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ABSTRACT: Flows in microcapillaries and associated
imbibition phenomena play a major role across a wide
spectrum of practical applications, from oil recovery to inkjet
printing and from absorption in porous materials and water
transport in trees to biofluidic phenomena in biomedical
devices. Early investigations of spontaneous imbibition in
capillaries led to the observation of a universal scaling
behavior, known as the Lucas−Washburn (LW) law. The
LW allows abstraction of many real-life effects, such as the
inertia of the fluid, irregularities in the wall geometry, and the
finite density of the vacuum phase (gas or vapor) within the channel. Such simplifying assumptions set a constraint on the design
of modern microfluidic devices, operating at ever-decreasing space and time scales, where the aforementioned simplifications go
under serious question. Here, through a combined use of leading-edge experimental and simulation techniques, we unravel a
novel interplay between global shape and nanoscopic roughness. This interplay significantly affects the early-stage energy budget,
controlling front propagation in corrugated microchannels. We find that such a budget is governed by a two-scale phenomenon:
The global geometry sets the conditions for small-scale structures to develop and propagate ahead of the main front. These small-
scale structures probe the fine-scale details of the wall geometry (nanocorrugations), and the additional friction they experience
slows the entire front. We speculate that such a two-scale mechanism may provide a fairly general scenario to account for extra
dissipative phenomena occurring in capillary flows with nanocorrugated walls.

■ INTRODUCTION
Moving fluids at microscopic scales is not an easy task, as it
meets with a number of fundamental and practical challenges,
with no counterpart in the macroscopic world, among others,
the dominance of surface versus volume effects, which implies a
steep rise of dissipative phenomena with decreasing size of the
devices. Given the paramount role of flow phenomena at the
microscale, ways of beating the aforementioned dissipative
barrier is a subject of intense research in modern fluid dynamics
and applied science in general. Indeed, capillary flows influence
a wide class of phenomena in nature and technology.1−3 So far,
most of these are still described by scientists in terms of the
scaling behavior predicted by the Lucas−Washburn (LW)
law,4−9 which states that the capillary front advances in time
along the capillary with a square-root depedence, much slower
than ballistic motion. Albeit formally identical to Brownian
diffusion, the LW square-root dependence arises from a quite
different physical picture, namely, the competition between the
capillary drive and the frictional drag against the confining

walls. Let z(t) be the coordinate of the moving front at time t.
Dissipation scales like the front speed dz/dt times the linear
size, z(t), of the wall region covered by the liquid. The capillary
drive, on the other hand, is independent of z, since it is
localized at the front contact point with the walls. Striking a
balance between the two gives z(dz/dt) = constant, yielding the
well-known z ≈ t1/2 LW regime.7 The LW equation is expected
to provide a model valid for sufficiently long times, when only
capillary pressure and drag viscous forces are taken into
account, whereas both inertial effects8,9 and the contact line
motion between the gas−solid and liquid phases and its
interaction with the roughness of the wetting walls are
neglected,10,11 i.e., for t much larger than time scales on the
order of ρR1

2/η, where R1, ρ, and η indicate the hydraulic
radius12 and the fluid density and dynamic viscosity,
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respectively. In particular, we recall that R1 is given by 2A/p,
with A the surface area and p the perimeter of the microchannel
(μCh) cross section. For instance, for a μCh with a rectangular
cross-section with base w and height h, R1 = wh/(w + h).12

The LW also assumes an idealized global geometry, cylinders
or parallelepipeds,13−19 supporting a simple Poiseuille flow and
straightforward generalizations thereof. However, the early
stages of imbibition, when the meniscus takes shape and sets up
for motion, are crucially affected not only by inertial effects
(unbalance between capillary forces and frictional drag)8,9 but
also by the geometrical and chemicophysical details of the solid
walls, such as their microtopographies and degrees of
wettability.10,11,20−22 These effects lie beyond the simple LW
picture, as signaled in the first place by a diverging front speed
at t = 0 and a singular stress tensor at the contact point of the
fluid interface with the solid walls. Notwithstanding simulation
work23−25 and analytical/numerical extensions of the LW
analysis,26 the general problem of the correlation between
friction effects at the nano- and microscale and macroscopic
pinning/depinning phenomena induced by wall surface rough-
ness remains open to discussion.
In fact, as the contact line moves in systems of increasingly

