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ABSTRACT

Surface tension driven flow is used in numerous microflu-
idic applications. It is considered a passive pumping technique
which doesn’t require any external energy, aside from the inter-
facial surface energy between the fluid and walls. Thus, it is pre-
ferred in applications where the goal is fluid and sample trans-
port. In many applications PDMS (Polydimethylsiloxane) is the
most adapted material for chip manufacturing in microfluidics.
PDMS has several aspects that make it favorable for microflu-
idic applications. Ease of chip fabrication, cost effectiveness,
chemical stability, and good optical properties are features of-
fered by PDMS and desirable for microfluidics. On the other
hand, PDMS has some shortcomings. One of importance is that
PDMS is naturally hydrophobic. For this reason it is hard to
achieve surface tension flow in native PDMS for various fluids
used in microfluidics. Thus, native PDMS must be treated to get
hydrophilic surface properties.

The most used method for altering PDMS properties to a
hydrophilic state is by plasma treatment. This treatment has sev-
eral aspects where it enhances the attachment of PDMS to sub-
strates, it alters the surface from a hydrophobic to a hydrophilic
state, and it increases the electrokinetic properties of PDMS. As
a result, after plasma treatment surface tension pumping can be
achieved in PDMS, unlike native PDMS. However, plasma treat-
ment is not permanent due to the diffusion of non-cured PDMS
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species to the surface of microchannels, as is well documented
in the literature. The change of plasma treated PDMS with time
will affect both the electrokinetic and surface tension driven flow.
To our knowledge, researchers have quantitatively documented
the time effect on plasma treated PDMS microchannels (aging of
PDMS) for electrokinetic flow, but not for surface tension driven
flow. Therefore, a quantitative examination of the time effect on
surface tension driven flow for plasma treated PDMS gives valu-
able information on both regaining the hydrophobic properties
in PDMS and changes in the passive flow conditions.

In this work a quantitative study on the hydrophobic recov-
ery for oxygen-plasma treated PDMS and its effects on surface
tension flow was examined. The study was performed with a
quantitative flow visualization technique (micro particle image
velocimetry). It was found that the aging of PDMS will strongly
affect surface tension flow of water based solutions in PDMS
microchannels. This study gives important information on the
effectiveness of surface tension driven flow for oxygen plasma
treated PDMS microchannels.

INTRODUCTION

Microfluidics is an area that aims to combine and integrate
different processes in one small device for numerous applica-
tions [1]. One of the major processes that must be achieved is
flow and sample transport through microchannels. There are a
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number of flow techniques utilized in microfluidics, the major
pumping approaches are: pressure driven, electroosmotic, and
surface tension driven flows [2]. Each type of flow has its ad-
vantages and limitations [2]. For this reason the proper choice
of flow pumping mechanism is an essential step in microfluidic
chip design. Surface tension driven flow received attention since
it offered a passive pumping technique. Thus, it has advantages
compared to other pumping techniques if only flow pumping and
sample transport and handling is required. It has been applied
in a number of microfluidic and microscale applications such
as epoxy underfill flow [3], transporting blood samples in mi-
crochannels [4, 5], and performing chemical reactions in small
microchannels [6].

In the literature surface tension driven flow is associated
with two types of flows. The first one originates from the sur-
face tension properties of fluids [7-9]. This liquid surface ten-
sion occurs when liquids attain a meniscus shape which creates
a pressure difference, also known as Laplace pressure [7]. In
microscale Laplace pressure is sufficient to create flow through
microchannel networks. The other type of surface tension flow,
also referred to as capillary flow, occurs at the walls of capillar-
ies and microchannels. The attraction of some materials to liquid
molecules creates a flow. This is due to the viscous drag between
the liquid molecules close to the wall and others far from the
wall. In this work the latter type will be our main focus.

The origins of surface tension driven flow are from the
interaction between the liquid molecules and the solid mate-
rials [7]. Most researchers have studied the interaction phe-
nomenon between liquids and solid materials with static ap-
proaches, mainly static contact angle measurement. This mea-
surement finds the angle formed between a small droplet on a
horizontal surface [7,10]. However, the measurement is very sen-
sitive and suffers from many error sources [10]. Although static
contact angle of liquids offers information about applicability in
using materials for surface tension driven flow, it doesn’t probe
the dynamic aspects of the flow in microchannels and small cap-
illaries. This is due to the fact that the dynamic contact angle
formed in surface tension driven flow differers from the angle
measured under static conditions [11]. For this reason the inter-
est in examining the dynamic behavior of surface tension driven
flow received great interest by researchers.

