5083 resist/stain-

less steel plate using a collimated UV exposure system.

After developing the photoresist, the resulting profile was

replicated as a nickel shim by electroplating method. The

nickel shim was subsequently used as a die to hot emboss

the pattern of channels into polycarbonate chips

(16 9 95 mm 9 2 mm thick). The access holes were then

drilled through the backside of the polycarbonate plate.

The finished PC microchannels were then treated with air

plasma. The treatment varied from 5 min to 6 h. A 20-lm

Mylar film was then laminated as a capping layer to form a

sealed channel. The Mylar film was not treated by the

plasma. We found that, if treated with plasma, the Mylar

film could not be satisfactorily bonded to a PC chip by the

laminating process.

For all plasma treatments, the chip components were

placed inside the plasma chamber. The channel walls were

all uniformly treated. After capping, the four channel walls

of the PDMS chips were treated whereas for the PC chips,

only three channel walls were treated. The capillary flow

was studied for PC chips with and without channel wall

preconditioning. For preconditioning, the channels were

flushed by a sodium hydroxide (NaOH) solution (1 mM)

for 10 min, followed by 10 min of rinsing with DI water

and then drying using nitrogen gas.

The measurements of the capillary flow were repeated

several times since the first treatment of the channel wall.

The capillary flows were monitored over a period of 12 h

for the PDMS chip and over 1 month for the PC chip.

Table 1 lists all chip dimensions and conditioning

parameters.

3.3 Measurement details

In order to study the capillary flow dependence on surfaces,

a drop of DI water (*50 ll) was placed in the inlet port

and the air–water interface movement was measured by a

photographic technique. The objective lenses with a mag-

nification from 49 to 209 were used for different

microchannel sizes to measure the interface shape and

contact angle as well as monitoring the interface movement

for sufficient distance to reliably estimate the speed. Even

though the velocity of the interface movement varies with

time or distance from the entrance, as indicated by Eqs. 4

and 5, measurements were only taken at one location, i.e., x

from the inlet port, for simplicity. The interface movement

was imaged over a short distance from x, the maximum

distance being around 2 mm. The images of the interface

were processed to determine the location of the center of the

meniscus (refer to Fig. 2) from x. The resulting drop diam-

eter D was around 4 mm. The corresponding Bond number,

i.e., qgz0w
r (where q is the liquid density, r is the surface

tension, g is the gravitational acceleration, z0 is the liquid

height at the inlet, and w is the microchannel cross section

length scale) was estimated to be around 0.03. Because the

Bond number is much smaller than 1, the effect of drop size

and z0 on capillary flow could be neglected. Further, the

curvature of the sample drop was at least two orders of

magnitude smaller than that of the interface inside the

channel. Therefore, the effect of the Laplace pressure at the

entrance port on the interface speed is negligible. This

assumption was validated by the experimental observation

that the capillary flow almost stopped completely as soon as

the interface reached the outlet port.

4 Results

4.1 Glass microchannels

The locations of the air–water interface as a function of

time for the glass capillaries and chip are shown in Figs. 3

and 4, respectively. Also shown in the figures are the

sample images of the interfaces. The liquid (left-hand side

of the interface) had a concave interface with air, which is

consistent with the observations of Kim and Whitesides

(1997) and Jeong et al. (2007). Although Eq. 5 shows that x

is a function of
ffiffi
t
p
; the variation with time can be assumed

to be linear within a short distance. A least-square fit was

applied to the data to quantify the slopes of lines, i.e., the

Table 1 Summary of microchannel and conditioning parameters for capillary flow measurements

Microchip/capillary Dimensions (lm) Cross section Preconditioning Plasma treatment

Glass capillary 50 9 50 Square No No

Glass capillary 500 9 500 Square No No

Glass capillary 50 Circular No No

Glass chip 50 9 50 Square Yes, before each test No

PDMS Chip1 110 9 220 Rectangular No 5 min at 12 MHz

PDMS Chip2 35 9 70 Rectangular No 5 min at 12 MHz

PC Chip 35 9 70 Rectangular Yes, before each test From 5 min to 6 h at 10 MHz
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velocity of the interface movement and the fitted lines are

also shown in the figure. These velocities were 2.5, 21.2,

and 5.2 mm/s for the circular, large square, and small

square capillaries, respectively, at x = 55 mm. For all the

linear regressions, the coefficient of determination R2 was

in the range of 0.996–0.999.

