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We discuss in this paper the nature of the friction generated as a drop glides on a textured
material infused by another liquid. Different regimes are found, depending on the viscosities
of both liquids. While a viscous drop simply obeys a Stokes-type friction, the force opposing
a drop moving on a viscous substrate becomes non-linear in velocity. A liquid on an infused
material is surrounded by a meniscus, and this specific feature is proposed to be responsible

for the special frictions observed on both adhesive and non-adhesive substrates.
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Liquid droplets on solids generally have high adhesion and friction, owing to the_contactiJiries o
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bounding them. This line can pin on defects [1], and its presence enhances dissipation as the
liquid moves [2-3]. In order to promote mobility, it was proposed to lubricate the gap between
the solid substrate and the moving drop. The lubrication layer may consist either of air
(Leidenfrost state [4], superhydrophobic solids [5-6]), or of another liquid (here called oil)
trapped by textures [7] or magnetically [8] — all kinds of situations of practical interest, since
they provide anti-biofouling [9], anti-dew [10-11], or even anti-ice abilities [12-14]. This idea
has been widely exploited by nature, with multiple examples of peculiar plants [15] having
water-repellent leaves [16] or slippery surfaces [17-18]. By combining textures and chemistry,
these plants get remarkable non-adhesive properties, making them able to fully repel water
(lotus leaf), or to trap insects owing to water filmification (carnivorous Nepenthes). We focus
here on oil-infused textured materials, which were shown to display spectacular slippery
behaviours [19-21]. These materials are made in two steps: firstly, a solid is decorated by
hydrophobic micro-textures; secondly, oil is infused by spontaneous impregnation [22] or dip-
coating [21, 23]. If the texture, surface chemistry and oil are carefully combined, a drop of
water (possibly mixed with glycerol or hydrosoluble polymers) will stay at the surface of the
oil, and benefit from its lubricating action [24-25]. Contact angle hysteresis is minimized, and
so is its adhesion to the substrate, despite apparent contact angles often close to 90° [19-21,
25]. Hence such drops easily run down inclines (as long as oil remains trapped in the textures),
and we discuss here the associated friction. Depending on the liquids and texture, several

kinds of dissipation can be generated, which can be exploited to tune the drop velocity.

Our samples are covered by micro-pillars made of SUS8-resin and obtained by
photolithography on a silicon wafer, where they occupy a rectangular area of 8 cm x 5 cm. As
shown in the Supplementary Information (SI), pillars all have a height 4~ = 20 + 3 ym and
lateral size and spacing spanning respectively between 18 and 185 ym, and between 15 and
60 um. Hence the pillar density ¢ ranges between 23% and 67%. We did experiments either
with simple pillars, or with pillars covered by a nanometric sub-structure, a system recently
introduced by Guan et al. [26]. For this purpose, we coat the textured substrate with a solution
of Glaco Mirror Coat (Soft 99), let the solvent (isopropanol) evaporate, and consolidate the
sample by heating it at 150°C for 20 minutes, which leaves a layer of hydrophobic nanobeads

(size: 30 nm) attached to the substrate and to the pillars.
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The lubricant is a silicone oil with viscosity 1, ranging between 5 mPa.s and 1000 mPa;$.5 550
with a nearly constant surface tension y, ¥ 20 mN/m and density p, = 980 kg/m’. Silicone oil
completely wets silicon and resin, so that it spontaneously fills the textures: impregnation is
achieved by placing the samples in contact with a bath of oil, which ensures that we do not
over-impregnate the liquid-infused material. We checked that dip-coating the sample at low
velocity (smaller than 20 ym/s) from a bath of oil leads to the same results, hence found to be
independent of the technique used to infuse the pillars. Then, we place on the lubricated
texture a drop of water/glycerol mixture (simply called water further) with a viscosity m,,

ranging between 1 mPa.s (pure water) and 1000 mPa.s (pure glycerol).

The behaviour of water depends on the presence of nanobeads. On nude pillars filled with oil,
water drops (volume €2 =20 uL) roll off provided the sample is tilted by at least o* =15° +3°
for $ =23%. As shown in the SI, o* increases at larger ¢. This large adhesion arises from the
water/solid contacts, which induces pinning on the textures’ tops [27]. On Glaco-treated
pillars, the roll-off angle o* becomes unmeasurable (o* = 0), due to the impregnation of the
nanoroughness by the oil. The thin film of oil stabilized at pillars’ tops isolates water from the

pillars, which minimizes angle hysteresis down to non-measurable values [26].

