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Capillary imbibition underpins many processes of fundamental and applied relevance
in fluid mechanics. A limitation to the flow is the coupling to the confining solid, which
induces friction forces. Here we study the effect of coating the solid with a liquid lubricant
layer. Using a theoretical framework, we show that for sufficiently small lubricant viscosity,
dissipation entirely occurs in the lubricant layer, resulting in a linear growth of the
advancing front. We extend our study to forced imbibition, where the same mechanism
gives rise to an exponential front growth. This new ability to control multiphase flows in
confinement opens new opportunities for flow control in micro and nanofluidic devices.
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Spontaneous imbibition, an example of capillary filling, occurs when one fluid displaces a second
one from a solid porous medium due to its preferential affinity to wet the internal surfaces of
the solid. Applications can be found in nanofluidics [1], where elastocapillary forces support the
self-assembly of arrays of carbon nanotubes [2]; biophysics, where capillary forces are known to
influence protein folding [3–5]; and medical devices, where lateral flows, an example of capillary
driven flows, are widely used to detect the presence of a target substance, and set the basis for
antigen detection [6,7].

Classical imbibition corresponds to a viscous fluid displacing a gas in a uniform porous medium,
where the front position, l (t ), follows the “slowing-down” growth of Washburn’s law, l (t ) ∝ tα , with
α = 1/2 [8]. Understanding and controlling the exponent α is therefore of both fundamental and
practical interest. Pradas et al. [9,10] and Queralt et al. [11] showed that the exponent can be lowered
to α < 1/2 by introducing disorder in the channel topography. On the other hand, Primkulov et al.
[12] reported a larger exponent α = 1, but lower imbibition speed, by capping the front with a slug
of a viscous oil.

What happens if the solid walls of a porous medium are replaced by a liquid surface? Experimen-
tal realizations of lubricant impregnated surfaces, like liquid-infused porous purfaces (SLIPS) or
lubricant-impregnated surfaces (LIS) [13–17], have gained much attention in the recent years. These
materials have outstanding properties for droplet manipulation due to their low friction, resistance
to extreme conditions, and self-healing properties, as well as their ability to induce drag reduction
in contact with a single liquid phase [18–20]. Here we address the fundamental question of how a
liquid can spontaneously invade a porous medium coated with a liquid lubricant layer.

We show that the lubricant viscosity plays a determinant role to trigger a qualitative change in
the dissipation mechanism where the liquid front advances at a constant rate, instead of slowing
down, as would occur if the fluids were in direct contact with the solid. We also identify the high
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FIG. 1. Spontaneous imbibition in a lubricant coated channel. (a) Lattice-Boltzmann simulation snapshot.
The liquid on the left, of width H̄1, preferentially wets the surface of a thin lubricant layer of width h̄1, and
displaces a resident fluid in a channel of width H = H̄1 + 2h1, and length L. A meniscus, of apparent angle θ

and position l (t ), advances within the channel. (b) Effect of the viscosity of the lubricant, ηs, on the imbibition
curves at fixed viscosity contrast between the displaced and displacing liquids, η2/η1 = 1 × 10−2. (c) Velocity
profile in the displacing fluid and in the lubricant layer, v(y), for η1/ηs = 5 × 10−1 (squares) and η1/ηs =
5 × 103 (circles). The solid lines show the theoretical prediction (see text). The velocity is made dimensionless
by the velocity at the center of the channel, v(H/2), while the y coordinate is normalized by the channel
width, H .

sensitivity of the liquid front to external perturbations, which opens an avenue to new modes of
liquid manipulation at the microscale.

To study the front dynamics, we have carried out 2D lattice-Boltzmann (LB) numerical simula-
tions of spontaneous imbibition into a solid channel coated with a liquid lubricant layer. We couple
the LB method to a ternary free-energy model of three immiscible fluids, which we solve by using
the Cahn-Hilliard equation. The ternary free-energy model [21] allows to independently choose the
surface tensions of the liquids, and thus the Neumann angles at their intersection as well as the
wettability of the solid. In our simulations, Fig. 1(a), two reservoirs hold liquids of equal density
but different viscosities, η1 and η2. The reservoirs are connected by a solid channel of length L
and width H , whose internal surfaces are coated by a thin film of a third liquid of viscosity ηs (the
lubricant). The lubricant is kept in place by two small pillars located at the edges of the channel.
This geometry mimics SLIPS, where the lubricant is locked into the surface by roughness [22].
Furthermore, the lubricant wets the solid preferentially relative to the other two fluids, such that
the spreading coefficients S1s = cos θ1s − γ1s > 1 and Ss2 = cos θs2 − γs2 < −1. This effectively
leads to a constant thickness of the lubricant layer, which remains attached to the solid due to the
combination of the solid pillars that prevents the lubricant from going out of the channel, and the
ability of the lubricant layer to wick the solid surface [23], as long as the capillary number remains
small Ca = η1u/γ � 1, where γ the surface tension of the interface between liquids 1 and 2 and u
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the characteristic velocity of the front. Further details on the simulation methodology and choice of
parameters are provided in the Supplemental Material [24].

