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ABSTRACT: Understanding droplet—surface interactions has broad
implications in microfluidics and lab-on-a-chip devices. In contrast to
droplets on conventional textured air-filled superhydrophobic surfaces, Ry (5 cSt)
water droplets on state-of-the-art lubricant-infused surfaces are accom- ' Ryr (10 cSt)
panied by an axisymmetric annular wetting ridge, the source and nature of Rwr(15¢SH)
which are not clearly established to date. Generally, the imbalance of
interfacial forces at the contact line is believed to play a pivotal role in
accumulating the lubricant oil near the droplet base to form the axisymmetric wetting ridge. In this study, we experimentally
characterize and model the wetting ridge that plays a crucial role in droplet mobility. We developed a geometry-based analytical
model of the steady-state wetting ridge shape that is validated by using experiments and numerical simulations. Our wetting ridge
model shows that at steady state (1) the radius of the wetting ridge is ~#30% higher than the droplet radius, (2) the wetting ridge
rises halfway to the droplet radius, (3) the volume of the wetting ridge is half (x50%) of the droplet volume, and (4) the wetting
ridge shape does not depend on the oil viscosity used for impregnation. The insights gained from this work improve our state-of-the-
art mechanistic understanding of the wetting ridge dynamics.

KEYWORDS: [lubricant-infused surfaces, wetting ridge, fluid-structure interactions, lubricant depletion, three-phase contact line,
contact line pinning, wrapping layer

1. INTRODUCTION ultralow drop friction.***” Furthermore, water droplets on
these textured oil-impregnated surfaces give rise to some new
features that are unique to these surfaces. Example of this is the
wetting ridge and wrapping layer, which are absent in
traditional nonwetting surfaces. The skirt-like wetting ridge
that instantaneously forms when water droplets are deposited
on lubricant-infused surfaces is not fully understood to
date.”®™** There is no consensus on the growth dynamics
and influence of the wetting ridge on droplet motion despite
numerous experimental”’ and analytical** investigations.
Schellenberger et al.*’ experimentally studied the influence of
the wetting ridge on the apparent, advancing, and receding
contact angles of droplets on these hemi-solid hemi-liquid

Surface engineering has been used as a tool to effectively
manipulate interfacial forces to bring forth enhancements in
condensation,' > boiling,ﬁ_8 <ev;1poration,9_ll
ing,lz_14 drag reduction,”® and numerous other engineering
processes.m’17 Despite sustained efforts over the years,
achieving certain combinations of surface properties, some of
which seemed contradictory,"®™*" has been challenging both
for industry and the scientific community. Nature, having
overcome numerous constraints through evolutionary pro-
cesses, continues to serve as an inspiration for researchers
seeking to replicate its sophisticated, yet simple, material
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on these surfaces are nearly hemispherical and exhibit
exceptionally low contact angle hysteresis (CAH)**™*° and
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consideration of various aspects affecting growth, such as the
thickness of the oil layer, the time to reach steady-state shape,
and the distance to neighboring droplets. The analytical results
showed that the time-dependent behavior of the wetting ridge
growth is complex and depends on many parameters, including
interfacial forces, oil viscosity, and droplet size. None of these
studies, however, experimentally characterized wetting ridge
growth dynamics. Neither are the numerical models easy to use
and/or validate.

In this work, not only did we experimentally characterize the
skirt-like annular wetting ridge but also developed a geometry-
inspired simple-to-use semianalytical model that captures
important features of the wetting ridge. We validated the
model using experiments and Surface Evolver. For this study,
we used glass slides that are coated with nano-colloids followed
by silicone oil infusion. The insights presented in this work
improve the current understanding in the field.

