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Abstract 

A promising Slippery Liquid Infused Surface (SLIS) has been developed, that is both easy-to-

produce and environmentally friendly. Using a double replication method, a 200 µm-thick 

texturized cross-linked PDMS film was obtained, leading to a grid of micrometric hills and deep 

wells. A comparison between perfluoropolyether (PFPE) lubricant and silicone oil of different 

viscosities highlights the advantage of silicone oil, which penetrates the cross-linked PDMS 

matrix even at high viscosity. Chemical modification with OTS and introduction of secondary 

structures through plasma etching, increased the surface‟s shear resistance. As a result, stable 

sliding properties were maintained, liquid mixtures with low surface tension, after hundreds of 

cycles of immersion in water and, more originally still after tests under wind blowing exposure 

                  



up to 78 m/s. Furthermore, addition of water sprayed during wind blowing exposure allows 

partial fouling release of the surface. 

Keywords: SLIS, polymer molding, lubricant retention, wind tunnel, fouling release 

 

1. Introduction 

Surfaces with robust slippery properties can be useful for many kinds of applications such as 

food industry, submarine surfaces, protection of windscreen in transport or camera lenses. These 

applications require water barrier and anti-fouling properties in order to mitigate cleaning 

processes [1–6]. However, the properties of well-known biomimetic repellent surfaces (lotus 

leaves or butterfly wings) with high roughness or a texturized aspect are severely degraded for 

low surface tension liquids, as the drop toggles from the metastable Cassie-Baxter to Wenzel 

state [7–9]. Nevertheless, some biological surfaces, such as Nepenthes pitcher plant, disregard 

the anchoring effect and display slippery properties thanks to its specific structures combining 

micro and nanoscale roughness retaining wax. The bioinspiration of these remarkable surfaces 

led to the design of Slippery Liquid Infused Porous Surfaces (SLIPS) by Aizenberg team in 2011 

[10].  

SLIPS possess a smooth viscous immiscible liquid interface that promotes fluids flow rather than 

sticking, and prevents fouling. These surfaces provide on-demand lubricant stored in a matrix, 

enabling them to restore their sliding properties. Even for non-porous surface (called in that case 

Slippery Liquid Infused Surfaces SLIS), research has been devoted to the influences of 

morphology and scales of structures, surface chemistry, lubricant nature and viscosity to 

maintain a stable lubricant layer by promoting long-term self-replenishment [3,11,12].  

Structured surfaces can be achieved through multiple methods, which can be divided into two 

categories: on the one hand, top-down approaches such as laser ablation, plasma treatment, 

sandblast, phase-separation method, and on the other hand, bottom-up methods like 

electrospinning, electro-spraying, sacrificial layers, organogel, layer-by-layer deposition, 

hydrothermal method etc. [1,4,12–21]. 

Among these techniques, laser ablation has shown significant capacity to produce textured 

surfaces for a wide range of applications with processing parameters compatible with industrial 

applications (large number of different materials, large surface, processing time...). It can convey 

hierarchical structures composed of micro/nano protrusion [22–24]. It has been already reported 

                  



that these dual-scale structures  promote anti-adhesive and anti-icing characteristics through 

good lubricant retention by providing strong capillary forces that better retain the lubricant 

[1,3,12,14,24–27].  For example, Zouaghi et al. have developed SLIS, via femtosecond laser 

ablation on stainless steel, followed by fluorosilanization and impregnation with an inert 

perfluorinated oil. The resulting surfaces present very low CAH of 0.6° and outstandingly 

mitigate dairy fouling after 90 min of pasteurization test in a pilot-scale equipment [1].  

The combination of laser ablation and multiple molding of the patterned surface first developed 

enables production to be extended by achieving accurate replication of opposing structures 

[2,22–24,28–30]. Due to its low surface tension and low Young's modulus, cross-linked PDMS 

appears to be a good candidate to obtain non-wetting surfaces by replication steps [31]. Double 

replication, using a cross-linked PDMS mold enables the initial textured surface to be quickly 

and faithfully reproduced, while preserving the fragile texturation from damage [32]. As a result, 

replication of texturized substrates is cost-efficient and timesaving compared with other texturing 

techniques for developing high-performance SLIS.  

Texturized and/or porous surfaces infused with silicone oil are a promising class of SLIS as they 

offer environmentally friendly solutions compared to fluorinated based lubricants [5]. 

Furthermore, silicone oil can both creep up within the cross-linked PDMS matrix and diffuse out 

to replenish the upper surface when needed. However, the infusion step with silicone oil is a 

time-consuming due to low penetration process [24]. Authors reported long lasting infusion 

process achieving steady mass retention after 48h of immersion for low viscosity oil (20 cSt). A 

posteriori, hierarchically textured infused surfaces offer tunable lubricant thickness, displaying 

more or less immerged surface structures [3,14,24,25,35]. For example, Bandyopadhyay et al. 

have reported double replication molding on rose petal to convey hierarchical structures of 6 µm-

high on cross-linked PDMS. By varying the spin-coating speed they were able to adjust the 

height of a 500 cSt silicone oil layer from 13.2 µm to 1.2 µm. Increasing the lubricant viscosity 

also makes it possible to increase the lubricant layer thickness, as it provides a higher-shear 

resistance [12,14,24,27]. Therefore, a viscosity trade-off as to be found between rapid oil 

penetration or self-replenishment ability, and oil stability on the surface through shear-stress 

[4,19,33]. For example, Sunny et al. have shown that it is possible to improve the endoscope 

clarity after blood and mucus dipping using a mixed-oil system of low and high viscosity [4]. 