Then, as sketched in figure la, we measure the drop velocity V as a function of the
gravitational driving force, modulated by varying the tilt angle a (above a*). The drop

trajectory is recorded using a video-camera (Optronis, 100 to 1000 frames per second). As

Published on 08 September 2017. Downloaded by University of Cambridge on 15/09/2017 15:34:56.

shown in the SI, all drops reach a constant velocity after a few centimetres of descent, as also
seen in the Supplementary Movie 1. In this stationary regime, V results from a balance
between gravity and friction. Side views show that drops are quasi-hemispherical (with
contact radius R) and surrounded by a small oil meniscus, as sketched in figure la,
highlighted by red circles in figure 1b, magnified in figure lc and visible in the
Supplementary Movie 2. This circular meniscus is pulled from the oil film by the vertical
component of the surface tension of water [21]. Schellenberger et al. characterized its
geometry by confocal microscopy performed on static drops [27]. The meniscus is found here to

persist in dynamical conditions, which might impact the friction opposing the moving liquid.
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Figure 1. (a) Experimental set-up: a water drop with volume €2 runs down an oil-infused material tilted by an
angle a. Its stationary speed is denoted as V. (b) Drop (1,,= 3 mPa.s, Q = 20 uL) going down a silicone oil-
infused surface tilted by o = 20°. The pillar density at the surface is ¢ = 23%. The scale bar shows 2 mm. (¢) Oil
front meniscus pushed by a water drop (n, = 1 mPa.s, = 20 uL) running down at V=3 mm/s a textured
material (¢ = 23%) infused by a silicone oil (1, = 10 mPa.s) and tilted by a = 2°. The scale bar shows 0.4 mm.
(d) Drop speed V as a function of the driving parameter sina., for , = 10 mPa.s, 1, = 500 mPa.s (n,, > 1,) and
Q=20 uL. The dashed line has a slope 1. The two series of data correspond to pillar densities ¢ =23% (red
data) or ¢ = 67% (purple data). (e) In the opposite limit 1, > m,, (here n,, = 2 mPa.s and n, = 100 mPa.s), the
drop speed becomes non-linear in driving force. Lines successively show slopes 3/2 and 3, and colors indicate
the texture density (¢ = 23%, red data; ¢ = 36%, blue data; ¢ = 52%, green data; ¢ = 67%, purple data). We
indicate on the data at the largest slope the typical error bar on the velocity measurement. Colored dashed lines
are positioned with the ¢**- behavior predicted by eq. (3).

In order to characterize friction, we focus on the drop mobility, that is, the way speed depends
on driving force. In figures 1d and le, the drop velocity V is plotted as a function of the sine
of the tilt angle a at fixed volume Q = 20 L. We first consider extreme values of the ratio
N./M, between the liquid viscosities. (i) When water is more viscous than oil (1, = 50n,,
figure 1d, supplementary movie 3), the drop speed linearly increases with the driving force, as
stressed by the dashed line with slope 1 drawn across the data, and it does not depend on the
texture density (the two series of data correspond to ¢ = 23% and ¢ = 67%). Hence friction is
classically linear in speed (Stokes’ law). (ii) When oil is more viscous than water (1, = 507,
figure le, supplementary movie 1), the drop speed is not linear in driving force anymore. At
small o, data can be fitted by scaling laws with power 3/2 (coloured dashed lines); in this
regime, the smaller the pillar density ¢, the quicker the motion. At large a., there is a sudden
kink in the data and the velocity seems to follow a new scaling law, with an exponent 3 (black

dashed line). In addition, the speed in this regime becomes independent of ¢.
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Figure 1 shows that the ratio between oil and water viscosities determines the pature of these onine
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friction. This can be directly captured by varying the drop viscosity m, at fixed m,.
Experiments are performed for a plate inclined by o = 5° and a volume Q = 20 L, and results
are displayed in figure 2a for n, = 10 mPa.s (red data) and for n), = 100 mPa.s (blue data). For
each oil viscosity, two regimes are successively followed. Firstly (v, < m,), the speed V
plateaus at a value roughly independent of n,,, and found to be ten times larger when 1, is ten
times smaller. In this regime, dissipation then mainly occurs in oil, as already seen in figure
le. At larger water viscosity (n, > m,, see also figure 1d), the speed becomes inversely