smaller size, the interaction with the local wall topology plays a
crucial role, particularly in the early stage of the penetration,
when the flow velocity is at a maximum.18,19 A proper account
of the solid−liquid interactions at the nanoscale is therefore
instrumental to regulate the divergence of the viscous stresses
in the vicinity of the contact line, as predicted by classical
hydrodynamics.14 However, in experiments at imbibition times
t ≪ 1 ms, probing the stabilization dynamics of the front
remains a challenge. Notwithstanding some pioneering imaging
studies, such as the investigation of restriction mapping in
fluidic devices with a temporal resolution of ∼250 ms,27 there is
a lack of experimental data, especially at the earliest stage of
capillarity in μCh's, which are on the other hand of enormous
interest for current lab-on-chip (LoC) devices,2 where also the
imbibition along the corners contributes significantly to the
energy dissipation, thus affecting the overall filling dynamics.
This may impact relevant LoC applications, including
controlling corner-enhanced imbibition phenomena to improve
the operation of digital microfluidic chips,28 devices for
studying the microrheology of viscous fluids based on
lithographically made μCh's,29,30 the early stages of flow
dynamics within capillary devices for liquid transport in
microsystems,31 and autonomous microfluidics relying on
spontaneous capillarity,12 besides affecting the performances
of lithographic technologies such as soft molding32 and
micromolding in capillaries.33−35

Here, we investigate the very early dynamics of capillarity in
randomly nanostructured μCh's with hydraulic radius R1 ≅ 1
μm in the first hundreds of microseconds. Our high time
resolution (10 μs) permits, for the first time, analysis of the
short-term imbibition in these systems, evidencing the
dynamics of the meniscus stabilization and the influence of
the dynamic contact angle. By controlling the sidewall
roughness, we demonstrate its influence on the evolution of
the imbibition dynamics toward the time-asymptotic LW
behavior. Indeed, the retarded meniscus stabilization and
capillary filling can be attributed to the dynamic contact
angle behavior and to the dissipation effects during imbibition,
which appear to be dominated by solid−liquid interfacial effects
over bulk viscous dissipation in the first tens or hundreds of
microseconds. When both experiments and theory meet with

limitations, tailored computer simulations may offer an
alternative to glean further understanding, with their unique
capability to single out separate individual contributions to the
phenomenon under scrutiny. Our experimental findings are
therefore complemented by lattice Boltzmann (LB) simu-
lations36−39 on channels of rectangular and trapezoidal cross
sections, both with and without nanocorrugations. The LB
simulations highlight the formation of thin liquid films (and a
concomitant, significant slowing of the penetration dynamics by
adding random roughness at the capillary sidewalls) in the
acute corners of μCh's with trapezoidal sections. Since no
significant slowing is observed with rectangular cross sections,
we conclude that most of the additional drag in corrugated
trapezoidal μCh's is due to the presence of these wedge-wetting
layers and their interaction with nanocorrugations of the wall.

■ EXPERIMENTAL SECTION
Master templates constituted by Si μCh's with and without random
roughness imposed onto the sidewalls are fabricated by photo-
lithography and wet etching. For producing channels with lateral
roughness, we use a homemade semitransparent polymer photomask
presenting features with lateral roughness of about 1 μm. A layer of
photoresist (AZ5214E) is then deposited onto a Si/SiO2 substrate by
spin-coating (4000 rpm for 40 s). After the thermal curing of the resist
at 120 °C for 1 min, and the alignment between the substrate and the
mask, the resist is exposed to UV light for 5 s. Upon photoresist
reversal by curing at 112 °C (2 min) and UV exposure (27 s), the
pattern is developed (1 min), and the resist is removed from the
exposed regions. Then the SiO2 layer is etched by immersion in HF
solution (3 min). After subsequent photoresist lift-off, Si etching is
carried out by KOH solution for 10 s at 110 °C, thus obtaining a μCh
depth of about 1.3 μm. Finally, the SiO2 layer present on the top of the
μCh is removed by a second HF etching step (3 min). The same
lithographic procedures are employed for creating μCh's with smooth
walls by using a photomask with 20 μm wide channels without lateral
roughness. In this case, the channel height is about 1.5 μm. The
realized Si μCh's exhibit a trapezoidal profile due to the anisotropy of
the KOH etching, whose etch rates depend on the orientation of the
crystallographic planes of the Si wafer. Indeed, monocrystalline (100)
silicon samples are etched along {111} walls inclined at 54° with
respect to the bottom of the μCh,29 thus producing master cross
sections with isosceles trapezoidal profiles.

