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ABSTRACT

We study the dynamics of microfluidic fronts driven by pulsatile pressures in the presence of patches of hydrophilic wetting on the walls of
the confining media. To do so, we use a recently developed phase-field model that takes inertia into account. We track the interface position
in channels with different spacing between the patches and observe that the smaller the spacing, the faster the advancement of the front. We
find that the wetting patterning induces a modulating dynamics of the contact line that causes an effective wetting, which in turn determines
the modulation of the interface velocity. We characterize the modulation frequency in terms of wetting pattern, inertia, and surface tension,
via the capillary pressure, viscosity, and confinement.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0087810

I. INTRODUCTION

Fluid dynamics of multi-phase flows over rough, textured, or
chemical patterned surfaces have a wide range of technological appli-
cations, for instance, self-cleaning,1,2 anti-fogging,3,4 the roll of water
droplets down a surface while displacing air,5 the sliding of water
drops on chemically heterogeneous surfaces,6 the dynamics of a fluid
front during the capillary filling of a microchannel,7,8 providing adher-
ent sites for cell growth in organs on chips,9 and metering discrete liq-
uid volumes.10 One of the main usages of patterned surfaces is to
control flow dynamics in microchannels,11–13 for instance, the capil-
lary flow on laminated papers can be hold for a desired time by using
patterns of inks with different levels of hydrophobicity,14 modulated
penetration of a liquid can be achieved by using capillaries with hydro-
philic–hydrophobic rings,15 and at specific positions, flow speed can
be controlled by adjusting the ratio of hydrophobic area to whole
channel width.16 Recent studies on unstable thin films with patterned

substrates were focused on finding ways in which they could be ori-
ented toward preferred spatial paths.17,18 Most studies of moving
fronts have been done by driving the fluids by constant pressure drops.
However, in some microfluidic devices, there are intentional or unin-
tentional pulsatile forces, for instance, in systems involving drop-
lets.19,20 Front dynamics subject to pulsatile forcing on patterned
substrates has not been widely studied. Mondal et al.21 studied the
contact line dynamics over patterned surfaces with wettability gra-
dients under pulsating flow and analyzed the slip-stick behavior of the
contact line movement in systems in which the interface runs through
several patches of the wetting pattern during a period of the pulsation.
In the present study, we analyze the dynamics of fluid–fluid interfaces
within rectangular microchannels with patches of hydrophilic wetting
in systems in which the interface oscillates several times within the
pulsatile period over patches of hydrophilic or neutral wetting. We
observed that the front advances with a stair-like modulation with
characteristic regions in which the front velocity has two different
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regimes, related to the interface traveling over patches of different
hydrophilicity. We characterized the modulation frequency found in
the dynamics in terms of the combined effects of the wetting pattern,
inertia, and surface tension, via the capillary pressure, viscosity, and
confinement. Our results could be used to find ways in which pulsatile
stable fronts in patterned substrates can be handled in order to control
the way in which contact lines evolve. This would allow for controlling
the residence times of stable fronts in desired regions of the
microchannel.

II. MODEL AND NUMERICAL IMPLEMENTATION

We have recently introduced a phase-field model that takes iner-
tia into account and provides a framework to study interfaces between
two immiscible fluids subject to pulsatile forcing, where acceleration is
always present. In this paper, we use this model to study the pulsatile
interface dynamics, flowing over a patched substrate with patches of
different wettability. Our periodic patterning consists of a hydrophilic
region followed by a neutral one, both of the same size, see Fig. 1(a).
There are different regimes of the front dynamics, depending on the
nature of the hydrophilic patch. When hydrophilicity is low, the inter-
face advances for a short period of time but then, it gets stuck in a
patch of neutral wetting. For very hydrophilic patches, the front
dynamics follows a classical Washburn behavior, H � t1=2. We have
chosen wetting values in a regime where the front dynamics presents a
modulation induced by the spatial pattern of the wetting patches. The
characterization of this phenomena is the subject of the present study.