proportional to n,,, as evidenced by the dashed lines with slope —1 (and further in figure 3).
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Figure 2. (a) Speed V of a descending drop (2 = 20 xL) as a function of its viscosity 1, at fixed oil viscosity
(no =10 mPa.s, red data; n, = 100 mPa.s, blue data), on a substrate with ¢ =23% tilted by o= 5°. Two regimes
are successively obeyed: for n,, <m,, V is independent of n,; for n,, >mn,, ¥ becomes inversely proportional to 7,
(inclined lines have a slope —1). Both regimes intersect at a critical water viscosity n* = 3v,. (b) Sketch of a
viscous drop going down a lubricant-impregnated surface, for which the Poiseuille flow within the drop limits
the speed. We denote as V; the velocity of the water/oil interface. (¢) The front of the moving meniscus is
dynamically deformed, with an angle 6(7). (d) Speed V" of descending drops with viscosity 1, = 2 mPa.s and
Q =1 uL (purple data), Q =5 uL (green data), = 20 uL (blue data), Q = 30 uL (orange data), 2 = 40 uL (red
data). The surface (¢ = 23%) is impregnated by oil with viscosity 1, = 100 mPa.s. (e) Speed V of a descending
drop (Mw= 500 mPa.s) on a surface impregnated with oil of comparable viscosity (n, = 100 mPa.s). Two regimes
are successively observed, with power laws of respective exponent 3/2 and 1. Both regimes intersect at a critical
speed V' =2 mm/s.
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Friction on infused textures appears to be characterized by (at least) three different lasws, a0

very unique situation generated by the complexity of this system. Dissipation indeed occurs in
both water and oil: on the one hand, water moves inside the drop and close to the contact line;
on the other hand, oil is found under the moving drop and along its edge meniscus. The
existence of an underlying oil film favours slip at the oil/water interface, which we can
characterize. The slip velocity V, (defined in figure 2b) is deduced from the continuity of the
viscous stress at this interface, whose scaling can be written: n,(V- V))/R ~n,V/h, where h is

the lubricant thickness. Hence we get:

1%
n.R
n,h

1+

The interfacial velocity V, varies between 0 (no slip) and V (pure slip) as the slip number
O =1,h/Mm,R increases from zero to infinity. In our case, o is smaller than 0.1, which implies
modest slip (V; < V/10). Pillars should minimize even more o: the oil film is not free, but

confined within obstacles, which results in an effective oil viscosity larger than 1, [23].

We can now discuss the friction laws. As shown in experiments (figures 1d and 2a),
dissipation at large m,, mainly occurs in water. In this limit, typical viscosity n,, and velocity V
are respectively 500 mPa.s and a few millimetres per second, so that the corresponding
Reynolds and capillary numbers are Re = pRV/m,, = 10° and Ca = n,V/y = 107, both small
compared to unity. Hence dissipation has a viscous origin (figure 2a) and interfaces keep a
quasi-static shape (supplementary movie 3). Owing to the presence of velocity gradients in
the drop (V; << V), we simply write the viscous stress in water as 1,(V- V))/R =n,V/R. Once
it is integrated over a surface area of order R*, we get a force F, scaling as ), VR. Balancing

this Stokes friction with the gravitational driving force pgR’sina yields:

2
(2) V ~ PsR” sino

The velocity V is proportional to the slope sina (figure 1d) and inversely proportional to the

water viscosity 1, (figure 2a for n, > m,). The typical descent velocity, V, = pgR’/m,,, is

01226H
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expected to be on the order of 1 cm/s for n, = 1 Pa.s, in fair agreement with valugs in £t 000
1d. Hence eq. (2) captures the simple regime where dissipation mainly occurs in the drop. It
could have been more complicated. As drops spread or move, dissipation often concentrates
close to the contact line, which we did not consider: the apparent contact angle here is large
and the real contact angle (hidden by the oil meniscus) even larger [25, 27], which minimizes
dissipation in the water wedge. Moreover, even for modest slip at the drop scale, the local slip
number o, = m,/M,H (where we introduce a typical local thickness H), can become

arbitrarily large close to the wedge (H — 0), which minimizes even more wedge friction.