The Si masters are used as starting templates for the realization of
elastomeric replicas by soft lithography through in situ polymerization
(140 °C, 15 min) of poly(dimethylsiloxane) (PDMS; Sylgard 184 by
Dow Corning, Midland, MI; A:B = 1:9). Samples are realized by the
conformal contact of a PDMS replica of the template μCh's and a flat
elastomer layer deposited on glass by spin coating. In this way, we
obtain μCh's with a top base (wm) in the range of 10−20 μm, a bottom
base (wM) of 12−22 μm, and a height (h) of 1.3−1.5 μm. Also, for
such final μCh's, the sidewalls are at 54° with respect to the bottom
base and at 126° with respect to the top base (cross-section schematics
in Figure 1a). By this fabrication method, we intentionally obtain a
random roughness on the lateral walls. We analyze the resulting profile
by scanning electron microscopy (Figure 1b), investigating in detail
the roughness on the lateral walls (inset of Figure 1b), which exhibit
nanofeatures distributed according to the profile shown in Figure 1c.

Filling is performed by releasing a 2 μL ethanol (liquid viscosity η =
1.2 × 10−3 (N s)/m2, density ρ = 790 kg/m3, liquid−vapor surface
tension σ = 22.3 × 10−3 N/m) droplet at the μCh inlet and analyzed
by using an inverted microscope equipped with a Photron Ultima
APX-RS fast camera (schematics of the used setup in Figure 2a). A
60× magnification oil objective is employed, with an acquisition frame
rate as high as 105 fps (frames per second), providing for the first time
a temporal resolution of 10 μs for the investigation of these
microfluidic systems in the early stage of capillary penetration. The
liquid penetration coordinate, z(t), is measured in the central point of
the meniscus formed by liquid wetting the walls at each time t (Figure
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2b), with an experimental error of ∼0.6 μm, due to the resolution of

our optical imaging system. On free and smooth elastomer surfaces, we

measure a static contact angle as low as 30° for ethanol sessile drops by

a tensiometer.

■ LATTICE BOLTZMANN SIMULATIONS
Computer simulations are performed using the LB method for
nonideal, interacting fluids. The LB equation, in single-time
relaxation form, reads as follows (unit time step for
simplicity):40

⃗+ ⃗ + − ⃗ = − ω − +f x c t f x t f f F( , 1) ( , ) ( )i i i i i i
eq

(1)

where f i(x ⃗,t) is the probability of finding a particle at lattice
position x ⃗ and time t moving with velocity ci⃗, ω is the relaxation
frequency, and Fi indicates the effect of external or internal
sources. In the above, the subscript i labels the discrete
directions of motion in the lattice, for the present case a three-
dimensional cell with 18 neighbors. The local fluid density,
ρ(x ⃗,t), and velocity, u⃗(x ⃗,t), are obtained by simple linear
combinations of the discrete Boltzmann distributions, e.g.,
ρ(x ⃗,t) = ∑i f i(x ⃗,t) and u ⃗(x ⃗,t) = [∑i f i(x ⃗,t)ci⃗]/ρ. These quantities
determine the local equilibrium distribution:
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where ui = (u ⃗·ci⃗)/cs2 and u ⃗ is the local flow field (the space−
time dependence is omitted for notational simplicity). In eq 2,
wi is a set of weights normalized to unity. For the 19-speed
lattice used here (18 moving particles plus 1 rest particle), we
have w0 = 1/3, w1 = 1/18, and w2 = 1/36 for the rest particle,
speed 1 particles, and speed √2 particles, respectively.
The left-hand side of the LB equation represents free

molecular motion, whereas the right-hand side describes
collisional relaxation to a local equilibrium, f i

eq(x ⃗,t), on a
typical time scale τ = 1/ω, fixing the fluid kinematic viscosity as
ν = cs