2. MATERIALS AND METHODS

2.1. Theoretical Background. Growth of the wetting ridge
around droglets deposited on soft matter is a subject matter in several
studies.* ™" The principal reason for wetting ridge formation and
growth on soft matter and/or textured lubricant-infused surfaces is the
imbalance of interfacial forces at the contact line. On solid substrates
(for example, a copper plate), the vertical component of the surface
tension force is not strong enough to deform the substrate. In soft
matter (for example, silicone gel), however, the vertical component of
the surface tension force can deform the material to some degree. On
lubricant-infused hemi-solid hemi-liquid surface, the unbalanced
surface tension force causes lubricant transport near the droplet
base. The net interfacial force siphons oil from the surrounding and
accumulates it near the droplet base, forming a skirt-like annular
wetting ridge. As shown in Figure 1, the water—air interfacial tension
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Figure 1. Schematic wetting ridge. Force balance at the contact line
where the lubricant oil, water, and air meet determines whether the
lubricant oil wraps around the droplet. Owing to the concave inward
meniscus shape of the oil—air interface, the region near the droplet
base is at lower pressure than the ambient pressure. This low-pressure
region siphons oil radially inward from the surrounding oil-infused
textured surface. The accumulation of oil near the droplet base gives
rise to a skirt-like annular wetting ridge. Depending on oil availability,
the wetting ridge can grow and become comparable with the droplet
volume.

(7o) pulls the contact line upward while the oil—air (y,,) and oil—
water (,,,) interfacial forces counteract this upward pull. This force
balance at the contact line determines the presence or absence of a
cloaking layer.*** Importantly, this imbalance of forces continues to
pull lubricant from the surroundings via capillary action that leads to
wetting ridge formation and growth. This feature is attributed to the
self-healing behavior of such surfaces after mechanical damage. The
force balance at the contact line that gives rise to a meniscus that is
curved inward (and hence negative pressure compared to ambient
pressure) is shown schematically in Figure 1.

2.2. Sample Fabrication. The test samples used for this study
were fabricated from standard microscope glass slides coated with

superhydrophobic nano-colloids. During sample preparation, the test
samples were wet cleaned using ethanol, isopropanol alcohol, and
deionized water followed by air drying using compressed nitrogen gas.
The samples were then plasma-treated in a nitrogen environment for
15 min. Following the plasma cleaning procedure, the samples were
hydrophobized by coating them with methanol-diluted nano-colloidal
particles. Finally, the nano-textured hydrophobized samples were
overlubricated with silicone oil by applying excess lubricant oil. After
securely attaching the sample by pulling a vacuum on a spin coater,
the overlubricated glass slide was rotated at a specified spin rate
(revolutions per minute, rpm) and spin duration to get the desired
lubricant film thickness. The schematic of the sample preparation and
lubricant coating protocol is shown in Figure 2. In a typical
experiment, we used a surface coated with ~25 ym lubricant oil. For
all experiments, we used a 10 ul water droplet that is gently placed on
the lubricant-infused surface using a micropipette. A full description of
the sample fabrication protocol with scanning electron microscopy
(SEM) images is provided in Supporting Information S1.

2.3. Data Collection. All of our experiments were conducted in a
laboratory environment (%23 °C and ~50% relative humidity) on a
goniometer (DSA100E, KRUSS GmbH). In a typical experiment, a
water droplet was deposited gently on a silicone oil-infused glass slide.
Irrespective of the oil viscosity, the droplet (~10 pl) forms an annular
skirt-like wetting ridge as shown in Figure 3a. Images of the droplet
were recorded using the built-in camera of the goniometer. The time-
lapse images were converted into gray scale for edge detection in
Matlab, which gives the contour of the droplet and wetting ridge as
shown in Figure 3b. Due to the low Bond number (Bo & 0.25), which
compares inertia with surface tension, the droplets were nearly
hemispherical featuring an apparent contact angle of X90° as
discussed in detail in Supporting Information S2. Bond number is
given by Bo = pgR*/y, where p is density, g is gravity, R is drop radius,
and y is the surface tension of the droplet. Consequently, both the
droplet and the wetting ridge were approximated by fitting circles
along the liquid—air interface, as shown in Figure 3c. The detailed
procedure for droplet shape analysis is discussed in Supporting
Information S3. A schematic depiction of the droplet on the nano-
textured lubricant-infused surface is shown in Figure 3d with the
droplet, wetting ridge, and droplet base radii denoted as Ry, R, and
Ry, respectively, while the height of the wetting ridge is denoted as
hy. The droplet base radius (Rq) is estimated by selecting the
midpoint of the oil meniscus as shown in Figure 3d. The intersection
of the wetting ridge with the droplet is used to determine the wetting
ridge height h,,. Diffusion-induced droplet evaporation was
minimized by enclosing the droplet using an optically transparent
glass cuvette. The wetting ridge growth dynamics was captured by
acquiring images at 10 frames-per-second (fps). The Matlab
processed droplet image used to deduce Ry R, Rq and h,, is
shown in Figure 3e. The height of the wetting ridge is determined by
identifying the intersection point of the circles fitting the droplet and
the wetting ridge.

