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ABSTRACT

Wetting phenomena on hydrophobic surfaces are strongly related to the volume and the pressure
of gas pockets, resided at the solid-liquid interface. In this study we explore the underlying
mechanisms of droplet actuation and mobility manipulation, when backpressure is applied through
a porous medium under a sessile pinned droplet. Reversible transitions between the initially sticky
state and the slippery states are thus incited, by modulating the backpressure. Sliding angle of
deionized (DI) water as well as ethanol in DI water droplets of various volumes are presented to
quantify the effect of the backpressure on the droplet mobility. For a 50 ul water droplet the sliding
angle decreases from 45o to 0o when the backpressure increases to ca. 0.60 bar. Significantly
smaller backpressure levels are required for lower surface energy liquids. We shed light on the
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droplet actuation and movement mechanisms by means of simulations encompassing the
momentum conservation and the continuity equations along with the Cahn-Hilliard phase-field
equations in a 2D computational domain. The droplet actuation mechanism entails depinning of
the receding contact line and movement, by means of a forward wave propagation reaching on the
front of the droplet. Eventually, the droplet is skipping forward. The contact line depinning is also
corroborated by analytical calculations based on the governing vertical force balance, properly
modified to incorporate the effect of the backpressure.
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INTRODUCTION
Control over the mobility of droplets on surfaces remains an important part of recent research
activity, both for understanding the pertaining wetting principles1 as well as for practical
applications including open, closed and digital microfluidics and related technologies 2, 3, 4, 5, 6, 7, 8,
chemical processes in droplets9, 10, engineered self-cleaning surfaces11, 12, 13, 14, antiicing coatings15,
16

, membrane contactors17, polymer electrolyte fuel cells18, 19, heat exchangers20, 21 etc.

In this direction a variety of approaches have been proposed towards preparing “active”22, or
“tunable”23, or “adaptive”24, or “skating-like”25 surfaces, namely manipulating the mobility of a
droplet or a liquid film, mainly based on the respective wetting transitions. Pertinent
methodologies have been reviewed recently26, 27, 28, 29, 30.
The vast majority of the methods for active droplet mobility manipulation entails the use of
electrical31, magnetic32, thermal33, vibrational34,

35, 36

, mechanical37, or optical stimuli38 and

necessitates fabrication of microelectrodes, or specific stacking layer sequences or surface
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texturing, requires structures with flexural elasticity, induce heat dissipation, or introduce foreign
particles in the liquid phase which may provide drawbacks for specific applications.
Particular interest has been attracted by some active methods interfering directly with the volume
and the pressure of the gas pockets resided in the textured solid-liquid interface; such
characteristics are crucial in such phenomena39. The presence of a thin “lubricating air film” under
the liquid has proven to play a major role in the mobility of droplets e.g. after impingement on
rough40 or porous41 surfaces, as well as on liquids42. Moreover the pressure difference below and
over the droplet has been identified as critical in spontaneous droplet depinning43. Pertinent direct
approaches for tuning the gas pockets have found various applications such as in underwater
restoration of superhydrophobicity44 through electrochemical gas production or in writing/erasing
procedures45, enabling storage of binary data, by producing an over- or under-pressure through an
orifice.
Alternatively, the gas pockets may also be produced and tuned through direct pressure application
from the rear side (backpressure), by ejecting gas through one hole41, 46, 47, or by introducing gas
bubbles by means of a pipette48, 49, 50, 51. The limit of this process is the case of drops levitated by an
air cushion by an air stream flowing under a droplet27, 52, 53, 54, 55.
In this direction we have recently developed a method for droplet actuation and mobility
manipulation on porous media56,

