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ABSTRACT: Slippery Liquid Infused Porous Surfaces (SLIPS) are an important class of

repellent materials, comprising micro/nano-textures infused with a lubricating liquid. Unlike
superhydrophobic surfaces, SLIPS do not rely on a stable air-liquid interface and thus can better
manage low surface tension fluids, are less susceptible to damage under physical stress, and
are able to self-heal. However, these collective properties are only efficient as long as the
lubricant remains infused, which has proved challenging. We hypothesized that, in comparison
to a nanohole and nanopillar morphology, the ‘hybrid’ morphology of a hole within a
nanopillar, namely a nanotube, would be able to retain and redistribute lubricant more
effectively; owing to capillary forces trapping a reservoir of lubricant within the tube, whilst
lubricant between tubes can facilitate redistribution to depleted areas. By virtue of recent
fabrication advances in Spacer Defined Intrinsic Multiple Patterning (SDIMP), we fabricated
an array of silicon nanotubes, and equivalent arrays of nanoholes, and nanopillars (pitch; 560
nm, height; 2 um). After infusing the nanostructures (pre-rendered hydrophobic) with lubricant
Krytox 1525, we probed the lubricant stability under dynamic conditions and correlated the
degree of the lubricant film discontinuity to changes in the contact angle hysteresis. As a proof-
of-concept, the durability test, which involved consecutive deposition of droplets onto the
surface amounting to 0.5 liters, revealed a 2-fold and 1.5-fold enhancement of lubricant
retention in nanotubes, in comparison to nanopillars and nanoholes respectively; showing a

clear trajectory for prolonging the lifetime of a slippery surface.

INTRODUCTION

Liquid repellent surfaces have been an active area of research for some decades, with a
predominant focus on superhydrophobic lotus inspired-structures’. An upsurge of interest in
pitcher plant-inspired surfaces, known as Slippery Liquid Infused Porous Surfaces (SLIPS),

has been observed ever since their introduction in 2011.° This family of non-wettable surfaces



which comprise a thin lubricating layer trapped within surface roughness, resides at the
forefront of the literature, having consistently been shown to succeed where their gas-
cushioned counterparts fail; in repelling organic liquids or complex mixtures with low surface
tension, sustaining no damage under physical stress, and an ability to self-heal.®” Prized for
their anti-adhesive nature, SLIPS bestow interfacial properties that are highly desired across a
broad range of applications including anti-icing,®° drag-reducing properties,*° heat transfer,*!
anti-fouling coatings in the marine!? and medical sectors,**!* non-stick packaging,’® and

droplet manipulation.®

To achieve liquid repellence, SLIPS essentially exploit the immiscibility of lubricants with
other liquids. A low surface energy lubricant is infused into the surface structure, and the
lubricant forms the interface with the immiscible working liquids (e.g., water, ethanol), as
opposed to the solid surface, thus resulting in very low contact angle hysteresis (minimal
adhesion). In order to attain these properties, three criteria need to be met: (i) the solid substrate
must have a higher affinity for the lubricant over the droplet, (ii) the lubricant and the working
fluid must be immiscible, (iii) the lubricant must wick into, spread and stably adhere within the
structure.>” The prime source of failure for SLIPS lies in this third criterion and the poor ability
of the structure to retain the lubricant leading to drainage of the lubricant layer causing contact
line pining of the working fluid on the exposed solid structures.'®° Exploiting the physical

interaction between the lubricant and the structure is, therefore, crucial for its retention.

In this regard, recent fabrication capabilities, propelled in part by the design and manufacture
of superhydrophobic surfaces, have given rise to an expansive array of possible nano- and
micro-architectures.*?° Nonetheless, efforts to design a structure capable of enhanced lubricant
retention are still on-going, with the effect of geometric surface parameters on lubricant
retention under flow highlighted as an area requiring further work.?* Maximizing the capillary

forces, which hold the lubricant within the structure against the action of gravity and shear



