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Abstract: The aim of this work is to study the fluid-front dynamics within microchannels of
different geometries. A first rectangular and hydrophobic microchannel has a groove geometry
reproducing a defect. A second geometry consists in many wedges repeated along an hydrophilic
microchannel. The latter has a specific geometry that together with the hydrophilic contact angle
causes a mass injection that partially compensates friction.

I. INTRODUCTION

Microfluidics is an increasingly important field which
allows the study of complex fluids such as blood. Ap-
plications are mainly focused in diagnostic, since only a
small amount of liquid is required. Furthermore, the dy-
namic study is necessary because the particles of these
fluids might deform, orientate, change their membrane
properties, etc.[1]

Nevertheless, imperfections during fabrication are un-
avoidable and at this scale, they might become relevant.
Pinning of the contact line is an important effect: when
the front reaches a sharp structure, it gets pinned on
one side and slowed down. Then it is followed by an
avalanche. In a groove geometry the Fakir state can be
observed, i.e., the fluid does not enter the groove.

FIG. 1: Left: pinning of the contact line in a groove corner.
Right: the front recovers the advance after attaching to the
other corner of the groove. The fakir state is observed.

It is refered as spontaneous imbibition, when a fluid en-
ters a porous medium without an additional force. This
happens, e.g., when a water droplet expands trough pa-
per. On the other hand, forced imbibition requires an ex-
ternal force that compels the fluid to enter the medium,
as could be an hydrophobic microchannel. This can be
achieved with the use of a pump or by hydrostatic pres-
sure.

This work aims to study two cases. First, an hy-
drophobic microchannel which is used to study the pin-
ning mechanism of the contact line during forced imbibi-
tion. It has a small groove that recreates a small defect.
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In this case, the pressure forcing the front to advance
is hydrostatic. Besides, we study a hydrophilic channel
with many wedges repeated along its length. Here, the
only driving force is the capillary pressure gradient. Fur-
thermore, the specific patterns endeavor to oppose the
friction slowing down the interface and to achieve a linear
regime. The physics responsible for this neutralizing is a
Young-Laplace balance leading to a mass injection. At
the edge of the wedge, the front presents an hydrophobic
dynamic angle. However, the hydrophilic angle should be
recovered and the front would rapidly climb the vertical
wall in order to do so. The study is focused in one wedge.

FIG. 2: Left: the front at the edge presents a dynamic hy-
drophobic angle. Right: the front recovers the dynamic hy-
drophilic angle climbing the vertical wall.

The work consists in studying the behaviour of the
water-air contact line as a function of time and other
aspects as the velocity of the front. The advance of the
front is analyzed for two different geometries, one of them
presenting a pinning mechanism, the other presenting a
mass injection that partly compensates dissipation.

II. THEORETICAL MODEL

The equations describing the flow through a channel
depend on the channel dimensions and structure. Here,
we deduce the governing equations for a rectangular
channel and for a wedge. In both cases, since the chan-
nel width is bigger than the channel height (w >> b),
a two-dimensional flow can be considered. Besides, low
Reynolds number can be considered at this scale and ve-
locity.

The mean front position, h(t) is obtained as the mean
of the positions for each pixel along the width of the
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channel, i.e.,

h(t) =
1

N

N∑
i=1

hi(t) (1)

where hi(t) is the distance travelled by the contact line
for one point, i, and i goes over the pixels on the width
of the channel.

FIG. 3: The distance of the arrow coincides with the front
position at the ith pixel of the contact line. The offset
hi(0) = h(i, 0) is the distance already travelled by the front
that cannot be seen in the microscope.

From the Navier Stokes equation we derive the follow-
ing equation. The equation is simplified considering a
low Reynolds regime and a two-dimensional flow [2].

d

dt
(hḣ) +

12η

ρb2
hḣ =

∆P

ρ
(2)

where h is the mean front position, ḣ the mean front
velocity, ρ and η are the fluid density and viscosity, re-
spectively, b is the height of the channel and ∆P is the
contribution of all pressures. The term A = ∆P

ρ is re-

lated with the advance forces and the term 12η
ρb2 hḣ with

dissipation.
We first consider the case of a rectangular hydropho-

bic channel. In this case ∆P = Phyd − PL. The front
advances due to a hydrostatic pressure, Phyd, while the
Laplace pressure (capillary pressure), PL, is opposed to
the advance. The hydrostatic pressure is achieved by a
container full of fluid that is connected to the channel
through a tube. It has to be taken into consideration
that the tube opposes a resistance. The previous equa-
tion results in [3]

ḣ(t) =
Phyd − PL

η

(
12h(t)

b2 + 8bwlt
πr4

) (3)

where w is the width of the channel, lt is the tube length
and r is the tube internal radius.