3. RESULTS

3.1. Experiments. We analyzed the time-lapse images to
obtain the height of the wetting ridge (h,,), the radius of the
wetting ridge (R,,), and the droplet base radius (Ry). Results
show that the wetting ridge (R,,) grows relatively fast initially
as shown by the red line in Figure 4a. The growth rate slows
down after 30 min and the wetting ridge radius approaches the
droplet extended base radius (Rq) asymptotically while the
droplet radius remain nearly constant (Ry). This result shows
the effectiveness of our strategy in suppressing droplet
evaporation by covering it using the glass cuvette. Similarly,
the height of the wetting ridge grows quickly initially and
reached steady state after ~20 min, as shown in Figure 4b. In
our experiments, we observed that the time required to reach
steady state is a strong function of the lubricant viscosity, a
point that will be discussed in a later paragraph.

https://doi.org/10.1021/acsami.4c20298
ACS Appl. Mater. Interfaces 2025, 17, 31677—31684


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c20298/suppl_file/am4c20298_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c20298/suppl_file/am4c20298_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c20298/suppl_file/am4c20298_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c20298/suppl_file/am4c20298_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c20298?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c20298?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c20298?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c20298?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c20298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a) b)

Glass slide coated with
nanocolloidal particles

Glass slide generously
overlubricated with oil

Distributing lubricant by spin
coating the sample

Nearly uniform lubricant
film thickness

Figure 2. Test sample fabrication protocol. a) A microscope glass slide was coated with hydrophobic colloidal nanoparticles. b) The nano-colloid
coated glass slide was over lubricated with silicone oil. c) The glass slide was firmly secured on a spin coater by pulling vacuum. The rotational
speed and duration were varied to achieve the desired lubricant film thickness. d) The excess oil on the textured glass slide was thrown out from the
surface due to centrifugal force during spin coating. Capillarity force is attributed to immobilizing the lubricant film on the nano-textured glass slide.

Intersection
point

Droplet

Lubricant layer

Wetting ridge

Figure 3. Wetting ridge. a) Image of a water droplet residing on a textured surface infused with silicone oil (10 cSt at 20 °C) a few seconds after
deposition (scale bar = 1 mm). b) Camera image converted to binary using edge detection in Matlab. c) Droplet and wetting ridge fitted with
circles. d) Schematic of the water droplet (center “O”) on the lubricant-infused surface. The respective droplet radius, wetting ridge radius (center
“0,”), and droplet base radius are denoted as Ry R,,, and R while the height of the wetting ridge is denoted as h,,. e) The droplet image after
being processed for curve fitting using a custom Matlab script.
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Figure 4. Wetting ridge growth rate. a) Growth rate of the three radii (Ry, R, and R,,). The droplet radius Ry is nearly constant while the wetting
ridge R, and droplet base radius R, converge toward each other with time. Droplet radius (Ry) is maintained nearly constant by enclosing the
droplet in an optically transparent glass cuvette that suppresses diffusion-driven droplet evaporation. b) Wetting ridge height (h,,,) as a function of
time obtained from analyzing time-lapse images. c) Pressure deficit of the wetting ridge (Ap,,.), which is given by subtracting ambient pressure
(pamp) from the wetting ridge pressure (p,,,) using Ap,, = py: - Pamp- Negative pressure indicates pressure below ambient. The inset shows the
pressure measurement from meniscus curvature 9 min after deposition with a 95% confidence interval.

