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Recently, there has been much interest in using lubricated flat and nano- /micro-structured surfaces
to achieve extreme liquid-repellency: any foreign droplet immiscible with the underlying lubricant
layer was shown to slide off at a small tilt angle < 5°. This behavior was hypothesized to arise
from a thin lubricant overlayer film sandwiched between the droplet and solid substrate, but this
has not been observed experimentally. Here, using confocal optical interferometry, we are able to
visualize the intercalated film under both static and dynamic conditions. We further demonstrate
that the lubricant flow entrained by droplet motion can transform a partially dewetted film into
a continuous layer, by generating a sufficient hydrodynamic force to lift the droplet over the solid
substrate. The droplet is therefore oleoplaning—akin to tires hydroplaning on a wet road—with
minimal dissipative force (down to 0.1 uN for 1 ul droplet when measured using a cantilever force
sensor) and no contact line pinning. The techniques and insights presented in this study will inform
future work on the fundamentals of wetting for lubricated surfaces and enable their rational design.

The ability to create materials with extreme liquid re-
pellency has broad technological implications in areas
ranging from drag reduction, to prevention of icing and
biofouling [1, 2]. On a flat substrate, a droplet experi-
ences significant pinning forces at the three-phase con-
tact line [3-5]. To reduce contact line pinning, the con-
ventional approach is to design micro-/nano-structured
surfaces that maintain a stable air layer within the
structures, and hence minimize solid-liquid contact area
(lotus-effect) [2, 6]. A liquid droplet sitting on such a
surface beads up into a ball with a high apparent con-
tact angle, 8., > 150°, and is able to roll off even
at a small tilt angle, 60:j;, with negligible contact an-
gle hysteresis, Af < 10° (Cassie-Baxter state). How-
ever, the solid-liquid contact cannot be completely re-
moved with this approach, and the remaining contact
points serve as nucleation/attachment points for ice for-
mation, solid and liquid contaminants, fouling organisms,
and biofilm formation [7, 8]. Moreover, droplets can dis-
place the air layer, penetrate into the structures and be-
come highly pinned (Wenzel state) [9-11]; vapors can
condense directly into the structures [12], and the micro-
/nano-structures also typically lack mechanical robust-
ness required for practical applications [13, 14].

As a solution to the above problems, lubricated sur-
faces consisting of micro/nanostructures filled with dif-
ferent oils have been proposed and demonstrated [15, 16].
It has been postulated that an intercalated lubricant film
(and hence no contact between the applied external lig-
uid and the solid substrate) is responsible for the liquid-
repellent, anti-icing and anti-fouling properties of these
surfaces [17-20]. Previous studies, utilizing confocal flu-

* jaiz@seas.harvard.edu

orescence microscopy, were able to establish the presence
of a lubricant overlayer ‘cloaking’ a droplet, as well as,
the stability of lubricant trapped within micropores and
between microstructures [21, 22]. However, they did not
conclusively confirm the presence of a stable intercalated
lubricant film that separates the liquid droplet from the
raised features of the solid substrate. Here, we make
use of thin-film interference effect instead to probe the
static and dynamical states of the intercalated film at a
resolution down to a few nanometers (compared to some
hundreds of nanometers/micron for confocal fluorescence
microscopy). This technique also does not require the ad-
dition of a dye to the droplet or lubricant, which may af-
fect the wetting properties of the liquids, and hence skew
the results. Briefly, we raster scanned the surface si-
multaneously with two focused beams of monochromatic
lights with wavelengths A; o = 458 and 633 nm, and cap-
tured the reflected light through the pinhole of a confocal
microscope; as a result, only reflected light from the fo-
cal plane, i.e. the interface of interest, was able to reach
the photomultiplier tube of the microscope (Fig. 1la and
see Supplementary Fig. S1 for a schematic of the set-up).
This is crucial, because the weak refractive index contrast
between solid, lubricant and droplet leads to a weak re-
flection signal that can be overwhelmed by stray light. In
the presence of a thin lubricant film, the light reflected off
the solid-lubricant and lubricant-droplet interfaces will
then interfere with one another constructively or destruc-
tively to give bright or dark fringes, respectively. From
the reflection intensities of the two wavelengths, the lu-
bricant film profile can be deduced unambiguously (See
Supplementary Figs S1-S3 for details). This technique,
known as dual-wavelength Reflection Interference Con-
trast Microscopy (RICM), has been used previously to
study the thin air film beneath a droplet as it impacts
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FIG. 1. Visualization of the lubricant film profile between
the droplet and the solid using dual-wavelength, confocal Re-
flection Interference Contrast Microscopy (RICM). a, Thin-
film interference effects due to the intercalated lubricant film
in dual-wavelength, confocal RICM. b, Fringes observed at
wavelengths, A1 2> = 458 nm and 633 nm, are due to a sili-
cone oil film sandwiched between a water droplet and a flat
polymethylpentene (PMP) substrate at times ¢ = 10 s, 10 min
and 15 min after the droplet was deposited. Droplet size is de-
creasing due to evaporation. Scale bar is 0.1 mm. b, The cor-
responding film thickness profiles along the mid-section (lines
in b) deduced using interference fringes at A1 = 458 nm and
A2 = 633 nm (blue and red dots respectively). Right-side fig-
ure is a magnified plot of the left-side figure for pos = 0-0.1
mm, with a horizontal line to indicate the equilibrium film
thickness, hvaw = 25 £ 5 nm.