57, 58

, which has found application in open-channel fluidic

valving59, 60, and in mobility control after impingement41. Contrary to the droplets levitated by an
air cushion exhibiting a frictionless mobility, our method provokes only partial depinning of the
solid-liquid interface, which is enough to render the droplet mobile and to incite a downward
movement. The main advantages of this include the absence of moving parts and the circumvent
of electrical, magnetic, optical, vibrational, and acoustical stimuli on the surface. The heat
dissipation may be not only minimized but also finely controlled, e.g. by controlling the
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temperature of the gas feed. Introduction of foreign particles/molecules in the working
liquid/droplet is completely avoided. It may accommodate various liquids, i.e. may work on
deionized (DI) water to aqueous solutions, as will be evidenced hereafter, and is amenable for
integration on devices for active control. Finally the response time is ultra-low, in the order of
some ms, and if appropriate microporous structure is selected, its energy demands are significantly
lower compared to the other methods.
Even though this method has been proven rather versatile in delivering mobility manipulation, as
described above, we have not yet provided the underlying working mechanism. The application of
the backpressure introduces a variety of changes51 in wetting-related parameters, such as in the
advancing and mainly in the receding contact angle and in the liquid-solid contact area. Additional
Laplace forces appear, which are asymmetric due to the inclination, and deform the droplet shape.
The air cushion under the droplet is not fully developed, and therefore Leidenfost dynamics 61, 62
are not suitable to apply. For this reason we may not assume that the droplet is supported on airlike lubricating film63, i.e. the air pockets do not fully bear the gravitational force exerted by the
droplet. On the other hand, the droplet does not attain a Wenzel, i.e. fully wetted, state and
therefore well-established Wenzel to Cassie-Baxter, i.e. partially wetted, transition dynamics are
not pertinent. The droplet moves along various Cassie-Baxter states enabled by the application of
backpressure; some of which correspond to a sticky behavior and some to slippery behavior.
Moreover a model accounting the downward force exerted by each bubble, alone, has been proven
to be in adequate51.
In this work we shed light on the underlying working mechanisms of droplet actuation and
movement induced by backpressure application through a porous medium. The problem is
followed by means of simulations encompassing the momentum conservation and the continuity
equations along with the Cahn-Hilliard phase-field equations in a 2D domain and by employing
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the governing vertical force balance accounting for the partial depinning of the receding contact
line. This depinning is also corroborated by analytical calculations. The pertaining vertical force
balance has been modified to incorporate the effect of the backpressure and to yield the pinned
fraction of the contact line. The results from the theoretical approach are compared to the
experimental observations, thus providing a reasonable understanding of the respective droplet
actuation and movement mechanisms.

EXPERIMENTAL
Porous media (membranes) were fabricated from 𝛼-Al2O3 powder, with a particle size distribution,
in which the 90% of the particles had diameter less than 7.0 μm, i.e. D0.9=7.1 μm. (NH4)2HPO4 was
added to Al2O3 powder as much as 5%wt and the mixture was uniaxially pressed under 110 MPa
to form green disk-shaped membranes with diameter of 13 mm. A similar procedure was followed
to form membranes with diameter of 32 mm. The final membranes were prepared after sintering
the green samples for 3 h at 1000 oC. At this stage, the membranes are superhydrophilic and water
absorbing. The applicability of this method is not limited to this porous structure. Other porous
materials may be used with various optical, structural, and electrical characteristics as well64, 65.
To render the initially superhydrophilic and water absorbing surface into a hydrophobic one, all
the membranes were infiltrated with 0.5%wt Teflon solution (poly(4,5-difluoro-2,2bis(trifluoromethyl)-1,3- dioxole-co-tetrafluoroethylene in Fluorinert FC-770) and then heated up
to 110 oC for 20 min. SL200KS from Kino was used to measure the contact angle after this
treatment. The apparent contact angle was ca. 122o and ca. 45o for the water and the 7.5% ethanol
(mole fraction) in water, respectively, measured with 5 μl droplets. Experiments have been also
performed on membranes deposited via vapor deposition with appropriate precursor to deliver
grafting of self-assembled perfluorododecyltrichlorosilane monolayers (SAMs).
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Scanning Electron Microscopy (SEM) image of the D0.9=7.1 μm hydrophobic membrane, i.e. after
Teflon coating, is presented in Figure 1.
Measurement of the average pore size and spacing may not be straightforward in such surfaces.
Pores cannot be explicitly defined, and their size depends on the actual wetted fraction area,
information which cannot be predicted in advance, as e.g. in the case of lithographically fabricated
structures. A detailed discussion on this may be found in a previously published study41. In any
case, the scale of geometrical characteristics of the surface is well lower compared to the nominal
wetted area. For the analytical approach, presented below, pore radius values varied from ca. 0.5
μm to ca. 1.6 μm, and contact patch radius from ca. 0.50 μm to 1.65 μm.