The mesoscopic equation that we use to describe the interface
dynamics is a phase-field model of the form:22

a
@2/
@t2
þ @/
@t
¼ r �Mrl /ð Þ; (1)

where / is the order parameter, a is a parameter related to inertia,M is
a mobility, lð/Þ ¼ �/þ /3 � e2r2/ is the chemical potential, and e
is a parameter proportional to the interface width, see Appendix A for
more details on this phase-field model. The following boundary condi-
tion is imposed at the entrance, x¼ 0, of the microchannel:

lðx ¼ 0; tÞ ¼ l0 cos ðxf tÞ: (2)

This represents the pulsatile driving force of the system, with fre-
quency xf, see Fig. 1(a) for a schematic representation of the pulsatile
driving. The initial boundary condition is an equilibrium profile for
the order parameter with a flat interface between the fluids. At the
microchannel walls, we impose two boundary conditions; one of them
ensures that there is no flow through them, n̂�rljz¼0 ¼ n̂�rljz¼Lz
¼ 0; where n̂ is a unit normal vector to the walls. The second condi-
tion introduces a fluid–wall interaction as in Ref. 8 and allow us to cre-
ate the wetting pattern,

n̂�r/jz¼0 ¼ n̂�r/jz¼Lz ¼ As; (3)

where As is a parameter that describes the preference of the wall for
either the fluid (As > 0, for hydrophilic interactions) or the air (As

< 0, for hydrophobic interactions). The case of neutral wetting corre-
sponds to As ¼ 0. The wetting pattern is created by imposing the
boundary condition given by Eq. (3) with As >0 in a region of nP units
of length, followed by a region with nP units of length with neutral wet-
ting, As ¼ 0. In the sharp interface limit,22 this model gives r2p ¼ 0;
for the bulk; and the boundary conditions at the fluid–fluid interface,
namely, the local thermodynamic equilibrium condition, Dp ¼ �rj;
where Dp is the pressure drop across the interface, j is its local curva-
ture, and r is the surface tension; and the continuity boundary condi-
tion, which requires the normal velocity of the interface, vn, to be equal
to the normal velocity of the fluid at the interface, which satisfies

FIG. 1. (a) Schematic representation of
the microchannel with a periodic wetting
pattern used to integrate Eq. (1) subject to
a pulsatile driving at the entrance. The
interface curvature indicates the hydro-
philic nature of the regions with wetting,
represented with red lines. (b) Interface
profiles for four halves of the driving cycle.
The time arrow within each sub-figure
goes from blue to black and from black to
red. For the hydrophilic patches As ¼ 0.08,
for the neutral patches As ¼ 0.0; l0 ¼ 0:1;
xf ¼ 0:0025 and a ¼ 400.
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a
@vn
@t
þ vn ¼ �

M
2
rp � n̂: (4)

The last equation shows that the phase-field model leads to an accelera-
tion term where the parameter a is related to density. We use this
phase-field model since the second derivative in time of the order
parameter accounts for inertia, which is relevant whenever the system is
accelerated, as when driven by an oscillatory forcing. The phase field
model parameters, M and a, can be related to physical ones using the
Navier–Stokes equation for an incompressible Newtonian fluid, with
viscosity, g, confined in a microchannel of height b. This allows one to
identify M, as the steady state mobility, M2 ¼ b2

12g, just as in the model

without the second derivative; and to relate a, with the fluid density, q,

through a ¼ 6
5

qb2

12g.
22 Variables of the phase-field model are non-

dimensional; therefore, to use the results of the phase field-model for a
particular system, it is necessary to establish conversion factors, see
Appendix B for conversion factors for water in a 300lmmicrochannel.

In a previous work,22 we found two different regimes that depend
on the value of the product xf a, where xf is the angular frequency of
the pulsatile pressure gradient. xf a is a non-dimensional time, which
involves viscous time and forcing frequency. For xf a� 1, inertia is
irrelevant and the dynamic behavior is the one of the usual phase-field
models without the second derivative in time. For xf a� 1, inertia is
always relevant. In between these two regimes, there is a crossover
region in which inertia is also relevant. We have chosen the values of
xf and a in such a way that their product is equal to 1, in order to
study the interface dynamics in a regime where inertia is relevant.22

For many microfluidics systems, the rectangular cross section of
the channels is such that the system can be considered quasi 2D and
the rectangular geometry can be replaced by infinite parallel plates.23,24