There are several approaches used in examining the dynamic
angles formed between liquids and solids [11-15], but the one
of interest to us is tracking the leading edge for liquid flow in
microchannels and capillaries [15-17]. The main two parame-
ters that are studied in the leading edge of the flow are the angle
formed between the wall material and the liquid (the dynamic
angle) and the speed of the leading edge. These two parame-
ters give information on the surface tension driven flow proper-
ties. Although this approach examines the dynamic properties
of surface tension flow, it suffers from some drawbacks. One
important drawback is that it is sometimes hard to accurately

measure the dynamic contact angle due to its small magnitude !.
Thus, researchers used the angle formed between the leading
edge meniscus and the channel material as an approximate dy-
namic angle [16].

In the literature researchers examined the leading edge in
different surface tension driven flow conditions and configura-
tions [16, 17]. Chen et al. [16] examined the effects of channel
shape changes on surface tension flow for open channel condi-
tions. In their work they adapted tracking the leading edge for
examining surface tension driven flow. It was found that the flow
decelerates before turns and then accelerates after the channel
turns and regains its original speed. Chen et al. [16] also per-
formed numerical analysis of the flow and good agreement with
experimental results was achieved.

Zhu and Duran [17] examined capillary driven flow in differ-
ent materials. In their work they examined the speed and shape of
the leading meniscus for different channel geometries and condi-
tions. It was found that leading edge properties of water differs
with the channel materials. Glass capillaries and microchannels
gave the highest speeds (ranging from 21.5 to 2.5 mm/s) accord-
ing to the size. Also, it was observed that the capillary speed for
plasma treated microchannels changes with time.

PDMS is the most adapted material in microfluidics for chip
manufacturing [18]. PDMS is hydrophobic by nature and in most
applications hydrophilic properties are desired. Thus, surface
treatments of PDMS are widely used in microfluidics. One of
the most adapted approaches is the plasma treatment. However,
this treatment is not permanent due to the diffusion of non-cured
PDMS to the surface of microchannels under dry storage condi-
tions [19,20]. This phenomenon has been studied for electroos-
motic flow. But there is still some lack of information on the
PDMS aging effects in surface tension driven flow. Therefore,
the examination of PDMS aging with dynamic conditions is im-
portant.

In this work a quantitative velocity measurement study of
surface tension (capillary) driven flow in PDMS microchannels
is presented. The study is performed to examine the velocity of
both the wetting region and the leading edge in surface tension
driven flow. The effect of PDMS aging on these two parameters
will be examined. Unlike other studies tackling this phenomenon
other sources of errors were eliminated, such as undesired pres-
sure driven flow. A detailed description on the approach and the
experimental setup used in this work is next.

IThe actual dynamic angle is the angle formed by the liquid wetting and dis-
persing on the wall. The liquid is forms a very thin film and spreads on the wall.
The scale of this liquid region is very small and it is hard to exactly measure the
angle formed.
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Figure 1. A SCHEMATIC IMAGE OF A MICROCHANNEL INDICATING
THE REGIONS WITH PRESSURE RESISTANCE.

Experimental Setup
Channel Manufacturing

Straight microchannels with pressure resistance sections
close to the reservoirs were used in the current study. The
pressure resistance sections were adapted to eliminate pressure
driven flow in the microchannels from height or meniscus droplet
formation at the inlet reservoir. Thus, it is reasonable to assume
that the flow in the microchannels is due to surface tension. Fig-
ure 1 presents the configuration of the microchannel and its pres-
sure resistance regions. The microchannels were manufactured
with replica molding of SUS structures. The SUS structures were
fabricated on silicon wafers with soft lithography manufacturing
approaches [18]. The microchannels had a square cross section
100 x 100 wm? and a total length of Scm between reservoirs.

PDMS microchannels were made by mixing the PDMS base
and curing agent (Sylgard 184 PDMS kit, Dow Corning) with
10:1 ratio. Then, the liquid PDMS was poured on the silicon
wafers that contains hard SU8 structures of the microchannels.
PDMS was degassed under -170 kPa in a vacuum oven for 1 hr.
Afterwards, the silicon wafers covered with liquid PDMS were
cured over a hot plate (140°C) for 3 hrs. This was done to assure
full curing of PDMS. Afterwards, access holes (Diameter = 2
mm) were punched through cured PDMS at the reservoirs.

The microchannel substrates were made from glass slides
coated with PDMS. The PDMS coating was done in the next
steps. Liquid PDMS (10:1 ratio) was spun coated on the glass
slides. This was done with a speed of 1,500 rpm for 1 min. Then
the coated slides were cured over a hot plate (100 C) for 15 min.