To assess the durability of the slippery abilities, SLIS need to be characterized under shear stress 

conditions as close as possible to those of the real application: in terms of water contact and 

                  



droplet projection, high air flow interaction and mechanical friction. Ware et al. have developed 

nanostructured wrinkled surfaces that effectively retain silicone oil, after draining by spin-

coating and steady shear-stress (60 rpm) for 2 weeks under sea-water [5]. Karkantonis et al. 

submitted texturized polypropylene or polystyrene infused with silicone oil to vortex vibrations, 

drop dripping cycles, and immersions in food substances and evidenced greater LIS durability 

with regular sub-micron rather than multi-scale topography [2]. Goodband et al. immerged glass 

functionalized with hydrophobic nanoparticles and infused with silicone oil in aqueous solution. 

After 12 min of sonication time the hysteresis contact angles increase up to 30° [13]. Many other 

authors reported various mechanical damages in order to assess the infused surfaces 

replenishment ability [33,36,37]. Vogel et al. described the conservation of highly repellent 

infused surface based on inverse colloidal monolayers after cleaning with a tissue, scratching 

with a razor blade or treating with sandpaper [36]. 

In view of the great application potential of these surfaces, many papers report on their advanced 

characterization. To this end, we present (i) a texturing technique compatible with a replication 

and deposition on large surfaces, (ii) the use of liquid impregnation respecting the European 

safety directives (REACH) and (iii) tests in severe environment conditions (hard water and wind 

exposures). The texturized surface, easily and faithfully reproducible, through the cross-linked 

PDMS double replication process, developed in this study, will pave the way for the design of 

large, long-life out-door SLIS. Through hysteresis angle (CAH) measured after shear driven 

depletion tests, we demonstrate that chemical and topographic surface modifications offer 

synergy for sustained oil retention. This promising SLIS can undergo more than hundreds of 

successive water-dipping cycles, scratching and more than 17 min wind-blowing exposure up to 

78 m.s
-1

, before displaying severe degradation of its sliding properties. In addition, we assessed 

lubricant loss by digital microscopy images through the growing portion of the emerging top of 

the beveled hills. We evidenced that lubricant level correlates with sliding properties and that 

hysteresis angles can be predicted by a simple microscopic observation. Finally, spraying water 

in the wind tunnel showed that the designed SLIS have fouling release behavior.   

 

2. Material and Method 

2.1. Samples’ preparation 

Mold design. The texturized patterns were designed on stainless steel (SS) surfaces by 

femtosecond laser ablation (300 fs pulse duration and λ=1030 nm). The fluence and frequency of 

                  



the pulse were set at respectively 11 J/cm² and 50 kHz. Scanning speeds of 100 mm/s and 0 % 

transverse area covering corresponding to a spot size of 38 µm were tested. Small SS mold of 2 × 

2 cm² was designed. Larger SS mold of 3 × 6 cm² were also designed. 

PDMS double replication molding. A commercial PDMS elastomer kit Sylgard™ 184 (Dow 

Corning, USA) was used to prepare the PDMS base/curing agent mixtures at weight ratio 10:1 

and degassed in a planetary centrifugal bubble free mixer (ARV 350, Thinky Mixer) at 2000 rpm 

under 30 kPa for 1 min. The mixture was poured on the SS mold surface before being placed for 

2 hours at 70°C.  

After an initial replica molding, the negative samples were coated with a non-sticking layer by 

plasma RIE of CHF3 to be used as mold. The 2
nd

 molding consists in spreading 0.45 ml/cm² of 

degassed PDMS base/curing agent mixtures (10:1) on top of the negative replicate before apply a 

spin-coating at 500 rpm for 30 s (with 50 rpm/s acceleration). After 1h at 70°C, the block 

negative mold/positive film was soak in Hexane for 15 min to allow the ultra-thin film to peel off 

on its own. The films were left in the fume hood for 30 minutes to allow complete evaporation of 

the hexane. 

In order to achieve hierarchical structure, sample O2CF4 plasma etching (Plasma Plus 80, 

Oxford) for 10 min at 300 W, and 30 mTorr with flow rate of 25 sccm and 75 sccm respectively 

for O2 and CF4. 