We rationalize these results by looking at the pressure in the
wetting ridge. Owing to its inward curvature (concave
inwards), the pressure in the wetting ridge is below ambient
(Pamb ~1 atm) and this difference is denoted using Ap,,,.. The
ambient and wetting ridge pressures are related through the
classical Young—Laplace equation,19 which is given by p,, =
Pamb + Yoa (1/R,, + 1/Ry), where y,, is the surface tension of
the lubricant oil (y,, ~ 18.57 dyn/cm),” and R, and R, are
the two principal radii of curvature of the oil menisci near the
droplet base. The steady-state wetting ridge growth rate

31679

corresponds to a near zero pressure difference with ambient air
pressure as shown in Figure 4c. The inset shows the pressure
measurement from meniscus curvature with 95% confidence
interval between 9 and 11 min after initial deposition. This
pressure difference is given by Ap,, = P — Pamb = Yoa(1/Ryr +
1/Rq). Our experimental results suggest that the two principal
radii of curvature are equal in magnitude and opposite in
direction since 1/R,, + 1 /RQ = 0. This analysis shows that at
steady-state, IR,I~IRy|, a result that will be further validated
using Surface Evolver numerical simulations.
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a)

Figure S. Wetting ridge model. a) Schematic of a water droplet residing on a textured lubricant-infused surface. The droplet and wetting ridge
radii are represented by Ry and R, respectively. A smaller circle with a radius Ry, is used to accurately capture the shape of the droplet near its base.
b) Geometrical representation of the right angle that forms by connecting the center of the droplet (O), center of the wetting ridge (O,), and
merging point of the wetting ridge with the lubricant film (P). The line connecting O and O passes through the intersection of the wetting ridge
with the droplet, which is used to define the wetting ridge height. This geometrical depiction is developed to capture the steady-state wetting ridge

shape.

3.2. Analytical Modeling. In our experiments, we
observed that the wetting ridge grows steadily until its radius
approaches the droplet radius. Water droplets residing on
nano-textured silicone oil-infused surfaces are nearly hemi-
spherical’”>" with a ~90° contact angle (see Supporting
Information S2). We used this understanding as a foundation
for our analytical model. Note that this model is valid for
sessile droplets with Bond number below 0.25. As shown
schematically in Figure Sa, we approximate the inside and
outside of the wetting ridge and the droplet using circles.
Connecting P, O, and O, (Figure Sa) gives a right triangle with
legs PO and PO, and a hypotenuse OO, as shown in Figure Sb.
In our schematic, PO; = R, and OO; = R; + R,,, where R,
and R,, are the radii of the droplet and wetting ridge,
respectively. These dimensions are related through a simple
trigonometric relations using the equation

R _ R, —R;,
R, + Ry R, + Ry, (1)

where 0, is the angle between OO, and O,P and Ry, is the inner
radius of the wetting ridge from the droplet side. The
geometric relation in eq 1 can be rearranged to give,

= RwRe
2R, + Ry ()

in

Making use of the cosine half-angle trigonometric relation

cos(a/2) = /0.5 + 0.5cos(@), eq 1 can be rewritten in a

simpler form using
R4y + R,
2(Rwr + Rd) (3)

Similarly, we can use sine half-angle function to show

cos(6,/2) =

Ry
2Ry, + Ry) )
Zero pressure in the wetting ridge at steady-state implies
IR,,] = IRg|. The Pythagoras theorem shown in eq 4, that is

IPOP +10,PI*> = 10,00 written in terms of the different radii is
given by,

sin(6,/2) =

(Rq + R, sin(6,/2))* + R,,> = (R, + R,)’ (s)