force, is clearly an important consideration. Such capillary forces are only generated when the
sizes of the features are smaller than the capillary length of the lubricating liquid.?> Whilst
micro-roughness typically satisfies this criterion, under high shear conditions the effective
capillary length of the lubricant reduces to micron length scales (~ um), thereby permitting
lubricant depletion, and exposing the underlying microstructures.”® Conversely for
nanostructures, the lubricant layer remains stable until the thickness reduces to a size
comparable to the feature height.?* Additionally, the capillary pressure which retains the
lubricant is much greater for nanostructures, owing to the inverse relationship with the spacing
between structural domains (nanointerstices).?® Of course, all nanostructured surfaces do not
perform equally, and further probing of nanostructure features has elucidated the benefits of a
closed-cell system (i.e. nanoholes/pores),?* as opposed to an open-cell system (interconnected
networks i.e. nanopillars).?® Here, the isolated domains of lubricant act as a physical barrier to
depletion,'® however paradoxically, this retention can prevent replenishment and self-healing.
As the lubricant layer thins, a surface with a lower solid fraction (minimized flat areas where
capillary forces cannot act) can benefit SLIPS performance, owing to fewer sites for water
contact line pinning.?” Intermolecular forces can also be maximized through increasing the
surface area (roughness) of the nanostructures.? Based on these considerations, it is necessary
to generate a nanostructure which has a low solid fraction, a high roughness, and the ability to
simultaneously retain and replenish lubricant. One well-studied example which satisfies these
criteria is an inverse colloidal monolayer, where structural dimensions and corresponding
roughness are determined by the nanoparticle size.?* Another such structure is a hybrid between
a nanopillar (NP) and a nanohole (NH); namely, a nanotube (NT), where enhanced tunability
stems from decoupling the individual nano-feature dimensions (height, spacing, wall

thickness). Recent advances in atomic layer deposition-assisted processes, such as Spacer



Defined Intrinsic Multiple Patterning (SDIMP),?® have enabled the controlled fabrication of

such nanotube structures; creating an opportunity for further studies.

For the first time, we fabricate and functionalize a silicon nanotube sample and compare its
ability to retain lubricant (Krytox 1525 — fluorinated oil immiscible with most working fluids)?®
with nanohole and nanopillar samples of equivalent dimensions, under dynamic conditions
with water as the working fluid. To test the stability of the lubricant within each structure, we
perform two different tests and correlate the degree of the lubricant film discontinuity to
changes in the contact angle hysteresis (CAH). Firstly, we performed a shear tolerance test
which revealed all nanostructures were able to retain the lubricant through capillary action up
to the tested 10k rpm; yielding no significant changes in CAH. Secondly, we designed and
performed a harsher droplet shedding test, with consecutive deposition of small droplets at
moderate rates (~16 pl, 2 drops/s; known to challenge the lubricant retention, as opposed to
larger volumes or continuous flow and higher rates)?® onto the tilted surface amounting to 0.5
liters. We observe a 2-fold and 1.5-fold enhancement of lubricant retention in nanotubes, in

comparison to nanopillars and nanoholes, respectively.

EXPERIMENTAL METHODS

Nanostructure fabrication. The nanostructures of hole, pillar and tube morphologies were
fabricated according to a previously reported method.?® Briefly, a Si wafer (MicroChemicals)
with a deposited SiO, layer of 200 nm thickness was coated with a primer (Tl Prime,
MicroChemicals), and subsequently a photoresist (PR) layer (ma-N 405, Microresist
technology). Laser Interference Lithography (LIL) was employed to pattern the PR with
square-packed holes or pillars. The residual PR layer was then removed via oxygen etching to
expose the underlying SiO> layer. Reactive lon Etching (RIE) was performed to etch the SiO>

hard mask using CHFs/Ar plasma at a temperature of 20°C (PlasmaPro NGP80 RIE, Oxford



instruments). The pattern was transferred into the underlying Si via RIE using Cl, plasma
(ASE, STS MESC Multiplex ICP). Etching was performed until mask consumption to generate
nanohole or nanopillar arrays. Fabrication of the nanotube arrays was performed via SDIMP.28
Specifically, an Al>Os spacer layer was applied to a Si nanohole array via Atomic Layer
Deposition (ALD). RIE under Cl2 plasma was conducted until the point of Al.O3 consumption
to yield Si nanotubes. Detailed etching conditions for all RIE processes are listed Tables S1-

S3.

Nanostructure characterization. Scanning Electron Microscopy (SEM) was performed using
a Field Emission Zeiss Ultra Plus scanning electron microscope with a Gemini column
operating at an accelerating voltage of 2-20 kV. ImageJ (https://imagej.nih.gov/ij/) was used

for statistical analysis of the nanostructure dimensions such as pitch, height, diameters.