From the measured velocities, the dynamic contact

angles can be calculated using Eq. 4. The calculated con-

tact angles were 72, 76.4, and 54.9� for the circular, large

square, and small square capillaries, respectively. The

images in Fig. 3 also allowed the dynamic contact angles

to be determined for the three capillaries. These values

were approximately 65.2, 82.5, and 52.5� (uncertainty ±5�)

for the circular, large square, and small square capillaries,

respectively. These values agreed reasonably well (±16%)

with the calculated values. Regardless of the discrepancies

between the measured and calculated values, these contact

angles are significantly larger than those measured from a

flat glass substrate, i.e., the static contact angles. The latter

values are in the range of 0–30�. The large difference

between the static and dynamic contact angles is not sur-

prising since at low wetting rate, the dynamic contact angle

increases rapidly with the increasing wetting speed (Myers

1999). This fact is also corroborated by the data from Lin

and Burns (2005), where the measured meniscus location

of the treated COC (cyclic olefin copolymer) microchan-

nels gave a contact of angle of 80� derived from Eqs. 5 and

6. This value is significantly different from the measured

value of 45� on the treated COC film. If the value of 45�
was used for the contact angle, then the calculated flow

speed is twice the measured value. This fact explains why

large discrepancies were found between the measured and

the calculated flow rates in Jeong et al. (2007) since only

static contact angles were measured and used in the cal-

culation. The present measurement also revealed that the

contact angle of the large square channel was larger than

that of the small channel even though these were made

from the same material and used the same manufacturing

process. These findings revealed that, in the calculation of

capillary flow speed, dynamic contact angle must be used.

Unfortunately, the latter information is not available in

most of the previously published studies, since it is more

difficult to measure than the static contact angle.

For the glass chip (Fig. 3), three measurements of the

capillary flow were carried out during the 2-week period,

and all data were reasonably consistent with each other,

implying little change was observed among the micro-

channel surfaces, provided the chip was cleaned using the

same methods. The capillary flow velocity was found to be

about 3.0 mm/s (to within ±6%). The shape of the cross

section is non-standard, and the velocity cannot be calcu-

lated using Eq. 4.

4.2 PC and PDMS microchannels

4.2.1 PC

In the case of PC microchips, a low power or a short period

of plasma treatment was not significant and could not

induce capillary flow. Significant capillary flows could be

induced only after the channels were treated for more than

3 h at medium power. Figure 5 shows the interface loca-

tion as a function of time for one of the PC microchips over

a period of 1 month after the air plasma treatment at

medium radio frequency (RF) power. A linear regression

was also applied to all the data for estimation of flow speed

(R2 = 0.992–0.999). Within 45 min of treatment, the flow

velocity was estimated to be around 1.5 mm/s. Figure 5

also shows a consistent decay of the capillary flow of the
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chip. However, the capillarity sustained over a month. The

sample images of the interface (top inset of Fig. 5)

revealed that the shape of the interface meniscus was

concave and consistent with that observed from the glass

chip. This observation was also consistent with those

reported for the square glass tube (Dong and Chatzis 1995)

and PDMS microchannels (Kim and Whitesides 1997).

Owing to the irregularities of the roughness of both side

walls from the hot embossing process, the meniscus was

not symmetrical sometimes, and the asymmetry alternated

during the movement of the interface. After a long period

of time since the treatment, the surface capillarity decayed,

and the interface shapes became flatter, as shown in the

bottom inset of Fig. 5. The average dynamic contact angle

of the channel walls was estimated again from Eq. 4, which

value varies from 78� (45 min after treatment) to 88�
(native PC surface) after a month.

4.2.2 PDMS

The interface locations as a function of time are shown in

Fig. 6 for the PDMS chip with a cross section of

110 9 220 lm (hereafter referred to as PDMS Chip1) and

Fig. 7 for the PDMS chip with a cross section of

35 9 70 lm (hereafter referred to as PDMS Chip2). Also

shown in the figures are the corresponding linear fittings

(R2 = 0.997–0.999). Both figures reveal that the surface

property of the PDMS chips could be easily modified in

comparison with the PC chip since 5 min of treatment

could induce strong capillary flow. At such a short treat-

ment time, the flow speeds were estimated to be approxi-

mately 4.0 and 9.1 mm/s for PDMS Chip1 and Chip2,

respectively. However, the capillarity decayed quickly over

time as indicated by the large changes within 45 min.

The sample images of the meniscus, shown in Figs. 6

and 7 revealed that the shapes of the meniscus were

different from those observed from the glass and PC

channels. A near-flat or convex shape was observed for all

the measurements. For example, for the freshly treated

PDMS Chip1 (top inset of Fig. 6), the dynamic contact

angles for the sidewalls (h1 and h2) were almost 90�.

Subsequently, the interface shape became convex. The

dynamic contact angles were measured to be larger than

90� (e.g., h1 = h2 = 120� for the contact angles with

sidewalls shown in bottom inset in Fig. 6). If the dynamic

contact angles h3 and h4 were assumed to be the same as h1

and h2, Eq. 6 implies that the capillary pressure Pc is zero

or negative (i.e., lower pressure in the liquid side), and the

interface should be stationary or move in the opposite

direction. This would contradict with the experimental

observations.