In the opposite limit where oil is more viscous than water (n,> m,, figure le), the drop
velocity is not anymore linear in driving force. Dissipation is expected to take place in oil,
that is, in the underlying film and in the surrounding meniscus. Let us discuss the
corresponding frictions. (i) The typical velocity gradient in the film scales as V/h (figure 2b),
which yields a friction F, ~ ,V,R*/h. For n, < m,, the slip number ¢ = 1, A/MR is small
compared to unity and the interface velocity V; in eq. (1) reduces to oV. After injecting this
value in the expression of F,, we get a force scaling as n,,VR, of the same form, surprisingly,
as in the limit m, > m,. Viscous oils are hardly displaced by water, and the corresponding
friction is that in the drop, independent of the oil viscosity m,, in contradiction with the two
plateaus in figure 2a. (ii) As emphasized above, liquids on lubricant-infused materials are
surrounded by a “foot” sketched and observed in figures la, 1b and Ic. If we designate its

typical size by ¢, we can first consider that the motion generates a stress 1,V// in the meniscus.

Published on 08 September 2017. Downloaded by University of Cambridge on 15/09/2017 15:34:56.

Once integrated over the its surface area R/, we find the Stokes force F, ~ 1, VR first proposed
by Smith ef al. [21]. This formula provides a speed linear in driving force, in contradiction
with the data in Figure le. We correct this approach by considering the dynamic nature of this
meniscus, which is constantly pushed by the moving drop (figures 1c and 2c). A wedge of oil
completely wets a substrate made of the same liquid. Hence its dynamic contact angle 0 is
given by Tanner’s law [2-3, 28], 6 = (Bn,V/y,)"”, where B is a numerical factor that reflects
the singular dissipation at the wedge tip. Integrating the viscous stress in this region provides
B = In(//¢) where ¢ is the typical thickness of the layer of wetting oil on which the wedge
glides. It is here given by the size of the Glaco beads (about 30 nm) so that we expect 3 to be
of order 10. As shown by Huh and Scriven [2], the wedge friction (per unit length) scales as

Bn,V/0, which yields a force F, ~ f(n,V/0)R once it is integrated over the drop perimeter.
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Plugging Tanner’s law in the latter formula gives: F,~v,R(pn,V/y,)*>, which is nonlifichi: 2o
in velocity. Its balance with gravity provides a speed of descent varying as sin*’a, in
agreement with figure le (coloured, dashed lines). Our data also show that the speed in this
regime is sensitive to the texture density ¢. This is compatible with our interpretation: the
wedge friction mainly takes place over the pillar tops, since oil glides on itself between the
pillars. The distance to be considered for integrating the local stress fin,V/0 becomes 2npR

2/3

instead of 2;tR, which eventually leads to F, ~ y.0R (pn,V/y,)”". Hence we get:

32 3

R .

3) Vo~ —(l,ngl,z sin"’a
Yo ¢ B,

We did not consider up to now the friction in the trailing side of the oil meniscus sketched in
figure 2c, at the oil/water interface. This friction scales as (1,V/e) AR, denoting € and A the
thickness and length scale of the meniscus tail. Assuming a Laudau-Levich scaling,
e ~RM,V/v..)"” and A ~ R, V/y,.)”", the friction force F, keeps the same scaling as

. £ 213
previously (F,~ sin

o), which does not modify our conclusions [29-31]. More quantitatively,
the absence of singularity (thus of factor ) should make this additional friction smaller than

the wedge one.

Eq. (3) nicely captures the experimental observations. (i) A meniscus friction provides a
power law with exponent 3/2 between velocity and driving force, in accord with figure le.
(i1) As also observed, the denser the texture, the smaller the speed: the positions of the lines in

figure le were chosen as to obey the ¢

-dependency predicted by eq. (3). The fit is found to
be convincing even if the model at the highest density slightly underestimates observed
speeds. (iii)) We understand why V is inversely proportional to the oil viscosity 1, (the more
viscous the wedge of oil, the slower the drop), as reported in figure 2a. (iv) We can finally
check the unusual dependency of the speed with drop size, in R’ instead of R* for Stokes’ law.
In figure 2d, the speed in this regime is plotted as a function of sino. for drop volumes Q ~ R’
varying between 1 uL and 40 uL. As expected from eq. (3), the larger the drop, the quicker it
is. The agreement is quantitative: fits in the figure (dotted lines) are calculated by taking