Surface functionalization. The samples were immersed in 1H,1H,2H,2H-
Perfluorodecyltrimethoxysilane (PFDTES) in anhydrous toluene (2% v/v) at room temperature

for 24 h, and subsequently annealed at 120°C for 30 min.

Lubricant infiltration. An excess of lubricant was poured atop the surfaces which were then
placed in a low-pressure vacuum chamber (pressure ~0.001 atm) for 1 h. To remove the excess
lubricant, the surfaces were tilted at 70° under ambient conditions for 24 h, with an absorbent

cloth placed underneath.

Contact angle measurements. Both advancing and receding contact angles were measured
using a custom designed goniometry setup. The setup consists of a syringe pump (Cole-Parmer
Single-syringe infusion pump), a needle (BD PrecisionGlide™ needles, 18G), and an imaging
device (Thorlab, model DCC1240). Droplets of approximately 20 ul were deposited onto the
surfaces and further extracted using the syringe pump to measure the advancing and receding

contact angle, respectively. The videos taken during droplet deposition and extraction were



processed through a Matlab script for contact angle measurements,® which is available from

the corresponding author upon reasonable request.

The shear tolerance test. The samples, 2 x 2 cm?, were prepared with an initial excess of
lubricant on the surface and affixed onto individual glass microscope slides, 2.5 cm from the
center of the slide, with a piece of flat silicon affixed at the opposite end to ensure balancing
of the slide. The slide containing the sample was then placed onto the spin coater (SCS G3 Spin
Coater). The samples were subjected to increasing spin speeds from 1k to 10k rpm for 60 s at
a ramping rate of 3.2. The contact angle hysteresis (CAH) was measured after each spinning
cycle (three repeat measurements) and was used to indicate the loss of lubricant from the

structure.

Droplet shedding test. Samples were placed on a 45°-tilted stage with needles placed 1 cm
from the sample, connected via tubing to a water reservoir and automatic pump (see Figure 3a
for schematic). Droplet volume (16 pl) was measured by weighing a known number of water
droplets (repeated three times) and using the density of water. The water flow (2 droplets/s)
was chosen to be slow enough to ensure single droplets landed on the surface rather than a
constant stream, but fast enough so that all points could be collected in one day to avoid effects
ranging from self-healing to evaporation. Figure 3a illustrates the setup and shows the five
locations on the sample where CAH measurements were taken. Only one point was taken on
the left and right of the sample as these areas were not in the pathway of the droplet, however
tests were performed to ensure there was no difference across the left side (top, middle and

bottom) and right side (top, middle and bottom).

Weighing experiment. Samples were weighed before infiltration. The next weight
measurement was taken after infiltration and drainage of excess lubricant. Subsequently,

measurements were taken after dropwise deposition (according to the protocol in the droplet



shedding test) of 150, 250, 350, and 500 ml water. Weights of the three samples were

normalized to the surface area, and to the corresponding ‘dry’ weight.

RESULTS AND DISCUSSION

To systematically probe the lubricant retention capabilities of the three nanostructures, we
employ a nanotube array originating from a previous investigation, focused on its excellent
antireflective properties.?® We fabricated corresponding arrays of nanoholes and nanopillars
with equivalent pitch (560 nm), heights (~2 um), and top diameters (~300 nm), as listed in
Table 1. The nanotube dimensions, with comparable intra- and inter-tube spacing, allow for
both lubricant retention and redistribution, whilst the high surface roughness provided by an
AR~7 increases the inherent resistance to shear. Laser interference lithography, plasma etching
and for the nanotubes, subsequent ALD-assisted processing (SDIMP)? were employed to
generate the nanostructure arrays as seen in Figure 1a-c. Here, SDIMP allows for freedom in
the nanotube design, whereby the inter- and intra-tube spacing can be realized with ALD

precision.

As discussed, the water repellence of a SLIPS is attributed to the water-immiscible lubricant
film held within and above the surface of a porous structure, yet, characteristics of the
underlying porous structure play an important role in the droplet mobility, redistribution
characteristics, and capillary retention.?> As the lubricant film begins to deplete, the mobility
of a droplet (sliding speed) is known to be reduced on a surface with a larger solid fraction @;
the fraction of the solid that is exposed to the working fluid (water in this example).
Characterization of the three nanostructures revealed a @; of 0.1 for nanotubes, 0.7 for
nanoholes and 0.2 for nanopillars, providing initial indications that droplet mobility may be
most hindered on the nanoholes. In terms of lubricant redistribution, broadly speaking,