As shown in the simulation snapshot of Fig. 1(a), an appropriate choice of the surface tensions
leads to the spontaneous imbibition of liquid 1 into the channel, displacing liquid 2. The displacing
and displaced liquids form an advancing meniscus with a well-defined apparent angle relative to the
solid, θ , suggesting a driving capillary force Fc ∝ γ cos θ . Despite this similarity, the meniscus does
not touch the solid, but moves on top of the lubricant layer.

We focus on the familiar case of a viscous liquid displacing a much less viscous fluid, η2/η1 =
10−2, and analyze the motion of the meniscus at different lubricant viscosities, ηs. Figure 1(b) shows
the corresponding l vs t curves, where the penetration length is normalized by the length of the tube,
and time is normalized using the filling time predicted by Washburn’s law, T = 3η1L2/Hγ cos θ

[25]. For very large lubricant viscosity, the front advances following the scaling of Washburn’s
law, l (t ) ∼ t1/2, indicating that the viscous force, Fv , increases with increasing l . Decreasing the
lubricant viscosity leads to an unexpected result: The front grows linearly, l (t ) ∼ t , thus suggesting
that Fv is independent of l . In addition, the filling time is significantly shorter than that predicted by
Washburn’s law. We shall show that these effects are not a transient due to inertia or dynamic-angle
effects [25–28]. They correspond to a new long-time regime entirely dominated by the viscous
dissipation in the lubricant film.

Figure 1(c) shows profiles of the tangential velocity of the displacing phase and the lubricant far
upstream of the meniscus. The expected parabolic flow profile of a forced fluid [29] is approached
for large ηs. The velocity in the lubricant layer becomes vanishingly small, which effectively
behaves like a solid. In contrast, for small ηs, the flow profile resembles a plug flow in the displacing
and displaced phases, while there is strong variation of the velocity in the lubricant layer, where
shear stresses are sustained.

Building on these observations, we propose a simplified model of the flow in each fluid phase
where we neglect the dynamics close to the meniscus and describe the flow profile in the four “bulk”
flow regions depicted in Fig. 2(a). The tangential velocity profiles in the displacing and displaced
phases, v1(y) and v2(y), and in the adjacent regions of the lubricant layer, vs1(y) and vs2(y) are
obtained from lubrication theory, assuming that the pressure profiles in each region, namely p1,
p2, ps1, and ps2, only vary along the longitudinal coordinate x. Accordingly, the flow profiles are
obtained by integrating the Stokes equations. Four out of the eight integration constants are found by
imposing continuity of the velocity and tangential stress at the interface with the lubricant layer. The
remaining constants are determined by fixing the average velocities of the fluids and the lubricant,

1
H/2−h

∫ H/2
h vidy = u and 1

h

∫ h
0 vsi dy = us [24].

In general, u and us are independent free parameters; however, for the imbibition geometry the
lubricant layer responds to the capillary driving force that acts on the meniscus. Therefore, we
expect that if no external forces in the lubricant are present, the average velocity of the lubricant
obeys us = αu, with 0 � α � 1. This relationship allows us to eliminate the pressure gradient terms
from the Stokes equations, and instead characterize the flow through u and α. Figure 1(c) shows
the excellent agreement of the theoretical prediction with the simulation velocity profiles, where us

and u are fixed to the measured liquid flow. The theoretical results show that a vanishing average
lubricant velocity us leads to a negative derivative of the velocity profile close to the solid, indicating
a recirculating flow in the lubricant layer, as reported in SLIPS/LIS simulations [19] (see analytical
solution in the Supplemental Material [24]).