We have carried out numerical integrations of Eq. (1) for the order
parameter subject to the dynamic boundary condition given by Eq. (2)
and a chemical (not morphological) wetting pattern in Eq. (3). We
have used an Euler method for a quasi 2D discrete rectangular lattice
of size LxLyLz with mesh size Dx ¼ Dy ¼ Dz ¼ 0:5 and time step
Dt ¼ 0:005. The cell dimensions have been chosen as Lx ¼ 150, Ly
¼ 5, and Lz ¼ 21. We have chosen periodic boundary conditions in y
where we have no walls. Therefore, the system is practically two
dimensional since it is infinite in the y direction. We track the interface
position, defined as the locus of points for which the front has / ¼ 0,
as a function of time Hðz; tÞ � xðz; tÞj/ ¼ 0. In addition, we com-
pute the chemical potential field at any point in the system lðx; z; tÞ,
which is equivalent to compute the pressure field.

III. INTERFACE DYNAMICS OVER PATTERNED
SUBSTRATES

We track the interface position and observe that the presence of
hydrophilic patches causes a different displacement between the two
halves of the driving cycle. That is, when the pressure gradient pulls the
interface, this one cannot be displaced as much as when the pressure gra-
dient pushes the interface. This behavior can be appreciated by observing
the interface shape in four half cycles in Fig. 1(b), the blue to black profiles
correspond to pushing of the driving, and the black to red ones to pulling,
respectively. We study the z-averaged position of the interface, hHðtÞiz ,
for different patterning lengths and values of the wetting parameter.

In Fig. 2, we show the relevance of inertia in our numerical inte-
grations for the choice axf ¼ 1. We plot the interface position as a

function of time of a hydrophilic microchannel with a wetting pattern-
ing 3–3 (P 3–3), namely, one in which a hydrophilic patch of three
unit lengths np ¼ 3 is followed by a neutral patch of three unit lengths
np ¼ 3, such that the length of the pattern is 2np ¼ 6. When there is
no inertia, as the red line in Fig. 2 shows, the interface gets stuck in a
patch of neutral wetting; while when there is inertia, as the blue line in
Fig. 2 shows, the front can proceed to the next hydrophilic patch.

Figure 3(a) shows, in gray, the interface position as a function of
time of a hydrophilic microchannel with uniform wetting parameter
As ¼ 0.08 and, in red, the interface position as a function of time of a
hydrophilic microchannel with a wetting patterning 1–1 (P 1–1).
Clearly, in this case, the front advancement is slower, since only half of
the substrate pulls the front. For reference, we plot, in blue, the inter-
face position as a function of time of a hydrophilic microchannel with
uniform wetting parameter As ¼ 0.04 that corresponds to the spatial
average of the patterned substrate with As ¼ 0.08 and As ¼ 0.0. We
observe that the advancement of the blue and the red lines is undistin-
guishable. Figure 3(b) shows the interface position as a function of
time for microchannels with four different patterning lengths, 2np,
with np ¼ 1; 2; 3, and 4. It can be observed that the smaller the pat-
terning length, the faster the front advancement and, more important,
that the front dynamics presents a stair-like modulation, with charac-
teristic regions in which the front velocity has two different values, cor-
responding to the interface traveling over the hydrophilic or the
neutral patch. The stair-like dynamics of the front advancement can
be understood with the local hydrophilicity/neutrality of the chemical
patches. Figure 3(c) shows the front advancement in the form H2 vs t
from the numerical integration and reference lines, for the main slopes
of the stair, corresponding to the expression H2 ¼ br cos ½hd�=ð3gÞt
(given by the viscous Washburn regime25) for which we have taken
the minimum and maximum values of the cosine of the dynamic con-
tact angle from Fig. 4 and a surface tension parameter of 0.46.38

IV. CONTACT LINE DYNAMICS AND EFFECTIVE
WETTING

We quantify the contact angle dynamics39 and illustrate it in
Figs. 4(a)–4(d). It can be noticed that the global dynamics of the con-
tact angle is modulated, as expected from the patterning imposed by