2(τ − 1/2), cs
2 = 1/3 being the square of the sound speed

in lattice units. The effect of internal/external forces is
represented by the source term Fi(x ⃗,t) ≈ F⃗(x ⃗,t)·ci⃗. For the
case of nonideal interacting fluids, this force term is taken in the
form proposed by Shan−Chen,40 F⃗(x ⃗,t) = GΨ(x ⃗,t)∑iwici⃗Ψ-
(x ⃗+ci⃗,t), where Ψ(x ⃗,t) ≡ Ψ[ρ(x ⃗,t)] is a generalized density and
G is the coupling strength of the nonideal attractive
interactions. For the generalized density, we adopt the
customary Shan−Chen form Ψ(ρ) = 1 − e−ρ, producing a
critical point at ρc = ln 2 and Gc = −4.
The above LB model can be shown to generate a nonideal

excess pressure P*(ρ) ≈ GΨ2(ρ)/2 supporting liquid−vapor
phase transitions for sufficiently strong coupling (G < −4 in
lattice units) and a nonzero surface tension σ ≈ −G∫ (∂xΨ)2 dx,
where x runs across the liquid/vapor interface. Furthermore,
the fluid interactions at solid walls are modeled by imposing a
prescribed value of the wall density ρW = ρ + Δρ, where the
sign and strength of Δρ control the contact angle of the
interface. Extensions of this fluid−wall boundary condition to
deal with corrugated boundaries39 are applied for the case of
nanocorrugated geometries.
Since the aim of the simulations is to provide a comparison

with experimental results, LB parameters are matched as far as
possible with the experimental setting, reproducing the
fabricated geometry and the viscosity and liquid−vapor surface
tension of ethanol (reported in the the Experimental Section).
The experimental profile of the roughness as extracted by image
analysis is directly included within the computational model.
The following simulation parameter setting is imposed:
coupling strength G = −5, liquid density ρ = 790 kg/m3,
liquid viscosity ηLB = 0.655 × 10−3 (N s)/m2 and surface

Figure 1. Experimental schematics and existence of two length scale
geometries in capillaries. (a) Cross-sectional scheme of the fabricated
μCh's. (b) Scanning electron micrograph of the μCh template with a
trapezoidal cross section (top view): t.w. = top wall, s.w. = sidewall, b.s.
= bottom surface. On the sidewalls, features in the range of 100−600
and sub-100 nm are present (inset). (c) Example of the roughness
profile of the lateral walls in μCh's: Z = channel length coordinate, Y =
transversal (width) coordinate.

Figure 2. (a) Scheme of the μCh probing setup. (b) Snapshot
micrograph of the liquid motion into a random nanostructured μCh. z
is measured in the central point of the liquid meniscus.
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tension σLB = 12.2 × 10−3 N/m. Boundary conditions are
enforced at the walls, with a fluid−wall deficit Δρ/ρ = 0.13 kg/
m3. The lattice spacing and time step, which fix the length and
time units, respectively, are set to 0.05 μm and 0.5 ns. The
simulations are run on large grids, with 1200 × 200 × 15 and
1400 × 114 × 14 grid points, for smooth and rough channels,
respectively.

■ RESULTS AND DISCUSSION
In this section, we first analyze the fast imbibition dynamics and
then discuss the interplay mechanism between the μCh cross-
sectional shape and nanoscale roughness in determining energy
dissipation.
Fast Imbibition Dynamics and the Role of Roughness-

Induced Friction. The balance between capillary forces and
viscous drag of a liquid front advancing in a rectangular μCh of
width w and height h may be expressed as