The model can be used to determine the viscous friction force (per unit length) exerted by the
lubricant layer on the moving fluids, Fv = 2lτ1 + 2(L − l )τ2, where τi ≡ ηsdvsi (h)/dy is the shear
stress. From the velocity profiles, we obtain [24]

Fv = 4(2 − 3α)uηs

h

(
l

1 + 2H̄
3δ1h

+ L − l

1 + 2H̄
3δ2h

)
. (1)
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FIG. 2. (a) Schematics of the lubricant coated channel. The rectangular sections represent the bulk of the
displacing and displaced liquids, and of the lubricant layer, which are separated by the meniscus region.
(b) Theoretical imbibition curves (solid lines) vs simulation results (symbols) for different values of the
parameter λ. For λ → 1, corresponding to small lubricant viscosity, the imbibition curves approach the
asymptotic limit l̂ = t̂ (red dashed line). The values of 	 with decreasing lubricant viscosity correspond to
0.03, 0.01, 0.2, 0.9, 1.7, 3.2, and 24, respectively.

Here, H̄i ≡ H − 2h = H̄ is the width of either liquid and δi ≡ ηi/ηs, i = 1, 2 is the viscosity
ratio between the displacing/displaced (i = 1/i = 2) liquid and the lubricant. Letting δih/H̄ → 0,
η2/η1 → 0 and setting α = 0, this expression reduces to the classical result of the viscous force
acting on a single liquid in contact with a solid channel, i.e., Fv = 12η1ul/H . On the contrary,
the limit of small lubricant viscosity is achieved by letting δih/H̄ → ∞, where the friction force
reduces to Fv = 4(2 − 3α)ηsuL/h. In this regime the viscous force is dominated by the lubricant
layer, despite being the less viscous phase, and the force does not depend on the position of the
front; rather, its magnitude scales with the entire length of the channel, L. Comparing the energy
dissipation rate in the bulk of the displacing and displaced liquids Ėb = ∫ l

0

∫ H/2
h η1|∇v1|2 dydx +∫ L

l

∫ H/2
h η2|∇v2|2 dydx, to that of the lubricant Ės = ∫ l

0

∫ h
0 ηs|∇vs1 |2 dydx + ∫ L

l

∫ h
0 ηs|∇vs2 |2 dydx,

for δih/H̄ → ∞, we find Ėb/Ės → 0 [24]. Therefore, in this limit the energy dissipation occurs in
the lubricant, and not in the bulk of the displacing and displaced phases.
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The imbibition growth law, l̇ (t ), is derived from the force balance, Fc = Fv + Fm, between the
capillary (Fc), viscous (Fv), and contact-line friction (Fm) forces per unit length. The simulations
show that the contact angle settles to a constant value θ ≈ θe after a short transient. Accordingly,
Fc = 2H̄γ cos θe/H . The unbalanced interfacial stress close to the triple line is given by γ cos θ (u).
Since the contact angle is finite, for small velocities, one can expand this term γ cos θ (u) 

γ cos θ (0) + ku, resulting in Fm = ku, where k is a friction coefficient [25]. Independently, it has
been reported that such a linear scaling holds in the limit ηs/η1 → 0 [30]. The precise morphology
of the meniscus, which determines the constant k, can have an impact on the front dynamics at early
times, where the meniscus size is comparable to the penetration distance l (t ). However, we expect
that at long times the friction in the bulk of the lubricant film will dominate over the friction in the
meniscus. Therefore, the effect of the meniscus can be subsumed into Fm.

Using the dimensionless variables l̂ ≡ l/L, t̂ ≡ tγ cos θH̄/LH[4ηsL(2 − 3α)/h + k] and û ≡
dl̂/dt̂ , we can integrate the equation of the front motion and obtain

l̂2

2

(λ − 1)

1 + 2H̄
3hδ1

+ l̂

(
1

1 + 2H̄
3hδ1

+ λ	

)
= λ(1 + 	)t̂, (2)

where

λ ≡ η1

η2

3δ2h + 2H̄

3δ1h + 2H̄
and 	 ≡ kh

4ηsL(2 − 3α)
. (3)

The parameter λ contains the relative effect of the viscosities of the three fluids together with the
fraction of the channel occupied by the lubricant, and 	 quantifies the strength of the friction of the
meniscus relative to the lubricant layer.