FIG. 2. Interface position as a function of time for a microchannel with patterning P
3-3, hydrophilic patches of As ¼ 0.05, and two values of a. The figure shows that
in the absence of inertia, the interface get stuck; while when inertia is taken into
account, the front keeps advancing. For these results, l0 ¼ 0:1 and xf ¼ 0:0025.
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the substrate and inertia. As reference, we show, with red dots, the
average value of cos ½hdðtÞ� between maxima and minima of the mod-
ulation, this one, decreases with the increase in patterning length. This
causes the front to advance slower for large patterning lengths, for

which inertia keeps the front advancement in neutral patches. For very
large patterning lengths, inertia would not be enough to sustain the
movement of the front. Also, as reference, the cosine of the static con-
tact angle, hs, is plotted with continuous black line, for the spatially

FIG. 3. Interface position as a function of time. (a) For three different microchan-
nels: uniform hydrophilic substrate with As ¼ 0.08, uniform hydrophilic substrate
with As ¼ 0.04, and patterned substrate P 1-1. (b) For four microchannels with dif-
ferent patterning lengths: P 1-1; P 2-2; P 3-3; P 4-4. For these results,
l0 ¼ 0:1; xf ¼ 0:0025, and a ¼ 400. (c) Squared interface position as a function
of time for a pattern P 4-4. Reference lines, for the main slopes of the stair, are
given by H2 ¼ br cos ½hd �=ð3gÞt, with minimum and maximum values of cos ½hd �.

FIG. 4. Cosine of the dynamic contact angle (blue line) and its average in half
cycles (red dots) as a function of time for (a) pattern 1-1, (b) pattern 2-2, (c) pattern
3-3, and (d) pattern 4-4, chosen to illustrate different modulations. In each plot, for
reference, the cosine of the static contact angle hs for the spatially averaged wetting
parameter is shown (black line). For the hydrophilic patches As ¼ 0.08;
l0 ¼ 0:1; xf ¼ 0:0025, and a ¼ 400.
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averaged wetting parameter. In a uniform substrate, the static contact
angle, hs, is related to the value of the wetting parameter, As,

26,27 as

cos hs½ � ¼
1
2

1þ Asð Þ3=2 � 1� Asð Þ3=2
h i

: (5)

Here, we define an effective wetting, Aeff, through an equivalent analyt-
ical expression that relates it to the dynamic contact angle, hd, through

cos hd½ � ¼
1
2

1þ Aeffð Þ3=2 � 1� Aeffð Þ3=2
h i

: (6)

It can be demonstrated by a Taylor series expansion that for small val-
ues of the wetting parameter, cos ½hd� and Aeff are proportional to each
other. In Fig. 5(a), we quantify the effective wetting and observe its
dynamics, which also presents a sequence of peaks and valleys
(observed for cos ½hdðtÞ�). We also show the front position as a func-
tion of time (blue line indicated, with / ¼ 0:0) and observe that when
the effective wetting is maximum, the front position presents a smooth
jump and advances faster. Since we work with a diffuse interface, we
show, in green, that the global behavior of the front advancement for
/ ¼ �0:8 (the upstream interfacial region) has the same qualitative
behavior that the interface position.

As reference, the position of the hydrophilic patches is shown
with red lines over the y-axis. It can be observed that each time that
the effective wetting reaches a peak, there is a jump in the interface
position as a function of time.

In Fig. 5(b), we show the global velocity of the z-averaged posi-
tion of the front for / ¼ 0 and / ¼ �0:8. The time interval where the
interface is on a hydrophilic patch is shown over the x-axis. It can be
observed that the upstream position of the front arrives first to the
hydrophilic patches. However, there is practically no difference for the
velocity of the blue and green curves. Figure 5(b) also shows in
magenta, the effective wetting parameter and, a comparison of this,
with blue and green curves, demonstrates that the modulation of the
front global velocity follows closely the one of the effective wetting.