σ θ
= η + ρ + ⎜ ⎟
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2
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where θ0 is the equilibrium contact angle, η is the liquid
viscosity, ρ is the liquid density, σ is the liquid−vapor surface
tension, R1 is the hydraulic radius, and the cross-section
parameter R2 is related to the μCh geometry (R2 = 8h(1 − 2ε/
π)1/2/π2, with ε = h/w = 0.08−0.13 for our systems).41,42 For
capillary filling times t ≫ tc,1 = ρR̃2/η (where we have set R̃ =
R2

2/R1), i.e., for time scales of about 0.5−1 μs for our μCh's,
inertial terms in the previous equation can be neglected, leading
to the classical LW relation

=z A t (4)

with A = [(σR̃ cos θ0)/2η]
1/2. We find that, especially for the

rough capillaries, such an LW expression is not able to properly
fit the experimental z(t) data in the early stages of imbibitions

accessible to experimental observation (see Figure 3a,b, where
z2 data are plotted vs time for better clarity). Note that, given
our temporal resolution and μCh geometry, the condition t ≫
tc,1 is definitely fulfilled; thus, the inertial effects are ruled out.43

This is confirmed by visual inspection of the dynamics of the
meniscus shape, which exhibits an unexpectedly slow
stabilization and evolves from a linear to a curved profile
throughout the first 30 ± 10 and 120 ± 30 μs for smooth and
rough capillaries, respectively (Figure 3c,d). Over the same
interval, imaging the penetration motion inside the μCh's also
allows appreciation of the significant variation of the contact
angle at the solid−liquid interface.
Moreover, we find a reduction of more than 15% for the

average imbibition velocity in rough μCh's with respect to
smooth capillaries in the first 400 μs, which we interpret as
mainly due to the change of the dynamic contact angle and the
ensuing reduction in capillary pressure.44 In fact, an LW
expression can still be retained, assuming that the forces on the
liquid balance at each time instant ti

41,42 and introducing an
instantaneous, dynamic value of the contact angle θt. This can
be estimated by determining, at each time instant ti, a parameter
Ai fulfilling the expression z(ti) = Ai(ti)

1/2 by our experimental
data and with Ai = [(σR̃ cos θt=ti)/2η]

1/2. The resulting Ai differ
for smooth and rough μCh's. Hence, different θt=ti values are
obtained as cos−1(2Ai

2η/σR̃), calculated at each instant. Such a
dynamic contact angle θt depends therefore on the wetting line
velocity (through Ai and the η/σ ratio), thereby developing a
space−time dependence during imbibitions and is also found to
experimentally vary depending on the wall roughness. For
smooth (rough) μCh's, θt decreases from 74° (86°) to 62°
(66°) as the liquid penetrates into the μCh's and decelerates;
i.e., with a reduction, Δθt = 12° (20°) over time (Figure 4). It
should be noticed that these findings are not contradictory with
respect to static values measured by classical tensiometry
(≅30°), as it is often found that contact angles of liquids within

Figure 3. Demonstration of additional friction slowing the entire front with changing meniscus shape during early-stage capillary imbibition. (a, b)
Experimental z2(t) data for smooth (circles) and rough (squares) trapezoidal μCh's. Curves are fits by using classical LW (dotted lines) and the
molecular kinetics (modified LW) model with friction (eq 7, solid lines). (c, d) Frame of the liquid motion in smooth (c, bar = 10 μm) and in rough
(d, bar = 5 μm) μCh's at different time instants.
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capillaries are significantly different from those of droplets
wetting free surfaces.45

The dynamic contact angle θt can be described by
hydrodynamics and molecular kinetics considering dissipation
effects during imbibition as due to the viscous friction in the
bulk and to the solid characteristics at the moving contact line,
respectively. Following Eyring’s activated rate theory,46 the
penetration velocity is given by41,42

= λ
σ θ − θ⎡

⎣⎢
⎤
⎦⎥

z
t

K
nk T

d
d

2 sinh
(cos cos )