a solid substrate, as well as, the focal adhesions of cells,
with nanometric resolution [23-26].

First, we studied the equilibrium state of the lubri-
cating thin film under a static (non-moving) droplet of
another liquid, and observed three different distinct lu-
brication states: L1-3. The first lubrication state (L1)
corresponds to a stable lubricant film and was observed in
the case of silicone oil of viscosity, 7 = 10 cP, sandwiched

between a 1 ul water droplet and a flat, transparent poly-
methylpentene (PMP) substrate (Fig. 1b). Without the
droplet, the initial lubricant thickness, h;y;, as measured
using white light interferometry, was about 5 pm, but
this was being continuously drained out due to capil-
lary pressure. The film thickness eventually stabilized
by van der Waals’ interactions, within the experimental
time (15 min), to its equilibrium value of hygw =25+ 5
nm (Fig. 1c). Thus, we confirm that the hypothesized
stable, continuous lubricating thin film can indeed exist
(Fig. 2a).

However, this film can easily be destabilized, for ex-
ample, by replacing the water droplet with 60 wt% aque-
ous sucrose solution (lubrication state L2). Silicone oil
dewets under the sucrose solution and forms small lubri-
cant pockets that are stable in time (Fig. 2b). In addi-
tion, a clear contact line becomes visible at the droplet
base for L2 (Fig. 2b-1), which in contrast is missing in L1
(Fig. 2a-1). We note that despite the very different lu-
bricant behavior at the microscopic scale, droplets in the
two lubrication states L1 and L2 still exhibit the same
apparent macroscopic contact angle 8,,, = 90° and are
thus practically impossible to distinguish using conven-
tional contact angle instrument. Note that 6., can be
very different from the microscopic 6, which is obscured
by the wetting ridge around the droplet but has been
observed using confocal fluorescence microscopy [22]. In
the third lubrication state (L3), lubricant is completely
displaced under the droplet. This was the case for a do-
decanol droplet on the same PMP substrate lubricated
with silicone oil. The dodecanol droplet was irregularly
shaped, highly pinned to the substrate with contact an-
gle, 0., = 23° (Fig. 2¢). In addition to these examples,
we looked at 23 other combinations of solid, lubricant oil,
liquid and surface treatment, and found that all of them
could be classified into these three lubrication categories
(Supplementary Table S1).