Figure 1. SEM image of the hydrophobic porous medium surface (α-Al2O3, D0.9=7.1 μm).
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The hydrophobic porous medium was positioned on a perforated plexiglas sheet under which the
gas pressure is controlled using needle valve and a manometer with accuracy of ±2 mbar, from
KIMO (Model MP 200HP). A schematic representation of the experimental setup is given in
Figure 2. In all cases presented herein compressed air was used as the pneumatic means for
actuation and mobility manipulation.

Figure 2. Schematic representation of the experimental setup used for the measurement of the
sliding angle (𝛼) variation with backpressure. The sliding angle is the minimum inclination angle
at which the droplet moves systematically downwards.

EXPERIMENTAL RESULTS AND DISCUSSION
In Figure 3 the sliding angle of water droplets of various volumes are presented vs. the applied
backpressure on the porous surface. The sliding angle (𝑎) is defined as the minimum tilt angle at
which the droplet moves systematically downwards, at a particular backpressure for each droplet
volume. The droplet was first positioned on the porous surface and then the backpressure was
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gradually increased up to the point where sliding took place. Increase of the backpressure incites
partial droplet depinning, as will be discussed later thus decreasing the sliding angle. After this
step the gravitational force, 𝐹G , induces a downward movement of the droplet. It is expected that
as 𝐹G increases, less pronounced depinning is needed to induce movement, i.e. the depinning
fraction may be lower. We note here, and will discuss later, that at this limit backpressure the
sliding takes place in a stick-slip kind of movement, i.e. the droplet does not move downwards
continuously.
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Figure 3. Variation of sliding angle (𝑎) with backpressure. Lines of different DI water droplets
volumes are depicted.

The sliding angle of a 50 μl water droplet is 45o, when no backpressure is applied and gradually
drops to 28o and 10o when the backpressure increases to 0.17 and 0.43 bar, respectively. When the
backpressure increases to 0.60 bar the 50 μl water droplet exhibits high mobility and eventually
slides outside the membrane.
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This case has been photo captured and presented as a sequence of snapshots in Figure 4a. Initially
the droplet is impaled on the surface. Upon the backpressure application multiple gas pockets
appear on the liquid-solid interface, deforming the droplet and gradually inciting downward
movement. Not all of the gas pockets are of the same volume; some evolve faster than other, some
coalesce with each other etc. As seen in Figure 4a, the droplet is not completely levitated
throughout the process. Of particular interest are the small openings at the contact line, as seen e.g.
in Figure 4a (III)-(IV). These are gas pockets resided near the contact line and break the contact
line; with the gas flow these openings are sustained or evolving up until the droplet moves. In
some cases, mostly for large droplets and high backpressure values small ejected droplets may
appear, as in Ref.66
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(c)
Figure 4. Water droplets upon backpressure application on a porous medium (a) V=60 μl and (b)
V=20 μl. For large droplets multiple air pockets appear at the liquid-solid interface, whereas for
the smaller droplets one pocket finally evolves leveraging the droplet sliding. In (b) smaller
droplets are not moving, indicating that the actuation is volume-sensitive. (c) Schematic
representation of the droplet actuation and mobility manipulation. (i) A quiescent droplet on an
inclined surface, (ii) backpressure application and gas pocket appearance, resulting instantly in
(iii) droplet actuation, (iv) droplet movement, and (v) the surface becomes sticky again when no
backpressure is applied.