2
t

0
0

B (5)

where n indicates the number of adsorption sites for the liquid,
measured per unit area of the μCh walls, λ is the average
distance between adjacent adsorption sites on the capillary
walls (n ≅ λ−2), kB is the Boltzmann constant, and T indicates
the temperature. In fact, transitory or long-living adsorption
phenomena are very likely for the molecules flowing onto
complex polymeric surfaces, which exhibit different degrees of
nanoscopic corrugation at the length scale typical of polymer
molecular dimensions and often nanoporous features, as
exploited in many applications including catalysis.47 In Figure
4, we plot the theoretical curve resulting from the molecular
kinetics model, obtained by following the procedure reported in
ref 42. Furthermore, in the inset of Figure 4, we fit the
experimental data of the wetting line velocity by eq 5, i.e., dz/dt
= a sinh[b(cos θ0 − cos θt)], in which we set the
phenomenological parameters used for fitting, a = 2K0λ and b
= σλ2/2kBT. The resulting values for these parameters are
asmooth = 0.18 ± 0.03 m s−1, arough = 0.14 ± 0.02 m s−1, bsmooth =
7.0 ± 0.7, and brough = 3.8 ± 0.3, respectively. This yields λ on
the order of the molecular dimension, i.e., ∼1 nm, with slightly
closer adsorption sites on the capillary walls for rough μCh's,
which could be related to differences at the nanoscale between
surfaces obtained by the different fabrication procedures.
A closer look at friction effects affecting the capillary

penetration is achieved by approximating eq 5 as dz/dt = (σ/

ζ)(cos θ0 − cos θt), i.e., introducing the coefficient of wetting
line friction (Pa·s) ζ = kBT/K0λ

3, where K0 is the frequency of
liquid molecule displacements at the solid surface.41,42 The
coefficient ζ is expected to be from 1 to 3 orders of magnitude
larger than the viscosity of the liquid, depending on the relative
strength of the solid/liquid and viscous interactions.41,42 From
our parameters, we find ζsmooth = 0.018 ± 0.003 Pa·s and ζrough
= 0.042 ± 0.008 Pa·s (inset of Figure 4), indicating that
nanoscale roughness acts on the wetting line friction, doubling
the value of ζ. The fits, and the observed friction increase in
rough μCh's with respect to smooth capillaries, indicate that the
experimental data are well reproduced by molecular kinetics.41

However, we are not able to observe any significant difference
between the frequencies of liquid molecule displacements at
rough or smooth μCh's (the frequency K0 being about 6 × 107

s−1 in both the cases). A monotonically decreasing K0 upon
increasing the root-mean-square surface roughness r is observed
on sessile drops on Langmuir−Blodgett films, although with r
in a range (about 0.3−1.2 nm) of values much lower than in
our experiments.48

The inclusion of the friction effects, as done by the molecular
kinetics model leads to a satisfactory match with experimental
data (Figure 3a,b), thus supporting the idea that the slowing of
the imbibition dynamics is to be attributed mainly to surface
friction effects. In addition, rewriting the previous expression
relating the penetration velocity to the dynamic contact angle
allows one to highlight a linear dependence of cos θt on the
coefficient of wetting line friction, i.e.

θ = θ − ζ
σ

z
t

cos cos
d
dt 0 (6)

Substituting this expression for cos θt in the force balance with
dynamic contact angle θt, one obtains (2σ/R1)[cos θ0 − (ζ/
σ)(dz/dt)] = (8η/R2

2)z(dz/dt), whose integration finally leads
to

= η ̃σ θ + ζ σ θt R z z(2 / cos ) ( / cos )0
2

0 (7)

for which friction dominates over bulk viscous dissipation for z
< ζR̃/2η ≅ 8 and 16 μm, corresponding to a time crossover tc,2
of 25 and 120 μs for smooth and rough μCh's, respectively, in
agreement with the observed experimental dynamics (Figure
3).
Different authors have analyzed the deviations from the LW

equation connected to friction forces using various theories of
moving wetting lines based on hydrodynamics,49 molecular
kinetics,50 or phenomenology,51 in which the dynamic contact
angle is described as some function of the wetting line velocity
dz/dt. To date, a universal approach capable of describing all
the different situations of the imbibition process is still missing,
and consequently, it is not yet fully clear which equation has to
be used in connection with the different physical phenomena
related to liquid/solid friction properties. Starting from this
scenario, modifying the force balance equation has the virtue of
being based on a theoretical analysis of energy dissipation, as
derived from Eyring’s activated rate model. Indeed, this
approach exhibits a satisfactory match with our results, which
can be related to wetting-wedge layers interaction with the
corner geometry as explained in the following.