structures able to hold a greater volume of lubricant per unit area (nanotubes > nanopillars >



nanoholes; Table 1) benefit from the increased capacity to redistribute and replenish depleted
areas (provided the lubricant is not isolated, as is the case for the nanoholes). It is also known
that surfaces possessing a greater degree of roughness R (calculated total surface area of the
structure over the projected area), are able to entrap oil more effectively through a combination
of capillary and van der Waals forces.?® Indeed, there is a critical roughness value (Rerit) which
needs to be exceeded in order for a lubricant film to be thermodynamically stable.?* For the
case of a water droplet as the working fluid and Krytox 1525 as the lubricant, Rerit > 1.2 (Text
S1). All surfaces exceed this threshold (Table 1) indicating that without external perturbances,

the lubricant would be stably adhered within all nano-structured surfaces.

To further quantify the effect of structure theoretically, we determined the difference in energy
between two possible configurations, as previously described:® (1) the structure is fully wet by
water (Ew) and (2) the structure is fully wet by lubricant in the presence (Evw) or absence (EL)
of water. To ensure the structure is preferentially wet by the lubricant as opposed to water,
AE; =Ew—-Eww>0, and AE;, = Ew— EL > 0. Derivations of these equations can be found in
Text S2. Values are shown in Table 1 and indicate that all structures far exceed the criteria but

moreover the tubes are shown theoretically to be most stable.

Table 1. Dimensions of the nanostructures of the same pitch (560 nm) and calculated values
for the roughness R, solid fraction @, capacity for lubricant per cm?V, the difference in energy

when the structure is fully wet by the lubricant in the presence AE;,, or absence of water AE;.

Morphology Height/nm Diameter/nm R 0s V/ml AE;w AE;
Nanotubes 1994 + 28 Inner: 238+9 | 11.9(0.10 | 1.8x10%|515 |618
Outer: 311 + 10
Nanoholes 1771 + 36 348 + 13 7.2 |0.70 | 5.4x10° | 291 394
Nanopillars | 1857 + 30 292 £ 12 6.4 |021|15x10%]| 254 357




For the SLIPS preparation, all samples were treated similarly, and were first rendered
hydrophobic through functionalization with a silane (PFDTES), as depicted schematically in
Figure 1d and detailed in the experimental section. The apparent advancing (63,,) and
receding (65%.) water contact angles and the CAH served as indicators of the successful
modification from hydrophilic (62,,<10°) to hydrophobic upon silane-functionalization,
resulting in 674, rupe=155°%1, 054, 101e=145°%2, and 6 4,, piiar=148°+2 with CAH of 30°£2,
145°+2 and 18°+2, respectively (Figure 2a,b). After immersion of the surfaces in the lubricant,
with infiltration into the structure encouraged by the hydrophobic coating as well as vacuum
degassing, excess lubricant was removed through means of wicking onto an absorbent cloth
over a period of 24 h. Measurement of the advancing contact angle revealed equivalent wetting
behavior across the sample set With 674, rupe Hote, piniar = 120° and CAH < 3° (Figure 2a,b).
The lubricant is observed to form a wetting ridge (lubricant meniscus surrounding the droplet;
Figure 3b) and based on the interfacial tensions of the lubricant-water pair, cloaking of the

droplet by the lubricant is expected (see Text S3).
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Figure 1. (a-c) Side view and, (a:-c1) top view SEM images of the nanotube, nanohole, and
nanopillar structures, respectively. Scale bars = 1 um. (d) Schematic of the SLIPS samples
preparation flow: (1) functionalization with PFDTES; (2) infusion of the lubricant into the
nanostructures by submersion and subsequent degassing under vacuum; (3) wicking of
excess lubricant by tilting the samples at an angle of 70° atop of an absorbent cloth for a

duration of at least 24 h.