Droplets with volume lower than 40 μl do not slide even at 90o angle, when no backpressure is
applied. The inherently sticky surface gradually becomes slippery for a 40 μl droplet upon 0.11
bar backpressure application, exhibiting a sliding angle of 42o. At backpressure equal to 0.65 bar
the droplet exhibits high mobility, even at a horizontal porous surface. Similar behavior is recorded
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for the 20 and 10 μl droplet. For small droplets (V<40 μl) one gas pocket is evolved under the
liquid phase, thus providing the adequate lubrication for the droplet to slide. However this air
cushion is not fully developed as the one observed in Leidenfrost phenomena61.
This method for actuation and mobility manipulation may also be used for droplets of lower
surface energy. In Figure 5 we present the sliding angle variation of a 7.5% ethanol (mole fraction)
in water droplets vs. the applied backpressure. This solution exhibits surface tension of ca. 0.045
N/m, i.e. lower than water exhibiting 0.073 N/m.
Again the sliding angle decreases with the backpressure and with the droplet volume. However, in
this case, the backpressure levels to render the surface slippery are lower compared to DI water. A
40 μl ethanol in water droplet becomes slippery in ca. 0.14 bar in a horizontal surface, whereas for
a DI water droplet a backpressure of 0.65 bar was needed. Again we did not observe a fully
developed air cushion under the liquid.
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Figure 5. Sliding angle variation of 7.5% (mole fraction) ethanol in water droplets vs.
backpressure

In all cases, both for large and small water droplets, as well as for lower surface energy droplets
the mobility switching is reversible, i.e. upon backpressure relief, the surface returns to a sticky
state and the droplet pins to it. Again after backpressure application the droplet is again actuated
as described before. Therefore, with this method porous surfaces act as active media for reversible
switching between the sticky and slippery state.

MECHANISM OF DROPLET ACTUATION AND MOVEMENT

Depinning of the receding contact line and droplet movement-Computational approach
To provide insights into the mechanisms of droplet movement, we propose a model that simulates
the dynamics of droplet actuation on porous surfaces. The model comprises the momentum
conservation equations and the continuity equation along with the Cahn-Hilliard phase-field
equations67, 68 that provide the tracking of the involved phases (liquid-air). The current model is
implemented in 2D, due to the relatively low computational cost, where otherwise a full
implementation in 3D would yield significantly higher computational costs, restricting more
discerning analyses as presented below. The fundamental differences between the 2D and 3D
implementations prohibit any strictly quantitative comparison with the experimental data, although
we argue that the illuminated mechanisms of droplet movement are valid.
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Consider a water droplet with translational symmetry, of height ~2 mm wetting a flat surface
surrounded by air, inside a 2D computational domain Ω = [6.2, 6.2] mm (see Figure 6). The
governing equations are the following: 1) The momentum equations including an additional term
that accounts for the surface tension force69:



u
+  ( u  ) u = −p +  2u +  g + G
t

Eq. 1

where u is the flow velocity vector, p is the pressure, g is the gravitational acceleration, G is the
chemical potential (see below) and φ is the phase-field, i.e. a spatial variable that indicates the
present phase; wherever φ = 1 indicates the presence of water, whereas φ = -1 indicates the
presence of air. The density and viscosity depend on φ according to the relations:
=

1+ 
1+ 
1−
1−
w +
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a , where ρa, μa are the density and viscosity of air and
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2

ρw, μw are the density and viscosity of water. 2) The Cahn-Hilliard phase-field equations70:

G=


− 2 2 +  3 −  )
2 (


Eq. 2


+   ( u) =   ( M G ) ,
t

where, λ, is the mixing energy density that is related to the surface tension through σ = 2√ 2λ/3ε,
ε is the capillary width that controls the thickness of the diffuse interface and M is the mobility of
the diffuse interface. 3) The continuity equation, augmented with a source term that accounts for
the air inlet at the pores, which are introduced to the model as point sources of mass:


+   (  u) =  Fa i
t
i

Eq. 3

where Fa is the mass flow rate at which air is entering the computational domain through each
point source (pore) and δi is the Dirac delta function centered at the i-th pore. The point sources
are placed on the flat solid surface, i.e. the bottom boundary of the computational domain, at a
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distance of 0.89 mm between each other, even though the pores are numerous and more densely
distributed in reality. The compromise of including fewer pores in the model is essential because
otherwise, it would require an extremely fine computational mesh that resolves all the point
sources. Furthermore, we expect that the inclusion of more pores will not have a considerable
effect on the results, due to the fast coalescence of air bubbles formed at the pores (presented
below). The individual bubbles at each pore are generally short-lived and eventually coalesce into
larger bubbles. Each established bubble is expanded by air entering through all the assimilated
pores, which have the equivalent effect of a single pore. This process is also suggested by
experimental observations (Figure 4a), where the only observed bubbles are relatively large and
countable, even though air is permeating the porous substrate through a significantly large number
of pores. In the context of 2D simulations, the point sources (pores) represent infinitesimally
narrow slits, extending in the direction of the translational symmetry plane. Therefore, the mass
flow rate, Fa, is defined per unit length of the slits (kg/(s·m)).

Figure 6. Illustration of the 2D computational domain, Ω.
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Contact angle hysteresis is modeled by periodically varying Young’s contact angle, θY, along the
bottom boundary; θY is imposed as a boundary condition of Eq. 271. The value of θY follows a
square waveform with amplitude 40° around the mean value of 90° and period of 0.31 mm. This
approach yields realistic values of contact angle hysteresis ~20°, based on contact angle
measurements.
On the vertical boundaries of the computational domain, we impose periodic conditions in order
to allow long travelling distances of the droplet, while maintaining a small size of the domain.
Finally, the domain, Ω, is tessellated into a mesh of ~32000 triangular elements and equations (1)(3) are discretized with a finite element method, utilizing the commercial software package
COMSOL Multiphysics (ver. 4.3b). A denser mesh of ~64000 elements was also utilized in a mesh
sensitivity study for selected values of Fa, namely 2.45×10-5 and 6.13×10-5 kg/(s·m). The criterion
that satisfies the mesh sensitivity requirements has to be a calculated quantity with statistical
significance, given that most of the commonly used variables, e.g. pressure, velocities, etc.,
fluctuate randomly due to the nature of two-phase flows. We opted for the mean velocity of the
center of mass of the droplet (see below) that besides statistical significance has physical
importance as well. The refined mesh yielded only up to 5% change in the mean velocities, which
for the purposes of this work was deemed negligible and therefore, only the coarser mesh was
systematically used.
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Figure 7. Simulation snapshots of droplet lateral movement on an inclined plane (notice the
gravitational acceleration) with air permeating the solid substrate. The snapshots include the
elapsed time and they are arranged sequentially from left to right and top to bottom. The droplet
profile is drawn against a spatially fixed vertical line that provides a reference for the droplet
displacement; inclination = 30°, Fa = 2.45×10-5 kg/(s·m).