Equation 5 can be rearranged to give the wetting ridge
radius as,

R, = Rql = \/(Rg + R,,)* = R,.> — R,,sin(6,/2)
(6)

Further simplification of the wetting ridge expression in eq 6
gives an implicit solution for the wetting ridge radius (R,,) as

R,.=%F \/R2+2RKR — R — 4
wr d wrind wr

“«—»

where the “F” comes from solving the quadratic equation
shown in eq 5. The only positive root of eq 7 is R, = 1.30R at
steady-state, with corresponding values of the cosine angle
cos(6;) = 0.56, which gives 0, = 56°. The height of the wetting
ridge h,,, can then be derived as the height of the intersection
point of the wetting ridge and the droplet. Thus, h,, =
Rycos(0,) = 0.56Rg. Substituting these values into eq 1 and
rearranging the terms give the wetting ridge radius from the
droplet side shown in Figure Sa as Ry, = 0.36R;.

In order to validate the results from our analytical model, we
performed experiments on textured oil-impregnated surfaces.
The oil used for impregnation was silicone oil with varying
viscosities ranging from 5 to 15 cSt. We analyzed the time-
lapse images of the droplet (%10 ul) to understand the wetting
ridge growth rate, in particular, the height of the wetting ridge.
A snapshot of the wetting ridge shape at three selected times (¢
=0,t=35,and t = 35 min) for three viscosities is shown in
Figure 6a—c. The wetting ridge shape is nearly the same at the
initial deposition at ¢t = 0 and after reaching a steady-state
growth rate at t = 35 min for all viscosities. However, at t = 5
min, the wetting ridge size scales inversely with oil viscosity,
that is, the wetting ridge has the largest radius for S cSt
(orange, Figure 6b) followed by 10 cSt (green, Figure 6b) and
15 ¢St (blue, Figure 6b). Our experiments show that as the oil
becomes more viscous, the wetting ridge growth rate
decreased. Note that the images of the wetting ridge from
the 5, 10, and 15 cSt lubricant oils are superimposed and curve
fitted using different colors in Figure 6b for better comparison
of the size of the wetting ridge. To show the growth rate, we
plotted the wetting ridge height as a function of time in Figure
6d. For all viscosities used in our experiments, the wetting
ridge height reached the same steady-state height ~0.6 mm.
However, the time used to reach steady-state varied
significantly. As can be seen in Figure 6d, the wetting ridge
growth rate reached steady-state 5, 15, and 35 min after initial
deposition on the S, 10, and 15 ¢St oils, respectively. The
measurement uncertainty, which is attributed mainly to
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Figure 6. Effect of oil viscosity on wetting ridge growth dynamics. a—c) Sequential images of wetting ridge growth for a water droplet (~10 ul)
on a textured lubricant-infused surface with varying oil viscosity. The wetting ridge growth rate reaches a steady-state after 35 min for all viscosities.
As can be seen from the curve fitting, the wetting ridge grows faster for the low-viscosity oil S cSt (orange), followed by 10 cSt (green) and 1S cSt
(blue). d) Height of the wetting ridge as a function of time. The wetting ridge grows relatively faster initially for all viscosities. Following initial
deposition, the wetting ridge growth rate levels off after S, 15, and 35 min for §, 10, and 15 ¢St oils, respectively. The final steady-state wetting ridge
height for all viscosities nearly is the same at ~0.6 mm. The time to reach steady-state wetting ridge scales inversely with oil viscosity. The
uncertainty in our measurement from repeated experiments for one standard deviation is ~100 ym.
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Figure 7. Model validation using Surface Evolver (SE) simulation. a) In the SE numerical simulation, the height of the wetting ridge (h,,) is
determined by identifying the intersection point between the wetting ridge and the water droplet. b) Wetting ridge radius (R,,,) as a function of the
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R,. = 1.30R; and h,,, = 0.56R;. The measurement uncertainty from repeated experiments for one standard deviation is £100 ym. The error bars are
smaller than the data points.

repeated measurements for one standard deviation, in our
experiments is ~#100 ym.