One of the tests frequently performed to assess the durability of a slippery surface, namely a
shear tolerance test, involves subjecting the surfaces to increasing centrifugal forces (spin
speeds) and comparing the resultant water CAH (Figure 2c). After being subjected to a speed
of 1k rpm for 1 min, the CAH remained below 5° indicating a continuous lubricant film was
still present. Increasing the speed further up to 10k rpm also revealed no significant increase in
the CAH for each of the surfaces; consistent with previous studies on nanostructured surfaces.?*

Under these conditions capillary forces are responsible for trapping the lubricant film, and

11



remain effective so long as the capillary length k=1 of the lubricant remains greater than the
length scale of the nanostructures (k=1 = fé where vy is the surface tension, and p is the

density of the fluid, and g the gravitational acceleration). In the absence of spinning, the
capillary length of Krytox 1525 is ~1 mm. However, as the spin rate increases, the capillary
length decreases and ultimately reaches a value of ~tens um at 10k rpm; thus, the lubricant

remains trapped within a nanostructured surface, as previously reported.?®
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Figure 2. (a) Advancing and receding water contact angles on the three different structured
silanized surfaces before (orange) and after (green) lubricant infiltration indicating the higher
advancing contact angles on the silanized surfaces without lubricant (the asterisk indicates
pinning) and the reduced contact angles that are consistent across the three, after lubricant
infiltration. (b) Water contact angle hysteresis of the three structured silanized surfaces
before and after lubricant infiltration. After lubricant infiltration, all three surfaces display
very low CAH (< 5°). (c) Water contact angle hysteresis on the three different lubricated
nanostructured samples after the shear tolerance test. The spin rate starts at 1k rpm and

increases to 10k rpm for a time of 60s at each speed.

Although capillary forces are able to hold the lubricant within the structure whilst being

subjected to high shear forces, the conditions that a SLIPS would experience when deployed

12



are typically much harsher. Even the seemingly simple motion of a droplet being shed from a
slippery surface invokes a complex interplay of surface tensions within a four-phase system.
Therefore, we designed a system whereby small droplets (16 pl) were deposited from a height
of 1 cm onto the surfaces, which were tilted at 45°. A small droplet volume and moderate rate
of deposition (2 droplets/s) were chosen to challenge the surfaces’ ability to retain lubricant;
with droplets of greater volume, or continuous streams suppressing lubricant depletion by
minimizing the formation of a lubricant cloaking layer and large wetting ridge, and similarly
increasing the deposition rate is another known strategy for reducing wetting ridge formation.
Contact angle hysteresis was measured at different intervals, across 5 different locations of the
sample: left, middle top (where the droplet is deposited), center (where the drop slides), middle
bottom and right. A schematic of the experimental setup and location of the measured points
is shown in Figure 3a. The results are plotted in Figure 3c as contour maps, where the x- and

y-axes indicate the location on the sample, and the z-axis contains information on the CAH.

| [ . ——
= B B B
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Figure 3. (a) Schematic representation of the experimental setup for the droplet shedding
tests; whereby needles deposited water droplets onto the surface. A corresponding
photograph highlights the locations where measurements of CAH were taken (marked with
a red cross). Later photographs show the progression of a droplet as it leaves the needle,
lands on the surface and slides down. (b) Photograph of a water droplet deposited onto a
lubricant infused surface, with formation of a wetting ridge (outlined in red). (c) Results from
the droplet shedding test. Contour maps represent the change in CAH across each surface,
with the x- and y-axes mapping the location of the measurement on the sample (as shown in
the above photograph), and the z-axis represents the CAH. The CAH was measured after a

known volume of water had been deposited, up to 0.5 litres. Scale bars = 1 um.

From the test, three key observations were made: (i) drainage from the nanopillars occurred
first and at the center point; (ii) drainage from nanoholes occurred next but at the point of
droplet deposition; (iii) drainage from the nanotubes occurred last and at the center point.
Considering the morphologies, the open structure of nanopillars allows for free redistribution
of the lubricant, resulting in recovery until drainage becomes significant. At which stage,
pinning and depinning of the water contact line on the exposed nanostructure slows the
traversing droplet, resulting in coalescence of the successive droplet at the center point (see
CAH increase). This serves to amplify lubricant depletion at this location due the increasing
wetting ridge; which, owing to its negative curvature and thus Laplace pressure, draws in more
lubricant over time.'83! Following coalescence, the now larger droplet gains velocity and slides

off the surface, removing lubricant as it does so.

For nanoholes, pinning is observed at the point of droplet deposition after 250 ml and continues
to deteriorate in line with droplet propagation. Within the hole, capillary forces are much

greater than the surface tension force pulling up the wetting ridge hence the lubricant is
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retained, however the thin layer of lubricant covering the large solid fraction is easily displaced
by the shearing motion and the capillary suction force exerted by a deposited or sliding
droplet.® Moreover, the absence of an interconnected structure prevents recovery; thus,
degradation occurs first where the droplet is deposited. The droplet is observed to remain at the

deposition location until a successive droplet drops down and coalesces to it.