Dynamics of Wetting-Wedge Layers. The experimen-
tally observed dynamics of the meniscus shape, which evolves
toward a profile with a decreasing radius of curvature over the
first tens of microseconds, is compatible with the presence of

Figure 4. θt vs t for smooth (circles) and rough (squares) μCh's and
theoretical curves (solid lines) by molecular kinetics (see the text).
Inset: wetting line velocity dz/dt vs cos θt. Solid lines are the best fits
to the experimental data by eq 5, with a displacement frequency
parameter K0 of about 6 × 107 s−1 and a θ0 value of 59°. Geometrical
parameters for smooth (rough) μCh's are R1 = 1.4 μm (1.1 μm), R2 =
1.2 μm (1.0 μm), and R̃ = 1.0 μm (0.9 μm). Liquid viscosity η = 1.2 ×
10−3 (N s)/m2, liquid−vapor surface tension σ = 22.3 × 10−3 N/m, kB
= 1.38 × 10−23 J K−1, and T = 294 K. λ values are in the range of 1−1.5
nm. Output friction coefficient values are ζsmooth = 0.018 ± 0.003 Pa·s
and ζrough = 0.042 ± 0.008 Pa·s, respectively.
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wetting fingers along the μCh corners. Here too thin to be
imaged by our experimental setup, such wetting-wedge layers
may be visualized using polyurethane prepolymers in PDMS
μCh's by optical microscopy52 or scanning electron micros-
copy.33 The preferential imbibition along corners within μCh's
is thoroughly investigated both experimentally and theoret-
ically28,53,54 and bears a definite technological relevance,
particularly for lithographies based on micromolding in
capillaries33 and for assessing uncontrolled sample volume
escapes in digital microfluidic systems.28 From a qualitative
viewpoint, corners within μCh's represent singularities in the
geometrical curvature, altering the force balance between
capillarity and dissipation.52,55 These imbibition effects along
the corners contribute significantly to the overall energy
dissipation. Since the effects of roughness on the dissipative
mechanisms governing capillary flows is a fundamental open
issue in microfluidics and the effects play a key role in
applications and processes based on spontaneous imbibition
phenomena, investigating liquid layers along wedges and their
interaction with rough μCh walls is a task which warrants in-
depth investigation. The microscopic interpretation of the
deviations from LW scaling in terms of activated rate theory, as
given above, accounts for the interpretation of the experimental
penetration law z(t), but does not provide any information on
morphological microscale features of the advancing front which
emerge from nanoscale fluid−wall interactions.
To correlate dissipation effects at the nano- and microscales

to possible pinning/depinning of the liquid induced by μCh
roughness, we carried out high-resolution (0.05 μm and 0.5 ns
in space and time, respectively) lattice Boltzmann simula-
tions,56,57 covering a time span of about 1 ms. Note that, thanks
to the very high time resolution of the experimental data
acquisition system, these numerical simulations can be placed
in one-to-one correspondence with the experiments, not a
common situation in microfluidic simulation. The simulations
provide neat evidence of phenomena related to the friction of
the moving wetting line. We find good agreement between
experiments and simulation, concerning both the filling
behavior vs time and the corresponding θt values (Figure 5a).
In fact, by adding random roughness in the channel sidewalls,
the simulations show an average velocity reduction of up to
15% in the imbibition front.44 This reduction is easily evaluated
considering the different lengths of smooth and rough
microchannels filled by the liquid in 0.4 ms (Figure 5a). We
associate this effect with enhanced energy dissipation due to the
formation of liquid layers along wedges and their interaction
with rough μCh walls (Figure 5b).
At the same time, the simulations show the formation of an