The fact that the interface moved with a significant

speed even though the meniscus was nearly flat or convex
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implies that the actual contact angles of the interface with

the top and bottom walls, i.e., h3 and h4, were smaller than

90�, and the resulting capillary pressure Pc was still posi-

tive. Thus, a positive flow could still maintain even though

the sidewall contact angles are larger than 90�. This is

similar to the flow induced by the glass/PDMS hybrid

microchannels (Jeong et al. 2007). Therefore, the three-

dimensional interface in the treated PDMS microchannels

should be of the shape as depicted in Fig. 8a and b. The

latter was also proposed by Zhao et al. (2001). The pro-

jection of the interface onto the top and bottom planes

shows a convex or near-flat interface, as imaged during

experiments. For the glass and PC microchannels or those

observed in Dong and Chatzis (1995), Kim and Whitesides

(1997), and Jeong et al. (2007), the contact angles were

smaller than 90� for all the side walls, and the interface

shape is different as shown in Fig. 8c. From Eqs. 4 and 6,

the contact angles h3 and h4 for the three measurements in

Fig. 6 were calculated to be 74.5, 79.5, and 79.8, respec-

tively. This indicates that the recovery of the contact angle

to the native value was different between the side and top/

bottom walls.

4.3 Capillary flow velocity

The velocities of the interface movement estimated using

the least-square fit method for all the microchannels are

summarized in Fig. 9. All the velocity data were obtained

at the same x value of 55 mm except for the data of PMDS

Chip1. The latter data were obtained at x = 44 mm, and

the corresponding velocities at x = 55 mm were estimated

using u|x = 55 = u|x = 44 * 44/55 since the velocity is

inversely proportional to x according to Eq. 4. These con-

verted values are shown in the figure for simplicity of

comparison. The freshly treated PDMS Chip1 showed a

similar level of hydrophilicity as that of the glass chip, as

indicated by the similar capillary flow velocity of*3 mm/s.

The hydrophilic property of the PDMS chips decreased

rapidly, and the hydrophilicity was lost overnight. Figure 9

shows the small PDMS channel (PDMS Chip2) had a much

higher capillary flow velocity than that of the large channel.

This seemed to be contradictory to the theory since, from

Eq. 4, u � r2 and larger channels should have a much faster

capillary flow. The larger capillary flow of the small PDMS

channel was due to the more intensive plasma treatment

since a high RF power was used instead of the medium

power for the large PDMS channel.

In the case of PC chips, the air plasma treatment could

induce significant capillary flow, albeit lower than those in

glass chips and freshly treated PDMS chips. However, the

capillarity could last for a much longer time. Figure 9

shows that there was an initial drop in the flow rate since

the plasma treatment. However, the data showed a sys-

tematic but slower decrease over the next few days or so.

The capillary flow rate could sustain above approximately

0.5 mm/s. These data were obtained when the chip was

used without preconditioning. However, when the chip was

cleaned with NaOH solution (1 mM) followed by DI water

rinsing and drying, the capillary flow rate was increased to

approximately 1.05 mm/s, which was close to that mea-

sured only a few hours since treatment. The subsequent

measurements over 1 month period showed a steady but

slow reduction in the flow rate. The last measurement had a

value of 0.55 mm/s.

Fig. 8 Schematic summary of different shapes of air–water inter-

faces in the microchannels. a Interface with concave contact lines for

side walls and near-flat contact lines for top and bottom walls (PDMS

chip shown in the top insert of Fig. 6); b interface with concave

contact lines for side walls and convex contact lines for top and

bottom walls (PDMS chip shown in the bottom insert of Fig. 6);

c interface with concave contact lines for all walls (glass and treated

PC chips). The dark areas represent water phase. All the interfaces

move from left to right
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Fig. 9 Variation of the capillary flow velocity for PDMS and PC

chips as a function of time since air plasma treatment. x = 55 mm.

Solid square PDMS chip with 100 9 200 lm cross section; Open
square PDMS chip with 35 9 70 lm cross section; open diamond,

times, plus three PC chips of same cross section 35 9 70 lm. The

three lines represent velocities for the three glass channels, i.e., (from

top to bottom) the square glass tube (50 lm), glass chip, and the

circular glass channel, respectively
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5 Conclusions

The capillary flows in several glass tubes and fabricated

microchannels were studied experimentally. The effect of

plasma treatment on the capillarity of microfluidic chips

was also investigated. The capillary flow was measured

using a photographic technique and image processing. The

glass chip or capillaries were used without treatment while

the PC and PDMS chips were treated using air plasma.

The capillary flows in the glass capillaries showed that

the dynamic contact angles were significantly larger than

the static contact angles measured from a flat glass sub-

strate. The dynamic contact angle varied with channel size,

as was also observed by Ichikawa et al. 2004. These

findings suggest that, in the theoretical calculations of

capillary flow speed, dynamic contact angle measured in

situ must be used, especially for microfabricated micro-

channels since the surface properties are likely to be dif-

ferent from the native material.

Even though this study found similar behavior of plasma

treatment effect on the capillary flow in PDMS and PC

microchannels to those reported previously for different

polymer chips, it was revealed from this study that plasma

treatment could induce different interface shapes in the

PDMS channels from those in the glass and PC channels.

The PDMS channel walls could acquire different levels of

hydrophilicity during the plasma treatment, and the

recovery to hydrophobicity was also non-homogeneous.
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