Prior to bonding the microchannels to the substrates, all the
samples were cleaned with acetone, deionized water and dried
with nitrogen gas. The PDMS microchannels and substrates
were bonded with the aid of an oxygen-plasma cleaner. The sam-
ples were treated for 20 s with —66.6 x 1073 kPa (-500 mTorr).
After bonding the microchannels were left in dry conditions until
the time of the experiment.

Optical and Imaging Systems

In the current study an optical velocity measurement ap-
proach was used to find the velocity fields and the leading
edge properties in surface driven flow in oxygen-plasma treated

PDMS microchannels. The technique is known as micro-PIV
(micro particle image velocimetry) [21]. A Nikon (TU-2000)
inverted microscope was used to view the region of interest in
the microchannel. All the measurements were done with a 20X
objective (CFI-S PlanFluor ELWD, NA 0.45). A double head
Nd:YAG laser was used to illuminate the flow that contains flu-
orescent tracking particles. The laser emits light at 532 nm with
duration of 3-5 ns. The light is guided through a liquid light
guide assembly to the microscope filters and optics to be focused
on the area of interest in the microchannel.

To have consistent measurement the region of interest was
similar in each test. The imaged region of interest is located 4 cm
from the inlet reservoir. Fluorescent particles (1 pm, Carboxylate
modified microspheres, Invitrogen) diluted in water were used in
the experiments. The flow images were recorded with a CCD
camera (HiSense, Dantec Dynamics). The velocity fields were
calculated with an adaptive correlation analysis on the captured
images (DynamicStudio,Dantec Dynamics).

Experimental Procedure

Experiments were done in the following procedure. The
scale factor was calibrated between the physical measurement
and the image recorded by the CCD camera. Afterwards, focus-
ing was done on the area of interest located 4 cm from the inlet
reservoir. The micro-PIV system was operated (the laser and
image recording). Then, water containing fluorescent particles
was introduced at the inlet reservoir. Surface tension causes flow
from the inlet reservoir to the outlet reservoir passing the area
of interest. A successful trial happens when the leading edge is
imaged while it crosses the area of interest. If the leading edge
wasn’t imaged, another experiment was done with a new chip
and the same procedure presented above. A new chip was used
in each experiment to avoid cross contamination between differ-
ent runs, and to avoid errors from fluorescent particles adsorbed
at the PDMS walls after each experiment.

After recording the desired images of the leading edge two
types of analysis were done. First the images of the leading edge
were enhanced with different filtering approaches to improve the
contrast of the leading edge. The dynamic contact angle was
found with a contact angle approach [10]. This was done with
a free contact angle software [10]. The second analysis of the
recorded images were done with DynamicStudio (Dantec Dy-
namics) to find the velocity fields along the interface.

Typical images of the leading edge at different times are pre-
sented in Fig. 2

Results and Discussions

Surface tension driven flow was examined for oxygen-
plasma treated PDMS microchannels. The aim of the study was
to find the effect of time on oxygen-plasma treated PDMS mi-
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Figure2. IMAGES OF THE LEADING EDGE FOR SURFACE TENSION
DRIVEN FLOW IN MICROCHANNELS. EACH IMAGE PRESENTS THE
LEADING EDGE FOR A MICROCHANNEL AND THE STORING DURA-
TION PRIOR TO THE EXPERIMENT, AS LABELED IN THE FIGURES.

crochannels. Changes in the surface tension properties are used
to examine the effect of PDMS aging. This is done with an op-
tical measurement approach of the leading edge. There are three
major phenomena that are examined in this study:

* The shape of the leading edge.

* The dynamic contact angle formed in between the meniscus
and the channel walls.

* The speed of the leading edge.

The Shape of the Leading Edge and Dynamic Angle

Examining the shape of the leading edge gives information
on the channel walls attraction to liquid molecules. If the at-
traction is high the leading edge will have a concave shape and
forms a small angle between the leading meniscus and the chan-
nel walls. The concave shape of the leading edge causes fluid
motion through the microchannel because it is under continu-
ous attraction from the walls. It is clear from Fig. 2 that menis-
cus shape of the leading edge changes with time. This is ob-
served from Fig. 2 one hour after bonding to 36 hr after bonding
where the meniscus shape flattens with time. This is an indica-
tion that the surface tension driven flow is decreasing with time
for oxygen-plasma treated microchannels under dry storage con-
ditions. The main cause for changes in the leading edge shape
is that PDMS is losing surface energy with time. This is due to
the changes of the surface properties of treated PDMS from a
hydrophilic to a hydrophobic state. It is well accepted that this
change is due to the diffusion on non-cured PDMS species in the
bulk PDMS to the surface of the microchannel.
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Figure 3. THE LEADING EDGE DYNAMIC CONTACT ANGLE
CHANGE WITH TIME.