Sticking process. Samples of 2 × 2 cm² and of 3 × 6 cm² were covalently bonded to glass 

substrate and PMMA substrates respectively. After 1 min O2 plasma activation, the PMMA plate 

was immersed for 5 min into a APTMS (3-aminopropyltrimethoxysilane) solution (1% v/v in 

ethanol) at 80°C to form a self-assembled monolayer (SAM). The plate was then placed for 1h at 

80°C to allow the SAM to stabilize [38,39]. After rinsing with isopropanol, the non-texturized 

side of the PDMS film and the two types of substrates were exposed to corona plasma torch 

(Corona Treater - Electro-technic Products, Model BD-20V – 230 V, 50-60 Hz, 0.18 A) for 1 

min, then put into contact and baked at 90°C for 1h. 

Infusion with PFPE-lubricant. A CHF3-plasma deposition (Plasma Plus 80, Oxford) was 

achieved for 1 min after 5 min conditioning at plasma power 180 W, flux 50 sccm under 150 

mTorr pressure, in order to promote good interactions with the lubricant. It has to be noticed that 

the CHF3-plasma coating is also used to form an anti-sticking layer on the mold surfaces that is 

essential to facilitate the peel off step during the molding process. Perfluorinated lubricants 

                  



(Krytox GPL 103 and 105 purchased Dupont de Nemour, USA) (82 cSt and 522 cSt) were used 

and dropwise deposited on samples top laid flat. 

Infusion with silicone oil. After 1 min O2 plasma activation step (50 sccm 100 W 250 mTorr), 

samples were coated with Octadecyltrichlorosilane (OTS) layer by chemical vapor deposition for 

3h. After rinsing with IPA, samples were immersed in silicone oil bath at 60°C and placed for 1h 

under dynamic vacuum to expel air contained in the sample then left over one night at 

atmospheric pressure. Increasing oil temperature reduces viscosity and facilitates penetration into 

the PDMS film. 

After infusion (regardless of the lubricant used), samples were placed vertically to remove excess 

lubricant gravimetrically before spin-coating (V: 2500 rpm, A: 2500 rpm/s, 30 s, Model: Delta 

10, Süss MicroTec, Garching, Germany). Samples were stored in Petri-dishes with closed lids at 

room temperatures. 

 

2.2. Surface characterizations  

The different characterizations were performed on freshly made samples unless specified ageing 

process applied.  

Optical observations. The surfaces were examined optically using digital microscope (X6000, 

Keyence) before and after lubricant impregnation as well as before and after each depletion test. 

2D and 3D image reconstructions were used to qualitatively assess the lubricant level. The 

lubricant covering rate is estimated from the average surface area covered by the lubricant after 

binarization over three different 435 µm × 530 µm images (Zoom × 500).  

Samples weighing. A microbalance (Mettler Toledo, balance XPR36) was used to weight each 

sample before impregnation and after the final impregnation step of spin-coating to assess total 

lubricant retention.  

Wettability measurements. Contact Angle (CA) and Contact Angle Hysteresis (CAH) 

measurements were performed using a drop shape analysis system (DSA100, Krüss, GmbH 

Germany). CA were measured directly after deposition of a 10 µl drop. Advancing and receding 

contact angles were measured with 10 µl droplets using the tilting plate method. Tilting table 

was rotated from 0° to 90° (in steps of 1° per second), and drop deformation and displacement 

were recorded (50 fps, ten computations per second) while tilting the samples. CAH were 

calculated from the difference between θA and θR for four different water-ethanol mixtures (21.7 

                  



mN/m < γ < 72.8 mN/m) reported in Table 1. Three drops on each sample and two samples with 

the same laser parameters were measured for statistical uncertainty measurements. 

Table 1 

Surface tensions of DI water/ethanol mixtures measured using the pendant drop method (averaged over 

five measurements) [40] 

 

 

 

2.3. Depletion tests  

Water dipping. Samples were dipped in water bath using a dip-coater device, up to 200 cycles up 

and down were continuously undertaken at 60 mm/min speed with 1 s waiting time at both up 

and down position.  

Wind resistance test. Samples, placed on a 60° inclined plane, were exposed under horizontal 45 

m.s
-1

 wind-blowing for 2 min or 15 min. Additional 2 min tests with sputtered water were 

conducted by progressive release of 10 ml water at the bottom entrance of the fan nozzle. A 

scheme of the setup is presented in supplementary file Fig. S1.  

 

3. Results 

PDMS is a non-toxic and transparent polymer commonly used in soft-lithography. Its methyl 

moieties give it a low surface energy (~ 12 mN/m), rendering a flat cross-linked PDMS 

hydrophobic (~ 110°). Textured PDMS surfaces of a given roughness display a super-

hydrophobic behavior according to the Cassie-Baxter model. However, microstructures increase 

the adhesive properties of the PDMS substrate (increasing water drop hysteresis) [7,30,31].  