As shown in Fig. 2(a), Eq. (2) agrees well with the simulations, with the contact-line friction
coefficient, k, used as the only fitting parameter [31]. The classical, diffusive-like growth regime
of Wahsburn’s Law is recovered by imposing 	 = 0 and letting δih/H̄ → 0. This eliminates the
effect of the meniscus and reduces λ to the familiar viscosity contrast, i.e., λ → η1/η2. Then, taking
λ � 1 gives l̂ →

√
4H̄ηst̂/3hη1.

On the other hand, for δih/H̄ � 1 and λ → 1 Eq. (2) yields the linear growth law l̂ → t̂ . After
recovering dimensions, we find

l (t ) = H̄hγ cos θ

H[4ηsL(2 − 3α) + kh]
t . (4)

Remarkably, the velocity of the front depends only on the viscosity and thickness of the lubricant
layer and on the channel length.

The linear growth regime identified in this letter occurs for δih/H̄ � 1, where energy dissipation
occurs primarily in the lubricant layer. For intermediate regimes, the asymptotic growth of the
front will conform to Washburn’s law. A crossover length lc can be estimated by comparing
the magnitudes of quadratic and linear contributions in Eq. (2). We obtain lc ∼ 2L(1 + λ	[1 +
2H̄/3hδ1])/(λ − 1), which implies lc > L if λ < 3/(1 − 2	[1 + 2H̄/3hδ1]). If the friction asso-
ciated to the contact line is negligible compared to the lubricant dissipation 	 = 0, a crossover
length lc > L requires λ < 3. However, increasing the contact line friction increases the crossover
length, and when 	 > 1/2 Washburn’s law will never be observed as the simulation results show in
Fig. 2(b).

Here we have focused on the case of spontaneous imbibition. However, a low-viscosity lubricant
layer has a strong impact in the sensitivity of the front to perturbations, and leads to a significant
modification of the front dynamics when the fluids are subject to external forces. Let us consider
a uniform external force acting on the displacing liquid, Fe = f H̄ l , for small ηs. Figure 3 shows a
speed up of the front as it advances in the channel, in sharp contrast to the classical result of forced
imbibition, where the motion of the front is linear. This effect is also captured by the theoretical
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FIG. 3. Forced imbibition dynamics in a lubricant-coated channel. External forcing leads to an exponential
growth of the position of the advancing front. The strength of the external force is quantified by the forcing
coefficient ψ . The simulation parameters correspond to 	 = 24, λ = 1.2, and δ1 = 5000. The symbols corre-
spond to simulations, solid lines correspond to the numerical solution of the differencial equation including the
forcing term, and the dashed gray lines to the approximation in Eq. (5).

model upon adding an external force, which leads to the solid curves shown in Fig. 3 after numerical
integration. An approximate expression of the growth law can be obtained in the regime λ → 1 and
δ1 → ∞, which gives

l̂ = eψ t̂ − 1

ψ
= et/ti − 1

ψ
, (5)

where ψ = LH f /2γ cos θ is the forcing coefficient. Equation (5) predicts an exponential invasion
of the channel in agreement with the simulation results (dashed curved in Fig. 3), with a characteris-
tic time scale ti = ηsL/Hh f determined by the competition between viscous forces in the lubricant
layer and the external forcing.

Our work can be used to design experimental setups that optimize imbibition in SLIPS/LIS
channels. For example, using liquids with viscosities η1 = 1700 mPas, η2 = 17 mPas, and ηs =
10 mPas [32], and a typical lubricant thickness of 1 µm in a channel of H 
 20 µm would result
in λ 
 8, thus making the linear regime reported here accessible in experiments. The analytical
framework, validated with simulations, provides a starting point to characterize further effects that
might be relevant in spontaneous imbibition processes in SLIPS and LIS, such as the precise role of
the dissipation in the ridge, or the effect of the varying width of the lubricant in the channel.

Altogether, the ideas reported in this work will help rationalize the effect of a lubricant layer in
naturally occurring situations as well as inspire solutions to technological challenges. For example,
in pitcher plants, which inspired SLIPS originally [13], the textured surface that supports the
lubricant layer has corrugations which form semiopen channels, and such structures could sustain
the capillary flows reported in this paper [33]. Binary liquid capillary bridges, which spontaneously
move in confinement and can therefore be used for droplet transport applications, have been reported
to spontaneously leave a thin film of liquid adhered to a channel wall [34]. In antifouling applications
[30,35–38], some studies suggest that bacteria can accumulate in the lubricant layer, limiting its
medical applications [39]. Controlling spontaneous flows could be a key solution to enhance LIS
properties and make it a suitable material for medical applications [40].
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