We rationalize the lubrication states for different ma-
terial combinations (solid, lubricant and liquid droplet)
and surface treatments to originate from a combination
of 1) interfacial tensions effect and 2) van der Waals’ in-
teraction (Fig. 2d). The former is represented by the
Sprea’ding constant, S = Vs — (’Wo + ’705)a where Visy Vo
and 7,5 are the liquid-solid, liquid-lubricant oil, lubri-
cant oil-solid interfacial tensions, and the latter by the
Hamaker constant, A. For S < 0, S can be determined
by measuring the contact angle of the droplet, 6; < 180°,
while submerged inside the lubricant oil and using the
relation S = —7;,(cos 0 + 1) [17, 27]. When 6; = 180°,
S > 0. Earlier work has pointed out that for a lubri-
cant film to be stable, S > 0 [15, 21]. This, however,
is not a sufficient condition, since S > 0 is the stabil-
ity condition for a micron-thick film in the absence of
other external destabilizing forces. A lubricant film be-
neath a droplet of radius R, on the other hand, is be-
ing continuously squeezed out with pressure, P ~ v/R
(Supplementary Fig. S4), and can only be stabilized, if
the disjoining pressure due to van der Waals’ interaction,
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FIG. 2. Equilibrium lubrication states LL1-3 of an oil film sandwiched between a droplet and a flat solid surface. a, L1: stable
lubricant film (silicone oil) beneath a water droplet (0.1 mm scale bar, 0ap, = 90°), with inset 1 (10 pm scale bar) showing the
absence of a contact line. b, L2: lubricant film is unstable beneath 60 wt % sucrose solution and form discrete pockets (0.3
mm scale bar, fapp, = 90°). Inset 1 (15 pm scale bar) shows the three-phase contact line, while inset 2 (40 pm scale bar) is a
zoomed-in image of the lubricant pockets. ¢, L3: lubricant is completely displaced from beneath a dodecanol droplet (0.1 mm
scale bar, 0.pp = 23°). Solid substrate is PMP for a—c. d, Phase diagram of the lubrication states L1-3 (shaded blue, red and
green, respectively) determined for 26 different combinations of substrate, lubricant oil, liquid and surface treatment. Data
points corresponding to droplets in a—c are marked with arrows. S = ;s — (710 + Yos) is the spreading constant and determines
the stability of a micron thick film; A is the Haamaker constant and determines the stability of a nano-scale film. Error bars
in S comes from uncertainty in measuring ;. See Supplementary Table S1 for the data used to generate the phase diagram.

II(h) = A/(67h?), in the lubricant film is positive, i.e. if
A > 0 [27, 28]. The coefficient A can be estimated by
using non-retarded Hamaker constant in Lifshitz theory:

3 €, — €] €s — €o
A=-KgT +
4P (el+eo> (es+eo>
3rhy, (n2 —n})(n? —n?)

W2 /(] +n2)(n2 + n2)[y/(n] +n2) + /(2 +n2))
(1)

where v, &~ 4 x 10'°s7! is the plasma frequency of free
electron gas, while ¢;/,,, and n;/,,, are the dielectric con-
stants and refractive indices of the liquid droplet, oil lu-
bricant and solid substrate, respectively [29].

Hence, for a stable, continuous lubricant layer, i.e. lu-
brication state L1, two criteria must be met: S > 0 and
A > 0. In all of our schematics, the droplet is ‘cloaked’
by a lubricant layer, in which case v = 7;, + v,, where
v, is the surface tension of oil; for a water droplet, this
is usually the case, because water has a high surface ten-
sion, v; > Y10 +7,. It is possible, however, for the droplet
not to be ‘cloaked’ when using a high-surface-energy lu-
bricant, in which case v = ~; [21, 22]. In any case, for
typical material combinations, v ~ 50 mN/m, whether
or not there is cloaking, and |A| ~ 1072! J, and therefore
at equilibrium, when IT = P, the equilibrium thickness
hyaw ~ (RA/~)Y/3 is about tens of nm, in agreement
with our experimental observations (Fig. 1c). If the two
criteria are not met, the lubricant film will dewet either
partially (L2) or, in the extreme case when S < —30