The PDMS double replication method from a laser-ablated stainless-steel (SS) mold stands out 

from the crowd of large, easy and cost-effective structured surfaces. It can be assimilated to 

existing industrial technics known as hot-embossing or roll-to-roll methods [2]. The study of the 

texturing of SS molds (laser parameters), carried out upstream, led to a promising surface with a 

grid-like arrangement. These surfaces feature micrometric pyramidal hills with bevelled tops and 

a non-uniform height of around 25 µm and a similar width at the base (24.1 ± 1.9 µm). The 

micro-hills spacing is a few micrometers at the base of the hills and reaches several tens of 

micrometers at the top. The sub-micrometric roughness, visible on the upper part of the hills, 

DI water/Ethanol volume ratio 10:0 9:1 3:1 1:1 

Mixture surface tension (mN/m) 72.8 52.0 40.0 29.2 

                  



comes from SS solidification that rapidly cools down after passing laser [22]. At the grid 

intersection, deep holes with average diameters of 11.6 ± 1.1 µm can be observed. The top view 

SEM images of the SS mold and both negative and positive PDMS replicates as well as the side 

view of both replicates are shown in supplementary file Fig. S2a, b. In addition, the various 

surface roughness parameters were assessed on the basis of topographical analysis using digital 

microscopy (Fig. S2c and Table S1). The negative replicates present long spikes structures with 

an estimated maximum total height of 124.9 ±14.0 µm, in agreement with the slice SEM images. 

The positive replicates, easily obtained through a second replication molding (after plasma 

coating of the negative replicates), mimic the initial micro-hills and micro-valley structures with 

deep wells. The positives structures are equivalent to deep close-cells surmounted with small 

micro-hills of about a quarter of the total thickness of the structured part. Due to deep inner cells, 

digital microscopy cannot accurately estimate the maximum height of the structured part, but the 

height of the upper micro-hill is consistent with that determined from SEM images of sample 

sections. 

 

3.1. Perfluoropolyether as lubricant 

A good lubricant acts as a barrier between the working liquid and the PDMS substrate, and 

imparts non-sticking properties to the surface. First of all, perfluoropolyether (PFPE) based 

lubricants take pride of place dealing with infused surfaces due to immiscible properties with 

most common testing liquid [41]. The surface tension between the working liquid and the 

lubricant must be positive to rule out any chance of miscibility, while a higher value will 

mitigate the depletion phenomena such as the cloaking or the wetting ridge [25,42]. The choice 

of the lubricant was also motivated by the remarkable performances of fluorinated synthetic oil 

(Krytox 103) in extreme environmental conditions such as low pressures (10
-8

 kPa at 20 °C), 

extremely low or high temperature (-15 to 300 °C), or severe chemical condition (nonreactive 

and nonflammable). The low vapor pressure of Krytox 103 ensures a low volatility value, 

leading to a low evaporation rate of  7 % after 22 hours at 121°C [10,42]. Those parameters must 

be taking into account to promote slippery infused surface with long-term stability.  

However, in the case of cross-linked PDMS, chemical treatment with fluorinated compound is 

required, prior the infusion step, to ensure that the fluorine-based lubricant wets the substrate 

completely and promotes good interactions. As the lubricant has a low surface tension, it wets 

the entirely surface perfectly while penetrating the structures easily [3]. 

                  



Infusion of the texturized surfaces is a crucial step in maximizing the lubricant retention and 

requires a more appropriate technique [11]. After chemical modification, SLIS were infused for 

15 h and successively placed vertically to evacuate the excess of lubricant, then spin-coated to 

obtain an homogeneous and thin layer independently of the amount of lubricant dropped as 

displayed in supplementary Fig. S3a [5,36,37]. 

Negative and positives structures treated with PFTS silanization or CHF3 plasma deposition were  

compared by measuring the CAH after 10 water-dipping cycles using four different 

water/ethanol mixtures and reported in supplementary Fig S2b, c (along with EDX spectra of  

both coatings) [43]. Those preliminary results highlighted that positive structures with inner 

reservoirs combined with CHF3 coating help the surface to maintain good sliding abilities over a 

wide range of surface tension liquid. 

 

3.2. Silicone oil-based as lubricant 

In addition, in order to comply with REACH regulations, silicone oil (SO) (fluorine free) was 

used as a lubricant. SO is well-known fouling release coating due to its low surface free energy 

and low Young‟s modulus [5,44,45]. The interesting point using cross-linked PDMS as a surface 

is that SO penetrates within the matrix resulting in its swelling. In this work, the SO infusion 

process was optimized in terms of processing time and oil saturation by drastically decreasing 

the thickness of the PDMS films down to 200 µm. 

In order to reduce infusion processing time while maximizing oil penetration we have developed 

a novel technique of Sylgard 184 double replication which results in an ultra-thin PDMS surface 

as sum up in Fig. 1. Soaking the samples in hexane induces swelling of the PDMS samples and 

produces significant deformation of both replicates. The elongation rate increases as the film 

thickness decreases. Consequently, the difference in thickness between the two replicas induces a 

difference in shear stress, leading to films separation. In addition, soaking in hexane reduces the 

relative mass of a PDMS film by 4.5 ± 0.3 mg due to the removal of residual compounds from 

the crosslinking reaction.  