V. INTERFACIAL PRESSURE AND MODULATION
FREQUENCY

The modulation frequency can be explained by realizing that a
natural characteristic frequency could be written as the ratio of the
average velocity on a period, and a parameter accounting for the char-
acteristic patterning size, that is, � ¼ hvi2np

, which can be written as

� ¼ 1
2np

b2

12g
jpint j
jHint j

; (7)

where hvi has been taken as the average velocity on a period, according
to Eq. (4). jpint j and jHint j are the average in z and half-cycles in time,
of the pressure at the interface and the interface position, respectively.

Pressure at the interface is a capillary pressure that can be written in
terms of a dynamic contact angle. Figure 6(a) shows (in green) the pres-
sure at the interface and (in blue) the capillary pressure, given by the
cosine of the dynamic contact angle 2r cos ½hðtÞ�=b, as a function of time.
We can observe that they are on phase, have exactly the same period, and
their averages, indicated by the orange and yellow dots, are undistinguish-
able. Figure 6(b) illustrates such undistinguishability, for different

FIG. 5. (a) Front position as a function of time for / ¼ 0 (blue line) and for / ¼ �0:8
(green line), the effective wetting is shown in magenta. The position of the hydrophilic
patches is shown with red lines over the y-axis. (b) Global velocity of the interface as a
function of time for / ¼ 0 (blue line) and for / ¼ �0:8 (green line); and effective wet-
ting (in magenta). For these results, the pattern is 3-3; the hydrophilic patches have
As ¼ 0:08; l0 ¼ 0:1; xf ¼ 0:0025, and a ¼ 400.

FIG. 6. (a) Pressure at the interface and capillary pressure 2r cos ½hðtÞ�=b as a
function of time. For a 3-3 pattern with hydrophilic patches with As ¼ 0.08. Half-
period averages of both quantities (shown with dots) are undistinguishable. (b)
Half-period averages of pressure at the interface and capillary pressure for different
patterns. The darker the dot color, the larger the time.
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patterning sizes. Lighter dots correspond to early cycles in time, and darker
dots correspond to longer times. The dots evolve in time due to the front
getting away from the forcing source.With this, we could write Eq. (7) as

� ¼ br cos hd½ �
12g npjHint j

: (8)

In Fig. 7, we compare the modulation frequency obtained from
the interface position (y-axis) and the one estimated by Eq. (8) (x-axis)
for different patterned substrates and different values of the wetting
parameter. The slope m¼ 1 is indicated with a continuous line. This
result shows that the modulation frequency is determined by the com-
bined effects of wetting pattern, inertia, and surface tension, via the
capillary pressure, viscosity, and confinement.

We have corroborated that the modulation frequency is also
related to the time that the interface needs to return to a given shape.
Due to the combined effect of fluid inertia, wetting and driving, the
interface does not come back to the same shape after one cycle of the
driving but after one cycle of the modulation. The corresponding
period is the time that the front takes to arrive to an equivalent posi-
tion of a patch downstream. In this one, the interface shape is not
exactly identical as in the previous one, but almost identical, due to the
fact that it has moved away from the forcing source.

VI. DISCUSSION

We have studied the pulsatile dynamics of fluid–fluid interfaces
within rectangular microchannels with patches of hydrophilic wetting
on the walls of the confining media. We find that the front advances
with a stair-like modulation with characteristic regions in which the
front velocity has two different values, related to the interface traveling
over patches of different hydrophilicity. This result differs from the
presented in Mondal et al.,21 where they found a flow reversal phe-
nomena related to the pulsation. In our case, the flow reversal related
to the pulsation is negligible when compared to the stair-like front
advancement.We found that the contact angle also presents a modula-
tion and that the cosine of the contact angle can be related to an effect-
ing wetting. The effective wetting parameter has an oscillatory
dynamics whose maxima coincides with jumps in the interface posi-
tion and maxima of the interface velocity.

We characterize the modulation frequency through a characteris-
tic frequency given by the front velocity, averaged in a period, and the
patterning size. Pressure at the interface can be written in terms of a
dynamic contact angle. This allows us to know that the modulation is
due to the combined effects of the wetting pattern, inertia, and surface
tension, via the capillary pressure, viscosity, and confinement.