Figure 8. Comparison of snapshots from simulation and experiment, illustrating the mechanism
of droplet movement. The collapse of the air bubble at the rear of the droplet sends a wave on the
droplet surface that is travelling forward and can be seen in both simulations and experiments; the
wave in the experiment snapshots is blurry due to the relatively slow camera shutter speed. The
simulation snapshots correspond to a later stage of the simulation presented in Figure 7.
In Figure 7 we present simulation snapshots that outline a mechanism of droplet movement. The
initial conditions of the simulations include a droplet on an inclined porous surface, not necessarily
at an equilibrium state, i.e. the initial conditions are only estimations of the expected equilibrium
wetting state. For t = 0 s, we enforce a certain rate in which air permeates the substrate (Fa), and

17/30

furthermore we allow the effect of gravitational forces. Air pockets are gradually formed and
expanded (Figure 7 - t = 0.01 s), some of which coalesce into larger ones (Figure 7 - t = 0.03 s).
The droplet remains pinned until the stretched liquid bridge, formed between the outside air and
the air pocket (Figure 7 - t = 0.08 s) at the rear of the droplet (with respect to the direction of
gravity), collapses. The collapse sends a wave forward on the surface of the droplet that reaches
the solid surface on the front of the droplet (Figure 7 - t = 0.086 s to 0.094 s), at which point the
droplet gets pinned on the surface (Figure 7 - t = 0.096 s). Eventually, the droplet has skipped
forward by the amount of the solid surface length that gets attached to the front of the droplet. This
is the mainly observed mechanism of droplet movement that resembles droplet rolling –
demonstrated also in Figure 9 (first row), for a later stage (t = 0.252 - 0.264 s). The collapse of the
air bubble at the rear of the droplet and the wave on the droplet surface that is travelling forward
can be also seen in the experiments as shown in Figure 9 (second row).

Figure 9. Snapshot of a droplet (illustrated in grey color) pinned in the area between two pores,
with its bulk suspended on a cushion of air entering through the pores. Streamlines are shown with
black lines and the velocity field magnitude (m/s) is illustrated in color scale; t = 0.1 s, inclination
= 30°, Fa = 1.22×10-4 kg/(s·m).
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The simulation results shown in Figures 7 and 8 refer to moderate values of Fa. If however, Fa is
reaches a certain limit, we observe levitation of the droplet on its larger part, while a small part of
the droplet is pinned to areas of the solid lacking pores (Figure 9). The pinning effectively, binds
the droplet to the surface, restricting any lateral movement, which is also illustrated by the velocity
of the droplet’s center of mass (Figure 10 – blue line). The velocity (component parallel to the
surface) of the center of mass fluctuates mildly around 0; the fluctuations are caused by air entering
from beneath, inciting droplet oscillations. This macroscopically static behavior has been also
identified in the case of droplet motion using vertical vibration on an inclined surface35, 36.

Figure 10. Velocity (parallel component to the solid surface) of the droplet’s center of mass, versus
time. Blue solid line: Fa = 1.22×10-4 kg/(s·m), black solid line: Fa = 8.57×10-5 kg/(s·m). Dashed
lines indicate the corresponding (color) mean velocities; inclination = 30°.
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Further increase of Fa causes complete levitation of the droplet and eventually gets ejected
upwards, at which point the computations break down, since the droplet leaves the computational
domain. For smaller values of Fa, the velocity fluctuates more aggressively in an almost irregular
fashion (Figure 10 – black line) having many instances with the center of mass travelling in the
reverse direction (negative velocity), i.e. against gravity. The negative velocity is associated to a
brief reversal of the movement mechanism, meaning that a bubble collapse occurs at the front of
the droplet (instead of a collapse at the rear), sending a wave in the reverse direction. The reverse
mechanism is rarely observed and ultimately has little impact on the mean velocity of the droplet,
which has a monotonous increase with Fa (Figure 11), until the behavior of the system shifts to
what was described above and illustrated in Figure 9.