Fig. 1a shows the top surface, composed of beveled micro-hill. The inner view presented in Fig. 

1b is obtained while scanning the PDMS film upside down through its transparent bulk and 

displays wells up to 70 µm deep. Fig. 1c illustrates the ultra-thin film with a total thickness of 

around 200 µm.   

                  



 

 

 

3.3. Influence of the viscosity for retention of both fluorine and silicone oil based lubricants 

Firstly, PFPE based lubricant (K) and silicone oil (SO) with different viscosities, 82 or 522 cSt 

and 100 or 350 cSt respectively, were investigated in terms of durability through shear stress 

experiments. Samples K82 or K522 were coated with CHF3 while no chemical modifications 

was  initially employed for SO100 and SO350 samples due to chemical affinity between PDMS 

surface and SO. Table 2 shows the average mass infused of the different lubricant and viscosity 

weighed after 30 sec of spin-coating at 2500 rpm, as well as the lubricant covering rate assessed 

from binarized digital microscopy images recorded after spin-coating or water-dipping tests 

(inset of Fig. 2a). After spin-coating at 2500 rpm all SLIS designed present heterogeneous 

surface with different portion of emergent cross-linked PDMS structures [24]. For more viscous 

PFPE-lubricant, a higher shear-resistance is reached. It improves the lubricant retention by 34 % 

and doubles the lubricant covering rate (depending on the hills geometry). In the case of silicone 

oil, seepage into the film bulk is easier for lower viscosity oil. Lowering the viscosity by a factor 

of 3.5 increases oil retention by up to 30 %. However, the low-viscosity oil will be slightly less 

present on the surface as lubricant covering rate is slightly lower. As a result, the two high-

Fig. 1. Schematic diagram of thin films preparation (up). Digital microscopy images of positive replicate 

(a) top view, (b) inner wells structures of the sample placed upside down and (c) total film thickness. 

                  



viscosity oils better wrap the surface structures after spin-coating at 2500 rpm, and still cover 

about 85 % of the surface.  

 

Table 2 

Average lubricant mass infused and lubricant covering rate of K82, K522, SO100 and SO350, estimated 

from digital microscopy images recorded after spin-coating (30 sec at 2500 rpm), and after 30 and 50 

cycles of water-dipping 

  

Fig. 2a represents the mean contact angles (CA) of the different SLIS as a function of the 

working liquid surface tension   . Higher CA were recorded on fluorine-SLIS than on silicone-

SLIS as reported in the literature [46]. Indeed, after spin-coating, SLIS are widely covered by the 

lubricant and CA follow the Young‟s law    (  )  (      )   ⁄  (   and     are respectively 

the oil surface tension at the air and working liquid interface). Neither the difference of lubricant 

viscosity nor the lubricant nature affects significantly the oil surface tension    with 17 mN/m 

and 18 mN/m for respectively K82 and K522 and 21 mN/m for silicone oil [11,47]. However, 

    is higher for the PFPE lubricant than for silicone oil. Then, the difference         is 

negative, giving a CA greater than 90° for the entire    range. Nevertheless, a sign change occurs 

for SO-infused surface resulting in CA smaller than 90° for liquids with low surface tension. The 

difference of CA between fluorine based and silicone based SLIS grows while decreasing the 

working liquid surface tension (from about ten to twenty degrees at lower   ).  

 

The SLIS have been submitted to successive water immersion resulting in loss of lubricant and 

progressive exposure of the patterned substrate to the tested drop. This infused surface state has 

been reported as hemi-wicking [48,49]. When decreasing the lubricant level, the growing 

Lubricant Δm (mg/cm²) 
Lubricant covering rate (%) 

2500 rpm 30 water-dipping 50 water-dipping 

K82 5.67 ± 0.8 46.0 ± 2.3 24.3 ± 3.6 22.3 ± 1.1 

K522 7.63 ± 0.2 86.5 ± 2.9 56.7 ± 2.7 21.6 ± 2.1 

SO100 14.7 ± 1.8 75.3 ± 2.4 33.4 ± 1.7 N/A 

SO350 11.3 ± 0.7 85.2 ± 1.8 58.6 ± 4.6 23.3 ± 1.7 

                  



portions of cross-linked PDMS will induce two phenomenon that compete and affect CA. Firstly, 

the surface turns from rather flat state to a texturized one, and the apparent contact angle must be 

taken into account [7,25,49]. Consequently, a CA threshold, which depends on the projected 

solid area, will determine the apparent CA. For CA lower than the threshold, the drop is in the 

Wenzel state, decreasing the apparent CA. This is the case for liquids with low surface tension, 

that wet the structures, increasing the drop contact line. For CA above the threshold, the drop lie 

on air gaps trapped within the secondary structures and the apparent CA rise. It is worth 

mentioning that, as micro-hills are pyramid-shaped, the projected area of the surface increases, 

and drastically emphases the apparent CA as lubricant level decreases (micro-hill are wider and 

their spacing is reduced). Moreover, due to growing fraction of emerged structures the Cassie‟s 

law includes a solid contribution part    (  )    (      )   ⁄     (      )   ⁄  where    

and    are respectively the portions of oil and of emergent solid. In the case of fluorinated SLIS, 

the solid interfacial tension,   , is lower because cross-linked PDMS has been coated with CHF3 

prior the infusion. Therefore, the difference                   for the whole    range, 

inducing an increasing CA when    rises. 