The contact angles formed between the leading edge and
the channel walls were measured with a static contact angle ap-
proach. This was done on a single frame image of the leading
edge, similar to images presented in Fig. 2. Due to the sym-
metry of the meniscus the angle should be the same. However,
due to human experimental errors and image quality issues the
angle was measured at both sides of the microchannel. The pre-
sented results are averaged for both measured angles at the dif-
ferent walls. Open source software was used for finding the an-
gles [10]. The change of the dynamic contact angle with time is
shown in Fig. 3.

As shown in Fig. 3, the dynamic contact angle increases with
time. The angles changed from around 25° an hour after bonding
to 75¢ after 36 hrs. This indicates the change of PDMS properties
with time. However the results from the dynamic contact angle
must be taken with great caution. This is due to the fact that
the actual contact angle between the liquid and wall wasn’t mea-
sured but inferred from the meniscus shape. The actual contact
angle must be measured close to the microchannel walls. Due to
the optical limitations of the current system and the florescence
imaging approach used in this work this measurement couldn’t
be done. On the other hand, inferring the dynamic angle from
the meniscus shape has been previously used in surface tension
driven flow [16]. This justifies our approach and gives creditabil-
ity to the findings.

The Leading Edge Velocity

In this work the flow velocity across the microchannel was
found with a micro-PIV system [21]. Typical images that were
analyzed are presented in Fig. 2. The PIV analysis was done with
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Figure 4. TIME EFFECT ON THE AVERAGE VELOCITY OF THE
LEADING EDGE IN SURFACE TENSION DRIVEN FLOW.

cross correlation of two successive images for the flow [21]. Af-
terwards, the average axial velocity of the leading edge was cal-
culated with an in house Matlab program (Mathworks) 2. The
average velocity changes of the leading edge with time is pre-
sented in Fig. 4.

As it is clearly shown in Fig. 4 the average velocity of the
leading edge decreases greatly with time. The velocity changed
from around 1.8 mm/s an hour after bonding to around 110.0
wm/s after 36 hours of bonding and dry storage conditions. Ex-
periments after waiting 36 hrs failed and didn’t show any signif-
icant surface tension driven flow. The leading edge velocity de-
creases rapidly in the first few hours (0 - 5 hrs). Then the change
becomes less gradual, as observed in Fig. 4. The leading edge ve-
locity represents the average velocity of surface tension flow in
microchannels. This was confirmed previously in the literature
with optical tracking of the leading edge [16, 17].

The decrease in the average velocity of surface tension
driven flow with time coincides with observations from the lead-
ing edge shape and the the dynamic contact angle Fig. 2 & 3.
These changes are due to one major phenomenon that occurs in
oxygen-plasma and regular plasma treated PDMS, which is the
regaining of the PDMS hydrophobic nature. Results from the av-
erage velocity measurements are the best indicator since it is the
major strength of the micro-PIV system. The change of the aver-
age velocity of the leading edge with time can be approximated
with logarithmic change. This change is very high and must be

2The axial speed is a good representative of the leading edge speed. A com-
parison between the axial velocity and the average velocity of the leading edge
showed that axial velocity contributes up to about 98 % of the average velocity
in most cases. Thus, it reasonable to assume that the axial velocity represents the
leading edge speed.

taken into consideration when plasma treated PDMS microchan-
nels are used in this type of surface tension driven flow.

Conclusions

Surface tension driven flow in oxygen-plasma treated PDMS
microchannels was examined with a quantitative optical mea-
surement technique. Aging of plasma treated PDMS was exam-
ined by finding the changes in surface tension driven flow. Three
major aspects of the flow were examined in this study these are:
the shape of the leading edge, the dynamic angle formed between
the leading meniscus and channel walls, and the average velocity
of the leading edge. The examined parameters were used as an
indicator for PDMS aging.

It was found that PDMS attains high surface energy after
oxygen-plasma treatment. This resulted in high leading edge
speed (around 1.8 mm/s). The dynamic contact angle and the
meniscus shape also agreed with this finding. The contact an-
gle after bonding was around 24 degrees and the meniscus was
concave. With dry storage conditions for the microchannels the
average speed of the leading edge significantly changes with time
(110.0 pm/s) after 36 hrs of dry storage conditions. This finding
was confirmed by both the dynamic contact angle and the lead-
ing edge shape. After 36 hrs, no significant surface tension flow
was observed.

This study shows the applicability of using micro-PIV stud-
ies for examining the dynamic aspects in surface tension driven
flow. This was confirmed with studying changes in surface ten-
sion driven flow for oxygen plasma treated microchannels.
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