Figure 11. Mean velocity (parallel component to the solid surface) of the droplet’s center of mass,
versus Fa. The regime denoted ‘partial levitation’ has effectively zero mean velocity, since the
droplet is pinned. Beyond that regime, the droplet levitates completely and computations are no
longer feasible (the droplet leaves the computational domain).
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Calculation of the total pinned fraction of the macroscopic contact line
In most cases the mobility of a droplet, and the gradual conversion from a sticky to a slippery state
is assessed by measuring the sliding (𝛼), i.e. the minimum angle which a surface has to be inclined
in order to inseminate moving of the droplet. Many studies have been reported, towards
understanding the mechanisms upon droplet movement72,

73, 74, 75

. The governing equation is

actually a balance of forces acting parallel to the surface, namely the gravitational force and the
pinning, hysteretic forces at the liquid/solid interface. Exactly at 𝛼, i.e. at the verge of sliding or
rolling, the balance takes the form:
Eq. 4

𝜌𝑔𝑉sin𝛼 = 𝑘2𝜔𝛾(cos𝜃𝑟 − cos𝜃a )

where 𝜌 and 𝛾 is the density and surface tension of the liquid, respectively, 𝑉 the droplet volume,
2𝜔 is the width of the drop in the direction perpendicular to inclination, 𝑘 is a retention-force
factor, which is expected to be equal to 1, but is usually adjusted to fit the experimental data. 𝜃r
and 𝜃a are the receding and advancing contact angle, respectively, of the droplet on the respective
smooth solid surface.
Discrepancies from this expression of force balance are far from rare, due to different theoretical
assumptions or different conditions for the experiments75, 76, 77, 78, while in this form it cannot
explicitly account for the contributions of the capillary bridges developed in textured surfaces51.
A different approach in treating this problem is provided by assuming the in-plane retention
forces75, 79 or the vertical pinning forces at the receding contact line78 for each capillary bridge. In
this latter approach the vertical pinning force for each (𝑗) capillary bridge is given by:
𝑗

Eq. 5

𝐹𝑗 = 𝑃𝑗 𝛾sin(𝜃r )
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𝑗

where 𝑃𝑗 is the perimeter of an individual surface feature, and 𝜃r is the receding angle local to the
jth feature. Contrary to the in-plane pinning forces appeared in Eq. 4, this approach yields the
adhesion in the vertical direction:
Eq. 6

𝐹/𝑙 = 𝛷0 𝛾sin(𝜃r )

where 𝛷0 is the total pinned fraction of a macroscopic contact line, and can be considered as a
multiplier reflecting the strength of pinning on the textured surface compared to the respective
smooth surface. 𝑙 is the length of the macroscopic projected contact line.
We are going to employ the model developed by Paxson et al78 accounting also for the vertical
forces of each capillary bridge at the receding contact line, with appropriate modifications in order
to account for the effect of the backpressure. 𝐹L is the force due to the Laplace pressure:
2𝛾

𝐹L = π𝑟b2 ( 𝑟 )

Eq. 7

where 𝑟b is the radius of the contact patch, and 𝑟 is the droplet radius.
𝐹S is the force due to the surface tension acting along the peripheral roughness features:
Eq. 8

𝐹S = 2π𝑟b 𝛷0 𝛾sin(𝜃r )

𝛷0 is actually the fraction of the pinned contact line, and can be considered as a multiplier
reflecting the strength of pinning on the textured surface compared to the respective smooth
surface.
In all cases the gravitational force (𝐹G ) is given by:
Eq. 9

𝐹G = 𝜌𝑔𝑉

22/30

The exact number of 𝑟b and 𝛷0 , before, and after, backpressure application, cannot be readily
measured experimentally, and therefore assumptions will be drawn. Based on the SEM image
given in Figure 1, the vast majority of 𝑟b ranges from ca. 0.50 μm to 1.65 μm. Since the particles
do not exhibit additional scale roughness it is reasonable to take 𝛷0 equal or close to 1.
For a water droplet of 20 μl, exhibiting 𝑟 =1.68 mm, well below the capillary length 𝑙c =
√𝛾/𝜌𝑔≈ 2.7 mm, before the backpressure application, for 𝛾=0.073 N/m, 𝜃r = 92o , 𝑟b =1.07 μm
and 𝛷0 equal to 1, the pertinent forces are:
𝐹L = 3.12 10−10 N and based on the variation of 𝑟b , 𝐹L may range from 0.682 10-10 N to 7.34 1010