Successive Water-Dipping (WD), up to 30 cycles, have no significant effects on CA values 

despite the decrease in lubricant level. This result may indicate that a thin lubricant layer is still 

wrapping the emergent structures and that solid PDMS is not in contact with the working liquid. 

At low liquid surface tension, CA recorded on silicone infused surfaces undergo a weak decrease 

due to a slight increase of the projected surface area because surfaces are less smooth. However, 

after 20 additional immersion cycles, the emergent solid contribution is no longer negligible. All 

SLIS exhibit higher CA with high liquid surface tension, whereas, for low liquid surface tension, 

CA recorded on fluorinated SLIS increase contrary to silicone SLIS.  

 

A wetting ridge is formed around the drop in order to balance the different interfacial tensions 

involved. It can either accelerate the lubricant depletion as the drop passes through or accelerate 

it sliding speed. It is worth noting that according to the positive spreading parameter defined as 

                , both fluorine based lubricant and silicone oil will cloak the water drop 

(stronger cloaking for silicone oil) but it is no longer the case when decreasing the surface 

tension [46]. However as reported in the literature, reducing the lubricant thickness covering the 

surface decreases the wetting ridge effect [48].   

                  



Contact angles hysteresis (CAH) expressed drop mobility that is strongly dependent on the 

fraction of emergent solid structures due to adhesive properties of textured cross-linked PDMS. 

Fig. 2b displays CAH as a function of the testing liquid surface tension recorded on those 

surfaces after spin-coating at 2500 rpm and immersion in water for 30 and then 20 additional 

cycles (50 WD in total). Colorized digital microscopy images of K522 and SO350, presented in 

inset of Fig. 2a, allow for controlling the lubricant levels. Due to pyramid-shaped micro-hills, the 

lowering of the lubricant level can be followed by top view microscopy images displaying 

growing portions of cross-linked PDMS. Despite the significant difference of lubricant covering 

rate recorded after spin-coating, very low hysteresis values are measured, regardless the viscosity 

nor the lubricant chemical nature. This result confirms the presence of a thin lubricant layer 

wrapping the emergent structures that allow drops to keep sliding despite the emergence of the 

PDMS substrate. After 30 successive WD cycles, the lubricant covering rates of K82 and SO100 

samples drop to 47 % and 55 % respectively, and hysteresis angles begin to increase, particularly 

for liquids with lower surface tensions. For a given amount of emergent solid surface, the contact 

line pinning is higher for low   , due to lower CA. Therefore, the testing liquid is more flatten 

over the surface and the hysteresis angles is more impacted. The drop moves from a smooth to a 

rougher surface, more heterogeneous, where the drop impales itself due to highly adhesive 

properties of the patterned substrate.  

Both higher viscosity lubricants exhibit similar level of lubricant covering rates, in full 

agreement with the CAH values of both surfaces that remain below 10° excepted at the lowest 

surface tension (             ). After a total of 50 WD cycles, all lubricant covering rates 

are similar and very low (below the detection limit for SO100) while hysteresis values are 

drastically different. For PFPE samples, CAH recorded for K522 are around 25° with a slight 

increase at very low surface tension, while values recorded for K82 reach 45° and drop pinning 

was observed at very low surface tension. The water droplet hysteresis measured on SO350 is 

above 20° and drop pinning was observed for all water-ethanol mixtures (due to increased 

contact line). SO100 samples showed drop impalement regardless of surface tension. For non-

sliding surfaces (up to 90° tilting), no CA was measured and values are not displayed in Fig. 2a. 

Fig. 2c shows hysteresis angles recorded after 2 min exposure in wind tunnel at 45 m.s
-1

 and 78 

m.s
-1

. Increasing blowing speed induces an increase in hysteresis angles, particularly for both 

low viscosity lubricant. The slipperiness of K522 and SO350 samples does not seem to be 

affected by 2 min at 78 m.s
-1

. Although there was no significant difference in hysteresis recorded 

                  



after 30 WD cycles on SO100 and SO350 samples, the wind tunnel drastically damaged 

slipperiness of SO100-impregnated samples compared to SO350-impregnated samples.  

As observed in Fig. 2b in the case of water immersion cycles, after wind-tunnel experiments at 

different speed, Fig. S9a displays that CA increase for liquids with high surface tension and go 

down otherwise. This results from the appearance of an increasing portion of cross-linked PDMS 

as the lubricant disappears. However, this phenomenon remains limited for high viscosity 

lubricants. 