This equation is linear at small times and follows the
Washburn regime (h ∼ t1/2) for longer times. For a tube
of a considerable length the resistance is big enough to
consider the velocity constant along the microchannel [3].

Consider now the hydrophilic channel with a wedge ge-
ometry. In this case A = PL

ρ since the capillary pressure

is the only propelling force. Equation 2 can be integrated
for a wedge geometry and the exponent obtained for long
enough times is 1/3 since geometry is not constant [4].
This would happen for a channel with one wedge ge-

ometry. Our case concerns a repetition of wedges. In
this case, when the contact line arrives at the wedge su-
perior edge, the dynamic contact angle is hydrophobic
since it is bigger than π/2 rad. However, the contact line
must recover its dynamic hydrophilic angle. This balance
happens very fast and as a consequence there is a mass
injection to the front. This mass injection might partly
compensate dissipation. If this happened, a linear regime
over a finite number of wedges would be achieved [5].

FIG. 4: The dynamic contact angle with the vertical wall is
hydrophobic.

III. MATERIALS AND METHODS

A. Microchannel fabrication

The entire fabrication process is done in the Clean
Room of the Physics Faculty of UB.
During this work, two microchannels have been used.

One of them is hydrophobic with one groove simulating
a small imperfection (A). The other is hydrophilic with
many wedges repeated through the channel (B). Both
of them are hydrophobic without treatment however ex-
periments are only done under hydrophilic conditions for
channel B.

FIG. 5: (a) Rectangular microchannel with a groove geometry
(A). (b) Microchannel with a rectangular cross section and
repeated wedge geometry (B). The red line indicates the ”top”
point, the green line the ”center” point and the blue line the
”bottom” point.

The process to obtain a microchannel has been the
following. Firstly, the mold has been designed with both
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Autodesk Fusion and Preform software. Hereafter, the
mold is 3d-printed and then rinsed with isopropyl alcohol.

Once the mold is dry, the organic polymer poly-
dimethylsiloxane (PDMS) is poured onto the mold and
put into the oven in order to achieve polymerization.

Then, the hardened polymer is removed from the mold
and is put through a first oxidation process, together with
a cleaned glass slide. The oxidation process consists in
having both pieces inside a vacuum chamber (Harrick
Plasma Cleaner) at low pressures filled with O2 . Then
a high frequency voltage is applied in order to obtain the
plasma. The polymer and the glass are exposed to the
plasma for 60 seconds. This process activates the PDMS
(and the glass microscope slides) and polar functional
groups appear on the surfaces. When both materials are
in contact, they are strongly bonded [6].

TABLE I: Microchannel dimensions. Width (w), height (b)
and length (l) of the channel as well as the length of the
geometry (lg) are presented.

Microchannel A Microchannel B

wmin (µm) 300 700

wmax (µm) 350 1000

b (µm) 100 300

lg (µm) 100 2000

l (cm) 4 5.4

B. Hydrophilic treatment for a microchannel

In order to achieve a hydrophilic surface, the mi-
crochannel undergoes another oxidation process, longer
this time. The bonding process and the hydrophilic treat-
ment must be done separately, since the bonding of the
PDMS to the glass is hindered by long oxidation pro-
cesses. This time the exposure to plasma lasts 500 sec-
onds. Afterwards, the channel has hydrophilic properties
and it is ready for the experiments.

Once activation is finished, PDMS starts a process
named hydrophobic recovery. This recovery is attributed
to different processes (diffusion, redistribution of radi-
cals between the surface and the bulk...) that reduce
the energy of the system and that are widely affected by
temperature and contamination [7]. This means that the
hydrophilic behaviour of the channel is temporary and
the contact angle will vary with time.

C. Experimental method

The set up of the experiment differs for spontaneous
imbibition or forced imbibition. In both cases, an optical
microscope Optika B350 with a 4X and 10X magnifica-
tion is used. The microscope is connected to a Chronos
1.4 High Speed Camera. The experiments were recorded

FIG. 6: Schematic experimental set up for forced imbibition.
(C. Trejo 2016)

from 700 to 7000 frames per second. The fluid used
for the experiments is Milli-Q® water, which is a well-
known newtonian fluid.
For the forced imbibition, the microchannel is con-

nected to a fluid container using a tube. This container is
big enough to consider that its height will not change and
the hydrostatic pressure will be constant (Fig. 6). Spon-
taneous imbibition does not require any external force.
The fluid was introduced in the inlet reservoir using a
micropipette.