mN/m, completely (L3), as summarized in the phase di-
agram of Fig. 2d. Note that the second term in equation
(1) typically dominates since hv, > KT at room tem-
perature, and A > 0 when the optical properties of the
lubricant oil, in particular its refractive index, are in-
termediate of those of the liquid droplet and the solid
substrate, i.e. ns > n, > n; (equation (1)) [27, 29]. This
is the case for stable silicone oil, n, = 1.41, sandwiched
between a water droplet, n; = 1.33, and PMP substrate,
ns = 1.46 (Fig. 2a), but not when the water droplet is re-
placed with a 60 wt % sucrose solution, n; = 1.44 (Fig. 2
b). Hence, the silicone oil dewets into pockets under the
sucrose droplet, even though S > 0. See Supplementary
Figs S5 and S6 for details. Note that we have confined
our discussion to the stability of the intercalated lubri-
cant film beneath the droplet. Other possible wetting
states, in particular those involving droplet ‘cloaking’ by
a lubricant film, have been discussed previously in the
literature [21, 22].

Many lubricated surfaces reported in literature have
nano/microstructures on them to hold the lubricant oil
in place for durability [15, 16, 19-21]. For a solid sub-
strate with a hexagonal array of microposts, we ob-
served three lubrication states SL1-3 for different solid-
lubricant-droplet combinations (Fig. 3): there can be a
stable, intercalated lubricant film (SL1), micron-sized lu-
bricant pockets on top of posts (SL2), or complete dis-
placement of lubricant under static conditions (See Sup-
plementary Section S5, and Supplementary Movies S1
and S2).
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FIG. 3. Lubrication states for lubricant-infused surfaces bear-
ing a hexagonal array of microposts with diameter D = 26 pm,
pitch p = 50 pm and height h, = 30 pm. The liquid droplet
is water, while the solid substrate is made from UV-cured
polymer (NOA 61, Norland), lubricated with perfluorinated
oil. Different wetting states are achieved by different surface
treatment: SL1, 200 nm teflon-like coating; SL2, vapor-phase
silanization with perfluorosilane; SL3, no surface treatment.
See Supplementary Section S2 for details on sample prepara-
tion. Scale bar is 25 pm.

While we have discussed the lubrication states under
static conditions, we also observed very different lubri-
cant dynamics under motion; for example, for droplets
in L1 and L2—where, under static conditions, there
is a stable nanometric and partially dewetted film,
respectively—micron-thick lubricant film was instead ob-
served for moving droplets, i.e. the droplet is oleoplan-
ing when mobilized (see Supplementary Fig. S7 for the
wetting-dewetting transitions of a droplet in L2). The
thickness of this film increases with increasing velocity
and follows the Landau-Levich-Derjaguin (LLD) law; this
is analogous to liquid films entrained during the dip-
coating process and the bubble-rise in a capillary tube
[27, 30-33]. At the rim around the droplet base of size I,
there is a capillary pressure-driven flow (see the schemat-
ics in Fig. 4a). The film thickness, hg,, can thus be
predicted by balancing VP and nV?2U in this region, i.e.
Yio/Rl ~ nU/hZ,.., and matching the curvature in this
transition region, 02h/0x? ~ hgm /1%, with that of the
main droplet, 1/R, i.e. hgim/l? ~ 1/R. This gives:

[ ~ RCa'/3,

him = hrip ~ RCa®/?, )
where Ca = nU/~, is the capillary number. For a
typical Ca = 1074, h < | < R, and hence justifies the
use of lubrication approximation in this analysis.
Experimentally, we found that the LLD law was well-
obeyed for a droplet of volumes V' = 5-10 ul moving at
speeds U = 0.05-0.6 mm/s on teflon-coated, flat sub-
strate infused with perfluorinated oil with n = 30-60 cP
(filled circles, Fig. 4a). We measured hgiy, using white-
light interferometry: a white-light was shone from be-
neath a moving droplet and its reflected signal was cap-