 

 

While high viscosity lubricants reduce the sliding speed of drops due to higher friction, the shear 

resistance of such lubricant is more favorable for the design of durable out-door SLIS [21]. It 

appears that high viscosity SO is a promising lubricant for cross-linked PDMS based SLIS that 

Fig. 2. (a) Contact Angles and (b) Contact Angles Hysteresis as a function of surface tension measured 

after 2500 rpm spin-coating (full line), 30 cycles of water-dipping (dash) and 50 cycles (dots), on K82 

(grey) and K522 (black) samples and on SO100 (orange) and SO350 (red) samples. Inset are the 

corresponding digital microscopy images. Lighter dash and dot line represent drop pinning. (c) Contact 

Angles Hysteresis as a function of surface tension after 2 min in wind-tunnel at 45 m.s
-1

 and 78 m.s
-1

 on 

K82 and K522 samples (left) and on SO100 and SO350 samples (right). The decrease of surface tension 

corresponds to fading blue histogram bars.  

                  



would require chemical modification to improve long-term shear strength and reach PFPE-

infused surface performances.  

 

3.4. Influence of additional structuration and chemical treatment on silicone oil retention  

In the second part, we investigated ways to improve the durability of SO350 samples through 

chemical modification and/or nanoscale physical etching performed prior the infusion step.  

First of all, chemical modification with octadecyltrichlorosilane (OTS) layer (by CVD) was 

tested to improve SO spreading and to favor attractive interactions with the lubricant [15,25]. 

OTS is commonly used as a surface treatment for SO to fully wet the surface (CA of SO 

measured on cross-linked PDMS goes from 26° to 0° after OTS grafting); leading to a thin oil 

layer wrapping the exposed texture tops of the surface [15,25].  

To create nanoscale roughness on PDMS substrate and induce hierarchical structures (micro-hills 

and nano-roughness), etching combining oxygen and tetrafluorocarbone (CF4) gas has already 

been reported [50,51].  The authors report that an O2/CF4 flux ratio of 1:3 offers the highest etch 

rate, at 20 µm/h (at 270 W and 50 mTorr) [50]. It is worth mentioning that certain quantities of 

fluorinated compounds resulting from the etching process were detected by EDX 

(Supplementary Fig. S4). However, these traces of fluorine are stable and do not come into 

contact with the testing liquid due to the presence of an OTS monolayer and/or a lubricant layer. 

OTS-SO350 and O2CF4-SO350 samples were characterized as well as the combination of both 

technique starting with the etching and named O2CF4-OTS-SO350 samples. 

 

Hysteresis measurements were recorded and the corresponding level of lubricant assessed after 

different numbers of WD cycles to follow the lubricant loss, as display in Fig. 3. After being 

freshly infused and spin-coated at 2500 rpm, the lubricant covers more than 80% of the surface 

(some visible emergent micro-hills). At this lubricant level, the hysteresis angles of all samples 

remain low (less than 7°) as display in supplementary Fig. S4. One can notice the curves 

inflection at 52 mN/m with a slight decrease the hysteresis value recorded for the whole sample 

set. This results from a sign change of the spreading coefficient Sos(w) beneath the drop when 

decreasing the testing liquid surface tension [25,52]. In addition, water-ethanol mixture will tend 

to a non-clocking behavior on SO infused surface that is favorable to limit the lubricant depletion 

[41]. After 30 cycles of water immersion, CAH remain low and steady (CAH curve inflection at 

                  



52.0 mN/m is no longer recorded), except a slight increase at the lowest surface tension for 

SO350 and O2CF4-SO350 samples. No significant difference between the CAH and the 

corresponding Sliding Angle (SA) have been recorded, as presented in Fig. S5b. Oil covering 

rate recorded on O2CF4-SO350 samples is the lowest of the whole sample set at that point. While 

keeping up immersion cycles, hysteresis values are progressively shifted toward higher values. 

After additional 20 cycles, the slipperiness of samples with surface modification is maintained 

contrary to SO350 samples. The SA values follow the same evolution as the CAH values, as it 

can be seen in Fig. S5c. CAH and SA values recorded on O2CF4-OTS-SO350 SLIS after 50 WD 

are similar to those recorded on K522 SLIS after spin-coating (cf. Fig. S5d). The values 

measured on O2CF4-SO350 surfaces look like those measured on K522 after 30 WD.  

Supplementary Fig. S6 shows the comparison between OTS-SO350 and CHF3-K522 after 50 

WD, highlighting the strength of SO infused samples that maintain lower hysteresis values even 

at lower viscosity. From Fig. 3, one can notice that, OTS-SO350 samples are more affected by 

those additional stress exposures (50 and 70 cycles in total) than O2CF4-SO350 ones, in terms of 

increased hysteresis and reduced lubricant levels. The acceleration of the lubricant loss for OTS 

samples compared to O2CF4 samples, beyond 30 cycles of water immersion, can be seen in Fig. 

S7 with a faster increase of the CAH values while increasing the number of immerging cycles. 