coefficients proportional to the drop volume (eq. 3), which leads to a very satisfactory

agreement with all the data.
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Depending on the contrast in viscosity between oil and water, we discussed two mecharigmig e oo

of dissipation, and our curves in figures 1d and le suggest that drops on infused materials

follow either of these laws. This is a consequence of the high viscosity contrasts in figure 1,
where the ratio m/m),, is either 1/50 or 50. Conversely, figure 2a shows that the transition
between both frictions can be directly evidenced by varying the water viscosity at fixed m,.
The transition takes place at a critical water viscosity m*, found in figure 2a to increase with
1.. By matching egs. (2) and (3), we obtain n* ~ am, , where the number a = v,"*¢**/(pg)**R
sin'”a., is expected in our systems to be of order unity. n# scales as the oil viscosity m,, as

observed in figure 2a.

Another way to discuss the transition between the two regimes of dissipation consists of
performing experiments with liquids having similar viscosities. In figure 2e, we plot the
descent velocity V as a function of the tilt angle o for n,= 100 mPa.s and n,,= 500 mPa.s.
Contrasting with the plots in figure 1, V now successively follows dependencies in sin**o and
in sina, in agreement with our discussion: the two frictions coexist, but oil friction should
dominate water friction at low speed. Matching eqgs. (2) and (3) now provides a transition
speed V¥ ~ ¢y.n,>/m,’, on the order of a few millimetres per second for the parameters of this
experiment — in excellent agreement with the data, and increasing with ¢, as observed in
figure 2d. Conversely, in the limits n, <<, (or n,>>m,), V* rapidly tends to zero (or
infinity), so that the whole set of data corresponds to the water-dominated (or oil-dominated)

regime, as in figure 1.

Published on 08 September 2017. Downloaded by University of Cambridge on 15/09/2017 15:34:56.

When oil imposes the friction law, we also observe in figure le a critical descent velocity
above which V is larger than predicted by eq. (3) — a regime illustrated by the supplementary
movie 4. Friction in this fast regime is different, and smaller. The transition speed in figure le
is around 2 cm/s, which results in a capillary number (in oil) n V/y, of order 0.1. At such a
capillary number, Tanner’s law predicts that the advancing dynamic angle is around 90° [32],
which implies that the Huh-Scriven assumption of an acute wedge is not valid anymore, and
explains why wedge dissipation can be minimized. As a tentative model for this quick regime,
we assume that the oil meniscus becomes fully dynamical: it is constantly extracted from the
texture by water surface tension v, before being reinjected at a velocity of order V below the

drop. This interpretation explains how the velocity can become independent of the texture
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density ¢: water being lubricated by a thick dynamic film of oil, the texture gets erased Ol 550
drawn at a velocity scaling as v,,/m, that must exceed the drop velocity, that is, n,V/y,, < 1. This
condition is satisfied at capillary numbers 1 V/y,< 0.1. The dynamic meniscus, of unknown
size r, deposits a film with thickness €, for which we assume a Landau-Levich scaling,
e ~r (M, Vlv,.)”>. While the front edge of the meniscus is sharp and minimizes dissipation, the
viscous force present in the deposition region scales as (n,V/e)rR ~v,,RM,V/.)"”, which
indeed yields a descent velocity varying as sin’o (figure 1le). This regime intersects the
previous one when frictions are comparable, that is, at a velocity scaling as v,,*/¢y.n, that

depends on ¢, as observed in figure le.