The nanotubes, having elements of both nanopillars and nanoholes, displays the best lubricant
retention, and does not exhibit pinning until 350 ml has been deposited, with the location of
the pinning site equivalent to the nanopillars. A combination of factors may contribute to the
longevity of the lubricant layer; firstly the open structure which aids the redistribution of
lubricant to depleted areas, secondly the reservoir within the tube which is retained through
capillary action, thirdly the low solid fraction which renders the surface the least hindering in
terms of droplet mobility, and finally, the larger volume of lubricant held per unit area
compared to nanopillars (20% more) and nanoholes (230% more), also facilitating

redistribution.

As an additional layer to our experiment, we weighed the three samples before lubricant
infiltration, after lubricant infiltration and at regular intervals of water deposition, with weights
normalized to the dry weight (no lubricant) of surfaces of equivalent area (Figure 4). Upon
infiltration, the weight of the three surfaces increased by ~2.5%. Infiltration of lubricant into
the structure alone would account only for an increase in weight of ~0.3%, thus indicating a
lubricant film of ~18 um is present. Water was deposited on the surfaces in the same manner
as the test presented in Figure 3. The largest decrease in weight for all three nanostructured
surfaces was observed after the first 150 ml of water was passed over the surface; attributed to
the easy removal of the loosely held lubricant film above the structures. Nonetheless

differences between structures were observed after 150 ml, consistent with the CAH
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measurements in Figure 3c; whereby nanopillars are seen to deteriorate fastest, with the
lubricant film being removed to expose the nanostructures at a location in the pathway of the
droplet. The nanohole and nanotube surfaces exhibit similar decreases in the weight after
deposition of 150 and 250 ml of water, however after 350 ml, the weight of the nanohole
surface is seen to rapidly decrease and subsequently plateau (similarly to the nanopillars);
signaling that the lubricant in the pathway of the droplet has been removed. The nanotube
surface on the other hand exhibits a more gradual decrease in the weight, and does not decrease

to the same level as that of the nanohole or nanopillar surface after 500 ml.

1.03
. =) Tubes|
© 1025 N Holes |
= A --0 - Pillars
I , ) - FldrS |
g ’I \\
S 102f ; Y -
5 ’1 \\
= I’ : $ .
S 1.015 | ; \ = i
E ,, .
2 , B .
= 101f / e F-
I0) . S ES
@ r N
@ / g Bl - - - 2]
c - ! .
5 1005
1t 8 .
! ' 150 250 350 500 !
i Dry |With Qil ; !

Figure 4. The observed change in weight of the three nanostructured samples after lubricant
infiltration and subsequent water deposition, normalized to the dry weight (prior to lubricant

infiltration). Water droplets were deposited in the same manner as shown in Figure 3a.

CONCLUSION.

In summary, we present proof-of-concept experiments which demonstrate how by simply

tuning the morphology of the nanostructure, the lifetime of a slippery surface can be extended.
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The fabricated nanotube sample displayed a 2-fold enhancement in lubricant retention in
comparison to nanopillars when subjected to a harsh droplet shedding test. A likely explanation
being that, as the lubricant layer thinned, the low solid fraction of the nanotubes enabled greater
droplet mobility; decreasing the time the droplet spent on the surface and thus reducing the
volume of lubricant entrained within the wetting ridge.*® Furthermore, the capillary forces
holding the lubricant within the tube prevented shear-driven lubricant removal from these
areas, meanwhile lubricant outside of the tube facilitated redistribution to depleted areas
(deposition location). Whilst we have focused solely on the role of the nanostructure in
lubricant retention, the choice of the lubricant itself can also enhance the lifetime; with
lubricants of higher viscosities having been shown to impede drainage,®® and non-cloaking
lubricant-working fluid combinations preventing additional lubricant removal with each shed
droplet.®* Overall, with modern-day fabrication capabilities (e.g. SDIMP) providing vast
freedom in nanostructure design, we envision that further optimization in the nanotube
fabrication (concentric or quadruple nanotubes, lowering of the pitch) can elicit even greater
lubricant retention, and our preliminary results will help to pave the way to achieve durable
SLIPS surfaces. Furthermore, as previously demonstrated SDIMP-generated structures can be
successfully imprinted into polymer films, enabling large-scale production and wide

applicability.
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