tured by an optical fiber into a spectrometer. Depending
on the wavelength of the light, there can either be con-
structive or destructive interferences, resulting in a char-
acteristic oscillations of the reflected intensity, I, with A
(See schematic in Fig. 4a and Supplementary Figs S9 and
S10). From these oscillations, the thickness of hgy, along
the mid-section of the droplet— where it is flattest—can
be determined with an accuracy of Ahgy, < 0.2 pm.
Fig. 4b shows an interferogram of a 1 ul water droplet
oleoplaning at U = 0.4 mm/s over a lubricant film (per-
fluorinated oil, n = 30 cP) of thickness hgiym = hyp. For
the same substrate decorated with microposts of height
hp, hgim = hrLp, as long as hrp > hy, (Fig. 4c and open
circles, Fig. 4a). However, if h, > hrp, ham is then set
by hp,, i.e. hgm = h, with only a sub-micron, interca-
lated lubricant film between the droplet and the top of
the posts (Fig. 4d and open squares, Fig. 4a). See Supple-
mentary Movies S3 and S4 for oleoplaning on micropost
surfaces with h, = 2 pm and 10 pm, respectively.

To characterize the differences in droplet mobility be-
tween the two oleoplaning states, i.e. when hg, = hyrp
and hgim = hp, we built a customized cantilever force
sensor and measured the dissipative force, Fj, acting
on a moving droplet with a sensitivity of about 0.1 pN
(Fig. ba). Similar set-ups have been reported elsewhere
[34-36]. Briefly, the droplet was attached by its own cap-
illarity to an acrylic tube with inner and outer radii of
0.29 and 0.36 mm, respectively, while the substrate was
moved at a controlled speed U in the range of 0.01-1
mm/s (See Supplementary Figs S11 and S12 for details
of the set-up). F; can then be inferred from the deflec-
tion of the capillary tube Az, since F; = kAx, where k=
6-30 mN/m for tube lengths L = 6-10 cm.

We observed that Fy increases monotonically with U
for oleoplaning droplets, with Fy o U?/3 and « U for
hfiim = hrrp and hgiy, = hy, respectively (Fig. 5b). Note
that for lubrication states L1 and SL1, we observed no
pinning of the droplet even at lowest experimentally re-
alizable velocity of 10 pm/s, and Fy; — 0 as U — 0. We
attribute this behavior to the stable lubricant layer that
prevents pinning and gives rise to velocity-dependent,
viscous dissipative force. For lubrication state L2, the
droplet is also oleoplaning when U > 0.2 mm/s, and
F4(U) is indistinguishable between L1 and L2 for the
same droplet (1 pul water droplet) and lubricant (perfluo-
rinated oil, n = 30 cP). This also explains why droplets in
L2 remain mobile and have low ;¢ (See Supplementary
Movie S5). However, at lower velocity, the lubricant film
dewets and the droplet becomes pinned, with Fy =9+1
uN as U — 0 (See Supplementary Fig. S7 for interfero-
grams showing the wetting-dewetting transition).

The functional form of the dissipative force F for oleo-
planing droplets can be derived as follows. First we note
that the lubricant is more viscous than the droplet in
our experiments, and thus the droplet rolls while oleo-
planing. This can be confirmed by seeding the droplet
with tracer particles (See Supplementary Fig. S13). Be-
neath the droplet (region 1, Fig. 5a), there is therefore
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FIG. 4. Micron-thick lubricant film stabilized under motion. a, The film thickness in the middle region of water droplets
(V = 5-10 pl) moving at controlled speed U = 0.05-0.6 mm/s is measured using white light interferometry. The thickness

predicted by the Landau-Levich-Derjaguin law, hrip ~ RCa

, is shown by the full-line, where R is the droplet radius, and

Ca = nU/~i is the capillary number. For most data points, there are 3 repeats, with a standard deviation of 0.2 um. b, For a
flat substrate, a 1 ul water droplet moving at U = 0.4 mm/s, oleoplanes over a lubricant film, whose thickness is determined
by Landau-Levich-Derjaguin law, hgim = hLLp. ¢, The same law applies for a microposts surface with post height, h, = 2 ym
< hrip. d, In contrast, when h, = 10 pm, hgim = hp with only a sub-micron, intercalated lubricant film between the droplet
and the top of the posts. For b-d, the interferograms are taken at A2 = 633 nm and the scale bar is 0.1 mm.