3.3. Numerical Validation. To validate our model, we
simulated a wetting ridge numerically using Surface Evolver
(SE). For numerical simulation, we set the different interfacial
tensions (water—air, oil—air, and water—oil) based on our
prior work, which measured these interfacial forces exper-
imentally using the coventional pendant droplet method."”>*
By changing the volume of the water droplet, we obtained
different droplet radii and compared the relationship between
the radius and height of the wetting ridge. The geometrical

experimental data while the black triangles are obtained from
SE simulation. The good agreement between our experiments
and the SE simulation further validates our geometry-based
analytical wetting ridge model.

3.4. Steady-State Wetting Ridge Volume. After
validating our geometry-based analytical wetting ridge model
with both experiments and the Surface Evolver simulation, we
used it to estimate the volume of the lubricant oil that

accumulates near the droplet base. Due to axial symmetry, we

quantities R,,, Ry, and h,, are estimated from the cross-section
image shown in Figure 7a. As shown in Figure 7b,c, the wetting
ridge radius scales linearly with droplet radius Ry with slope
1.24, a result that agrees with our geometry-based analytical
model, which gives a 1.3 prefactor in eq 8. Similarly, the
wetting ridge height h,,, scales linearly with Ry with a slope of
0.55 slope, a result that matches well with our analytical model,
which gives 0.56 in eq 8. The red circles in Figure 7b,c are

31681

used only half of the droplet and the skirt-like wetting ridge for
schematic depiction in Figure 8a. First, we cut through the
droplet and wetting ridge at the droplet’s center. The cross-
sectional area of the wetting ridge at this midsection is
represented by the blue hatched section in Figure 8b. Using
purely geometric arguments, the area of the hatched section is
given by,

https://doi.org/10.1021/acsami.4c20298
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Figure 8. Wetting ridge volume. a) Schematic of the droplet and wetting ridge. b) Cross sectional area of the wetting ridge near the droplet base.
The wetting ridge is represented by the blue hatched region. c) Volume of the wetting ridge as a function of the droplet volume. The wetting ridge
volume is obtained by rotating the cross sectional area A (blue hatched area) along the axis of the droplet. The red hollow circles are experimental
data points while the black hollow triangles are Surface Evolver simulation results. At steady-state, the wetting ridge volume is ~50% of the droplet
volume. The measurement uncertainty is <0.1 pl. The error bars are smaller than the data points.

1, 6, 1, T—6,_, however, scales inversely with the lubricant viscosity. Our
A= ERwrtan 0 - ?Rwr - (sztan 0, + Rin) results show that the primary driving force for wetting ridge
(8) growth is the unbalanced vertical component of surface tension
force at the contact line. The geometry-inspired and simple-to-
where A is the cross-sectional area of the wetting ridge at the use wetting ridge model presented in this study provides useful
midplane. This cross-sectional area is rotated along the droplet insights into wetting ridge growth dynamics and its steady-state
axis (w, Figure 8a) to estimate the wetting ridge volume V. nature. Besides improving the current state-of-the-art under-
The details of the numerical integration of the wetting ridge standing of the origin and growth dynamics of the skirt-like
volume using Matlab is given in Supporting Information S3. annular wetting ridge, the useful insights gained from this work
Comparing the wetting ridge volume V. against the droplet inform strategies and practical avenues to manipulate wetting
volume V4 shows that at steady-state the wetting ridge volume ridge growth, a result that has implications in lubricant
is nearly half (~50%) of the droplet volume as can be seen depletion mitigating strategies. Note that currently, wetting
from the 0.45 prefactor when plotting the wetting ridge volume ridge is believed to have a major contribution to oil depletion,
(V) against the droplet volume (V). The red hollow circles a concern that has hindered the adoption of these lubricant-
are obtained experimentally while the black hollow triangles infused surfaces for industrial application.

are obtained using Surface Evolver simulation.
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meniscus creates a low-pressure region near the droplet base
that is credited for siphoning oil from the surrounding. This
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