D. Data processing

The image processing has been done with a MATLAB
program. The program worked subtracting to every im-
age the previous one [8] and then applying filters to fi-
nally obtain the contact line for every time step. For
high frame rates, information was being repeated and
the front contact line was lost. In order to solve this, the
subtracted image was the nth previous image, i.e., the
image 35 was subtracted to the image 35+n, were n was
ranging from 10 to 30.
The program calculates the mean front position using

Equation 1 and tracks the position of three specific points
of the contact line (Fig. 5). The time derivative of (h−
h0) and the time derivative of (h−h0)

2 are calculated as
well as a numerical derivative, following the equation

∆h

∆t
=

h(i+ n)− h(i)

n ·∆t
(4)

where ∆t = F−1, F being the frame rate, h(j) is the
front position in the jth time step for j = i, i + n. The
equation is used for n = 1. Nevertheless, for videos with
higher frame rate n is increased. The derivative of (h −
h0)

2 is calculated changing h(j) by h(j)2.
Finally, assuming the front advance pursues an equa-

tion such as

h(t)− h0 = v0 · tν (5)
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which can be linearized applying logarithms on both
sides, the program calculates ν for a window of points.
This window is chosen manually assuring enough points
are used for the regression. This window value induces
an error of δν = ±0.2.

IV. RESULTS AND DISCUSSION

A. Hydrophobic channels

The front is slowed down by the pinning and then its
velocity increases to recover the linear behaviour. This
can be observed in Fig. 7. The exponent ν for the ”top”
point has a depression followed by a jump, from ν =
0.5 ± 0.2 to ν = 2.0 ± 0.2. This can be compared with
the velocity in Fig. 8. There is a jump in the velocity
at the same time the front arrives to the other corner of
the groove. There are small pinning mechanisms during
the front advance that present lower exponents and are
covered by the global front advance. In Fig. 8 it can be
observed the front velocity and the derivative of h2. The
exponent obtained for the mean front position (h(t) −
h0) ∼ tν is ν = 0.96. The velocity should present ν−1 =
−0.04 and dh2/dt ∼ t2ν−1 such that ν = 0.92 which agree
with the values presented.

FIG. 7: Exponent ν as a function of time t̂ for three points of
the contact line. The time is the mean value over the window
chosen. The results correspond to microchannel A.

B. Hydrophilic channels

For the hydrophilic channel it can be observed in Fig.
9 the front advance in three different positions. In the
”top” position two jumps can be observed. A first with
a ν = 1.96 exponent and a second one with a lower ex-
ponent of ν = 1.76. This can be observed in Fig. 10.
Besides, there is a reply of the bottom part of the contact
line (as well as the center) with a certain phase difference.

FIG. 8: Representation of the time derivative from the mean
front position, dh/dt, and the second power of the mean front
position, dh2/dt as a function of time for microchannel A[9].

FIG. 9: Mean front position (h−h0) in meters as a function of
time in seconds for microchannel B. The behaviour for three
different points is represented as well. The numbers presented
in black represent the exponent ν in Eq. 5.

After the first wedge wall is climbed, the front presents
a behaviour of the mean front with ν = 0.89 (Fig. 9). In
Fig. 10 the exponents fluctuate around this value.
These jumps can also be observed in the velocity (Fig.

11) which is slowed down before increasing again. This
can be observed in the video: when the contact line is
travelling the vertical wall of the wedge, the bottom part
of the front is slowed down and, since the fluid is being
injected from the top, the curvature of the contact line
is increased. Thereafter, the front recovers the dynamic
contact angle and an increase in velocity is observed.
It is noticeable the high values of the velocity. This
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FIG. 10: Exponent ν as a function of time t̂ for three different
points of the contact line. Red for the top point, green fro the
center point and blue for the bottom point. The time is the
mean value over the window chosen. The results correspond
to microchannel B.

FIG. 11: Time derivative of the mean front position as a
function of time for microchannel B. Velocity is decreasing
slowly, then it falls down before jumping and repeating the
process.

velocity is rapidly reduced in the first wedges. It can
be observed that after the rapid increase, the velocity
recovers a lower value than in the previous wedge wall.

V. CONCLUSIONS

We have studied the contact line advance for a water-
air front in microchannels that have different geometries:
a groove and a repetition of wedges.

For the hydrophobic microchannel with the groove,
it is verified that the front has a general linear regime
(t0.96). However when the first pinning occurs the front is
slowed down considerably. This is followed by the attach-
ment to the other corner of the groove and an avalanche.
This mechanism affects the global dynamics during the
time between the pinning and slightly after the attach-
ment to the second corner.

For the hydrophilic microchannel with the repeated
wedge geometry it is observed that the front does not
recover the same conditions when it starts a new wedge.
This is in agreement with the theory, since mass injection
only compensates friction partially. It is observed how
the front presents a rapid increase in its velocity in the
closest part to the wedge (top), while it is slowed down
in the opposite side (bottom) just to increase it again
afterwards. This rapid increase occurs when the front
recovers the hydrophilic contact angle at the vertical wall
and there is a mass injection as a consequence. Besides,
the velocity of the front is considerable and it is reduced
rapidly. Further studies should be made in order to study
the behaviour in more than one wedge.
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