extended liquid film on the 54° corners at the bottom of the
μCh (Figure 6a,b). On the basis of the Concus−Finn
criterion,58,59 the propagation of a liquid on a corner takes
place for corner angles below a critical value π − 2θ0, in our
case roughly 72°. This critical value is consistent with our
numerical findings, which show wetting-wedge layers on
corners of 54° and no wetting-wedge layers on corners of
90° (rectangular cross section) and 126°.58,59 The dynamics
and morphology of these layers critically depend on the wall
roughness,56,57 with a liquid film flowing continuously along the
acute corners in the smooth μCh and growing discontinuously
in the rough μCh, with fitful motion (Figure 6b). Indeed, in the
latter case, we find that the liquid length at the corners does not
grow continuously in time, but alternates between a maximum
(∼11 μm) and a minimum (∼4.5 μm) value, with distinct time

gaps during which the liquid film motion is temporarily
suppressed (Figure 6b). This stick−slip motion of the front,
induced by temporary pinning of the liquid film wetting
wedges, leads to a reduction in the penetration length, which is
related to the energy dissipation mechanisms described
previously in terms of friction effects at the solid/liquid
interface. The idea of a relation between the macroscopic,
wetting-wedge dynamics and the slowing of the liquid
penetration into rough μCh's is further corroborated by
simulations performed on the rectangular geometry, which
show no evidence of layers along corners and only a weak
(<2%) slowing of the filling velocity for rough μCh's with
respect to smooth μCh's (Figure 7). By unveiling a possible
correlation between the occurrence and dynamics of the
wetting-wedge layers and the degree of friction experienced by
the penetrating fluid wall, the simulations provide a significant
help in the interpretation of the experimental and theoretical
observations.

■ CONCLUSIONS

Taken together, our findings suggest that the wetting front
advances on a solid surface, with friction properties of the
liquid/solid interface dependent on the wall roughness. Such

Figure 5. Demonstration of the interaction of wetting-wedge layers
with nanocorrugation. (a) Dynamics of the liquid film wetting wedges
by LB z2(t) data (meniscus central point) for smooth (solid lines) and
rough (dotted lines) trapezoidal μCh's. Symbols are experimental data
on smooth (open circles) and rough (open squares) μCh's,
highlighting the good agreement between experiments and simu-
lations. Inset: comparison between experimentally determined θt
(open symbols) and corresponding values obtained by simulations
(full symbols) for smooth (circles) and rough (squares) μCh's. (b)
Dynamics of the wetting-wedge layer for smooth (solid line) and
rough (dotted line) μCh's, highlighting the interaction of wetting-
wedge layers with nanocorrugation. zp = position of the interface at the
corner. t1 = 0.06 ms, t2 = 0.12 ms, t3 = 0.15 ms, and t4 = 0.27 ms.
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nanoscopic effects can be described in macroscopic terms as a
reduction in capillary pressure depending on the value of the
dynamic contact angle, related to the surface friction coefficient
ζ and to the liquid front velocity. At a nanoscopic level, the
reduction in penetration height for rough μCh's is directly
connected to the evolution of a liquid film along the acute
corner and its complex interaction with the roughness of the
solid walls at the solid/liquid/vapor interface. More precisely,
since wetting-wedge layers are fine-scale structures comparable

with the heterogeneity scale of the corrugation, they are more
sensitive to additional drag, resulting in stick−slip motion and
eventually even pinning of the liquid front. The above picture
offers an elegant, and possibly paradigmatic, example of a two-
scale feedback loop between the micro- and nanoscale physics
of early imbibition.
Global geometrical features, i.e., sharp corners, below the

critical Concus−Finn angle,58,59 promote the formation of fine-
scale structures (wetting layers). With smooth walls these layers
do not experience any appreciable extra dissipation as
compared to the bulk front; hence, they remain “energetically
invisible”. In the presence of nanocorrugations, however, they
couple strongly to the microgeometrical imperfections and
experience a significant extra dissipation, which ultimately
results in a slowing of the overall front motion.
It would be interesting to perform LB simulations down to

the nanoscopic scale and investigate the possible onset of
prewetting layers, as observed recently in molecular dynamics
simulations.60 As shown in ref 61, a detailed LB−molecular
dynamics comparison requires subnanoscopic spatial resolu-
tion, and consequently such prospective simulations will
necessarily be restricted to much shorter channels than those
considered in this paper.
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