Note that this modulation frequency is different than the selected
frequency found in many pattern selection systems (see, for example,
the work of Ledesma-Aguilar et al.28). For those ones, a particular fre-
quency is chosen by the system, independently of which is the driving
frequency, and the driving frequency itself does not appear in the sta-
tionary state. In our system, the front is subject to two frequencies, the
one of the forcing and one due to the substrate patterning. We find
that the driving frequency is always present in the dynamics of the
front advancement and that a modulation frequency appears both in
the front advancement and in the contact line dynamics. We have
characterized this modulation frequency in terms of the system
parameters. In Appendix B, we show conversion factors for water in a
300lmmicrochannel, allowing one to determine in which experimen-
tal conditions, our results could be confirmed. For example, to experi-
mentally reproduce the results of Fig. 3(b) for a 4–4 patterned
microchannel, one could take water in a 300lm high microchannel
with alternating patches of 57.2lm each of hydrophilic-neutral wetting
and use a pulsatile pressure of amplitude equal to 1Pa, with a frequency
of 18Hz during 22.4 s. According to our model, we will observe a stair-
like modulation, with approximately three steps with a total interface
displacement of 500lm, which is within the experimental capabilities to
measure displacements in microfluidics. These results have potential
applications in the control of pulsatile microfluidic interfaces.
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APPENDIX A: PHASE-FIELD MODEL

The phase-field model that we use is an extension of the Cahn-
Hilliard model that has been extensively used in the literature.8,29–33

FIG. 7. Comparison between the modulation frequency, measured from the inter-
face position, and the one obtained with Eq. (8). The slope, m¼ 1, is shown with a
continuous line.
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The latter consists of a time-dependent equation for a conserved
order parameter (/) derived from the minimization of a double-
well Ginzburg–Landau free energy of the form

F /½ � ¼
ð
dr �/2

2
þ /4

4
þ ðer/Þ2

2

� �
: (A1)

This one allows for the coexistence of two phases and the existence
of the interface. The extension of the model introduced in Flores
Ger�onimo et al.22 and used in the present work for substrates with
chemical patterns accounts for inertia, which is relevant in acceler-
ated systems, like the ones subject to pulsatile forcing. The dynamic
equation for the order parameter is given by

a
@2/
@t2
þ @/
@t
¼ r �Mrl /ð Þ; (A2)

where a is a parameter related to inertia and M is a mobility,

lð/Þ ¼ �/þ /3 � e2r2/ (A3)

is a chemical potential, and e is a parameter related to the interface
width. We use e ¼ 1, a value that has been used in other works,8,28,34,35

and it is small enough so the results do not depend on its value.36

One of the main advantages of the phase-field models is to
overcome the free-boundary problem presented in moving bound-
ary conditions, avoiding complicated methods for tracking the
interface position. Moreover, their computational implementation
is usually very easy.

APPENDIX B: CONVERSION FACTORS

Variables of the phase-field model are non-dimensional; there-
fore, to use the results of the phase field-model for a particular sys-
tem, it is necessary to establish conversion factors. As an example,
take a channel of height 300 lm and density, viscosity and surface
tension of water: q ¼ 998 kg/m3, g ¼ 0:001 kg/(ms) and
r ¼ 0:072N/m. Table I shows conversion factors for lengths, time,
viscosity, density, surface tension, and pressure.

We can convert the pulsatile angular frequency in the phase-
field, xf ¼ 0:0025, to a macroscopic value of frequency in Hz using
the conversion factor for time (related to the parameter a); it is
� ¼ 0:0025=ð2p 2:24	 10�5sÞ ¼ 18Hz.

The capillary pressure for a wide microchannel is
pc ¼ 2r cos ½hs�=b, the capillary pressure is 58 Pa with the cosine of
the static contact angle corresponding to the spatially averaged wet-
ting parameter, shown with black lines in Fig. 4. A pressure of the
order of 1 Pa at the microchannel entrance represents only 1.7% of
the capillary pressure.

Thus, as stated in the text, this means that for water in a
300 lm microchannel with a 4-4 pattern, a pulsatile pressure of
amplitude equal to 1 Pa, and a frequency of 18Hz imposed during
22.4 s, we will observe a stair-like modulation, with approximately
three steps and an interface displacement of 500 lm, which is
within the experimental capabilities to measure displacements in
microfluidics.
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