plug flow of the lubricant (in the reference frame of the
stationary droplet), i.e. V.U = 0, and hence minimal
viscous dissipation. Most of the viscous dissipation oc-
curs instead at the small transition region 2 of size [ at the
rim of region 1, where there is a capillary pressure-driven
flow, as discussed previously. The dissipative force, Fy,
can then be estimated by integrating the viscous stress,
nU/h, over the area 2mal = 2w Rl (The fact that a ~ R is
experimentally verified in Supplementary Fig. S14). For
a Landau-Levich film, where hgm = hrLp ~ RCa?/3 and
I ~ RCa'/3, this gives:

Fy~ (nU/h)2mal ~ 27v10 RCa?/3. 3)

This scaling of F; was confirmed experimentally, with
a prefactor of 2.6, for V' = 1-5 ul water droplets moving
at U = 0.01-5 mm/s on PMP substrate lubricated with
silicone oil of n = 5-20 cP, as well as, on teflon-coated
glass lubricated with perfluorinated oil n = 30-60 cP.
(Fig. 5¢). Note that the presence of microposts (Diameter
D =18 pm, pitch p = 50 pum) of h, = 2 pm < hyrp does
not change the scaling of Fj, though AF, is larger and
is likely due to defects/roughness on the microposts.

For micropost surfaces with taller h, > hrip, haim =
h,. Assuming further that, h,/I*> ~ 1/R, F,; is now given
instead by:

Fy = (nU/hy)2mal = 27y,RCa(R/h,)Y2. (4)
This scaling was confirmed experimentally, with a prefac-

tor of 3.5, for V"= 0.5-3 pul water droplets moving at U =
0.01-1 mm/s on surfaces with h, = 30 um and different

perfluorinated oils with different viscosities n = 25-60 cP
(Fig. 5d).

Despite the approximation of the 3D lubricant flow
as a 2D Hele-Shaw flow, we have nevertheless captured
the main physics of viscous dissipation in oleoplaning
droplets; this simplification also probably accounts for
the prefactors of 2.6 and 3.5 in equations (3) and (4),
respectively. We also note that the predicted scaling of
F; is independent of the initial lubricant film thickness,
Rinit 7 hgiim, or the size of the wetting ridge (region 3,
Fig. 5a), which we also observed experimentally (Supple-
mentary Fig. S15).

For oleoplaning droplets on lubricated surfaces, there
is no three-phase contact line and hence the conventional
concepts in contact line pinning, such as the Joanny-de
Gennes model or Molecular Kinetic Theory, no longer
apply [3, 5, 37]; similarly, the contact angle hystere-
sis is ill-defined for oleoplaning droplets. Finally, we
would like to add that the discussions above are valid
only when droplets oleoplane over a continuous lubricant
layer; should there be any dewetting, even if only par-
tially, F; becomes dominated by contact line pinning,
and the scaling laws in equations (3) and (4) no longer
hold true. See discussions in Supplementary Fig. S16.

In summary, we have observed and explained the main
static and dynamic wetting states on lubricated surfaces.
In addition to having a direct relevance to practical appli-
cations such as condensers, phase-change heat exchang-
ers and water harvesting devices that largely rely on the
droplet mobility, our results may have wide implications
beyond the motion of droplets on lubricated surfaces:
stabilization of the lubricant thin film is crucial, for ex-
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FIG. 5. Dissipative force, Fy, acting on oleoplaning droplets. a, Schematic of the cantilever force sensor to measure Fy. b,
Plot shows Fy acting on 1 ul water droplets moving on flat, lubricated substrates (lubrication states L1 and L2), as well as,
lubricated, micropost surfaces (h, = 30 pm). The lubricant is perfluorinated oil with 7 = 30 cP. ¢, When oleoplaning with
héim = hrip, Fy follows equation (3) for water droplets of volumes V' = 1-5 ul, oleoplaning over silicone oil and fluorinated
oil of different viscosities, n = 560 cP. d, In contrast, when hgim = hp, Fq follows equation (4). For b—d, each data point is
repeated at least 3 times, with a standard deviation, AF; < 0.3 uN, unless otherwise indicated by the error bars.

ample, to prevent adhesion of ice, biomolecules and living
micro-organisms on lubricated surfaces.
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