We finally test the robustness and generality of our findings by considering similar
experiments on samples with smooth pillars instead of rough pillars. This induces a
significant adhesion and the tilt angle a*(¢) for drop departure becomes for instance 15° for
¢ = 23% (and © = 20 pL). This angle expresses the balance of gravity with pinning, so that
our equations must be corrected by considering an effective slope (sina — sina*) instead of
sina.. This simple fact limits the range of explored driving forces, and makes it more difficult
to establish firm scaling laws. Yet, as seen in figure 3, our main conclusions remain valid. For
viscous water (n,, > M), the speed is linear with the driving force (figure 3a), as expected in a
regime where dissipation occurs in the drop. In the opposite case (1, > 1,,), dissipation mainly
occurs in oil, and we recover the power law in 3/2 (with scattered data, due to adhesion), the
dependency in texture density ¢, and the quick regime at large o (figure 3b). As highlighted in
figure 3c, it is worth noticing that the friction in the latter regime becomes independent of the
surface adhesion expressed by a': data for o.'= 0 and for o= 15° superimpose at large tilt in
this self-lubricating regime, which confirms that surface topology has no more any impact on
the dissipation at large a. The figure finally allows us to directly compare the speed of the
drops in the main regime of oil dissipation (sina < 0.7): water moves much slower (by a
factor that can be typically 10) when adhesion is present, a consequence of the reduction of
driving force in this case. This shows that textured, infused materials are not always ultra-
slippery per se, but need to be designed so that the water/solid interface is minimized, as done

here with the sub-nanotexture.

10
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Beyond the asymptotic scalings described so far, we can finally try to capture all our, restlbts: - onine
by simply adding the two independent sources of friction at intermediate tilt angles (sina <
0.7). Drop velocity is deduced from the balance of the driving force with the total friction
force written as bF + cF,,, where b and ¢ are two numbers. This calculated velocity is plotted
in figure 3d for the data obtained with nude pillars, and found to be nicely described by our
equations provided we choose b =13 + 1 and c =11 = 1. Even if these numbers remain to be

explicitly calculated, we can emphasize here that the model quantitatively succeeds at

describing all the experiments with a unique set of numerical parameters » and c.
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Figure 3. (a) Drop speed V as a function of the driving parameter sinc. — sina.”, for N, =100 mPa.s and n,, =500
mPa.s (,,>1,). The volume of the drop is € = 20 uL. The sketch in the inset highlights the existence of a direct
contact between water and textures in these experiments. Pillar densities are ¢ = 23% (red), ¢ = 36% (blue),
¢ =52% (green) and ¢ =67% (purple). Even if a* depends on ¢, all data collapse on a single curve with slope 1
(dashed line). (b) In the opposite limit n, > n,, (here n,, = 2 mPa.s and n, = 100 mPa.s; Q =20 uL), the drop
mobility is not anymore linear in driving force. Dashed lines successively show the slopes 3/2 and 3, and colours
correspond to ¢ = 23% (red data), ¢ = 36% (blue data), ¢ = 52% (green data) and ¢ = 67% (purple data).
(c) Speed V as a function of sina for substrates with (blue) and without (red) sub-structures. Data collapse at
high tilting angles, showing that pillars no longer play a role in this regime. (d) Speed V as a function of the drop
viscosity m,, for various lubricant viscosities 1,, ¢ = 23%, o = 40° and Q = 20 L. Dashed lines show the speed
expected when assuming a total friction F = 13F + 11F,,, where F,, and F, are given by eqs (2) and (3).
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Textured-infused materials are often qualified as “slippery”, a term that both refers to the Tow: - oo
adhesion of drops on such surfaces, and to the potential slip generated during the motion. Yet,
we showed that dissipation for a millimetre-size drop remains classical (Stokes-like) in the
limit where slip might import (1, < 1,,). The characteristic size of the drop is typically one
hundred times larger than the lubricant thickness, which limits the influence of slip. In a Hele-
Shaw cell, for instance, the size of the drop can be reduced to that of the texture, which should
magnify slip and trigger new friction laws. In the opposite limit (n, > 1,,), dissipation mainly
occurs in oil, yet not in the subjacent film (as we could think a priori), and we interpreted the
observed non-linear friction by viscous effects in the front edge of the meniscus surrounding
the drop. As the driving force is increased, the wedge dissipation is suddenly suppressed,
which leads to a third dynamical regime that seems to arise from the self-lubrication of the
drop. In all these regimes, the lubricant was found to induce specific friction laws, mostly
related to the existence of a circular meniscus around the drop. This should be general, in
particular at high speeds, and our study might help to understand the behaviour of drops at
impact [33] or the way a liquid film dewets on lubricant-infused materials. We would finally
be happy to extend these findings to the dynamics of solid objects when they meet such
surfaces, a situation for which slip was observed to be spectacular as seen when ants get

trapped by infused plant surfaces [17-18].
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We discuss the special laws of friction observed as a drop glides on a liquid-infused
material.
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