N

𝐹S = 4.90 10−7 N, and based on the variation of 𝑟b , 𝐹S may range from 2.29 10-7 N to 7.51 10-7
N
Clearly 𝐹L is by three orders of magnitude smaller than 𝐹S , therefore we are going to neglect it in
the analysis hereafter.
The gradual increase of backpressure, exerting a force 𝐹P , on a quiescent droplet at a hydrophobic
and inherently sticky incline introduces manifold changes in the principle vertical force balance.
A schematic of this process is given in Figure 12. With the application of the backpressure not
only 𝐹P is introduced in the force balance but also the radius of the contact patch 𝑟b decreases to
𝑟b′ , while 𝜃r decreases to 𝜃r′ .
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P = 0 bar
P > 0 bar
Figure 12. Schematic of the envisaged microscopic apparent contact line and capillary bridges
atop the porous network.

For a 20 μl water droplet the adequate pressure for sliding on a horizontal plane is 0.78 bar. Based
on the SEM image in Figure 1, the pore radius ranges from ca. 0.5 μm to ca. 1.6 μm. Taking the
average, 1.05 μm, 𝐹P yields:
𝐹P = 𝑃 𝐴 = 2.68 10−9 N, with A being the pore opening area, and based on the variation of the
pore size 𝐹P may range from 6.08 10-10 N to 6.23 10-9 N.
Since we cannot measure the exact 𝑟b′ and 𝜃r′ , we are going to calculate the total pinned fraction of
the contact line after backpressure application, 𝛷0′ , as the multiplier accounting for the decrease of
2.68 10−9

𝐹S to 𝐹S′ , encompassing the variations of 𝑟b and 𝜃r . 𝛷0′ = 4.90 10−7 = 5.5 10−3, which is two to
three order of magnitudes lower compared to the initial state. This value corroborates the
mechanism revealed by the numerical approach presented before, entailing the partial depinning
of the receding contact line, which triggers the droplet actuation. The reduction of the pinned
fraction is supported also experimentally, see Figure 4a (III)-(IV).
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For bigger droplets the in-plane gravitational force is higher and therefore, a lower depinning
fraction is needed to incite the downward movement, reflected by smaller backpressure values.
The differences recorded for the case of ethanol in water cannot be attributed only to the effect of
𝛾. The decrease of 𝛾 is of ca. 40% (0.073 to 0.045 N/m), whereas the backpressure lowering is
more than 77% (e.g. for a 50 μl droplet at zero inclination 0.60 to 0.14 bar). The differences in this
case stem on the different contact patch radius (𝑟b ) of the two liquids on the porous surfaces.
Water and ethanol in water liquids are expected to exhibit different intrusion angle80, thus
corresponding to different 𝑟b , which is in turn is reflected in the vertical force balance.

CONCLUSIONS
We provided insights on the underlying mechanisms of droplet actuation on porous media by
means of backpressure and surface inclination; the latter are combined to facilitate active control
of droplet mobility. Adjusting the porous backpressure the droplet may be pinned to the surface or
may be actuated and move downwards by the presence of a small inclination. The interplay
between backpressure and inclination has been quantified for various volumes of DI water and
ethanol in DI water droplets. Actuation and mobility control may be realized without a fully
developed air cushion under the liquid; therefore Leidenfrost-like dynamics cannot be used.
Simulations have shown that the droplet is actuated through a depinning process of the receding
contact line and moves by means of forward wave propagation towards the front contact line. The
droplet shapes obtained by this numerical approach are fairly compared to the ones observed
experimentally, thus providing a reasonable justification of this approach. The small openings
observed experimentally at the contact line during movement are followed by means of an
analytical approach accounting for the vertical force balance and the total pinning fraction.
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