This behavior can also be observed as curve inversion on Fig. S8 showing the evolution of the 

lubricant covering rate as a function of WD number. Finally, samples O2CF4-OTS-SO350 are 

able to maintain a hysteresis angle below 10° for surface tension greater than 40 mN/m, after 70 

cycles of water-dipping. The steering coefficient of O2CF4-OTS-SO350 lubricant covering rate is 

lower than for the other samples, as presented in Fig. S8. For comparison with porous polymeric 

matrix infused with fluorinated lubricant, Kazaryan et al. report conservation of the sliding 

properties until 10 immersion cycles that gradually disappear for hexadecane working liquid 

after prolonged soaking up to 40 cycles while using water as working liquid, wetting properties 

vanish rapidly due to polar attractive interactions [20]. According to the combination of CAH 

measurements and digital microscopy images, OTS and O2CF4 hamper the lubricant loss. These 

results highlight a synergy between OTS chemical coating and nano-roughness induced by 

O2CF4 etching in order to impede lubricant depletion. While lubricant occupies most of the 

surface, the OTS plays an important role in preserving the lubricant. However, when lubricant-

covering rate is too low, secondary structures prevail and maintain a thin layer of oil on the 

emerged micro-hills, preventing drop pinning from occurring to soon. Despite the large number 

                  



of emerging micro-hills, a thin layer of lubricant filling the roughness, held in place by 

intermolecular forces, ensures continuous slippery behavior [53].  

 

 

The CA measured on the aforementioned modified SLIS after spin-coating at 2500 rpm and after 

30 WD cycles are displayed in Fig. S9b. After-spin-coating, CA are the same as for unmodified 

Fig. 3. Contact Angles Hysteresis as a function of surface tension after (a) 30, (b) 50 and (c) 70 cycles of 

water-dipping for SO350 (black), OTS-SO350 (red), O2CF4-SO350 (green) and O2CF4-OTS-SO350 

(blue) samples. Digital microscopy images and oil covering rate for modified sample after corresponding 

number of water dipping. 

                  



SO350 samples, because the infused surface forms almost a flat and uniform interface. After 30 

WD, all modified SO350 samples keep a sufficient lubricant level with a thin layer covering the 

emergent structures then the liquid is only in contact with the lubricant (low CAH). Therefore, 

CA of high liquid surface tension remains constant while CA decrease at low    due to bigger 

contact lines that decrease the apparent contact angle. One can notice that CA follows the same 

trend as for unmodified SO350 samples soaked for 30 cycles due to similar lubricant level 

covering rate (from 60 % to 50 %). The CA values recorded on O2CF4-SO350 surfaces are lower 

because the lubricant level is lower (47%). Measured CA after 50 and 70 WD cycles, are shown 

on Fig. 4 and compared with initial ones (after spin-coating). After 50 WD, CA of O2CF4-OTS-

SO350 samples keep following the same behavior (constant at high    and decreasing at low   ), 

contrary to OTS-SO350 and to O2CF4-SO350 samples recording higher CA at high   . Indeed, 

lubricant levels of the last samples mentioned (< 40 %) are no longer sufficient to cover the 

entire emerged structures and interfacial tension of modified cross-linked PDMS is involved. 

OTS modified surfaces possess a lower interfacial tension    than raw cross-linked PDMS. 

Interfacial tension of O2CF4 is also slightly reduced due to residual fluorine compounds (cf. EDX 

spectra Fig. S4a). Thus, CA do not follow the same trend as for SO100 samples after 30 soaked 

despite of similar lubricant level (~ 30 %). The difference       , from the solid contribution of 

the Cassie‟s law, is smaller than for unmodified cross-linked PDMS, then, the increase in CA is 

greater when the liquid surface tension is high and, at low   , the reduction of the apparent 

                  



contact angle is slightly balanced. After 70 WD cycles, the lubricant level of O2CF4-SO350 

surfaces is similar to OTS-SO350 surfaces after only 50 cycles. Then, it is not surprising to 

record the same CA measured earlier. For OTS samples, that display the lowest lubricant level, 

CA jump up to 128° due to air pockets trapped in the nano-roughness, contrary to O2CF4 SLIS 

retaining a small amount of lubricant. 

3.5. Impregnation stability tests under severe stress  

Depletion tests carried out on O2CF4-OTS-SO350 were extended: scratching with a tweezer, 

water-dipping up to 200 cycles, and 17 min exposure to wind blowing up to 78 m/s with sprayed 

water.  

The replenishment abilities of O2CF4-OTS-SO350 samples (after undergoing 70 water-dipping 

cycles), were observed by digital microscopy after scratching the sample surfaces with a tweezer. 

Fig. 5. displays the corresponding images recorded at different elapsed times. The progressive 

disappearance of the trace left by the tweezer passing evinces a fast supplying of lubricant within 

30 sec. The corresponding self-replenishment video is available in supplementary file. This quick 

replenishment was made possible by the combination of surficial oil tank, highly deformable 

elastomeric structures and grid-like channels. Liu et al. observed replenishment at a similar 

speed after knife scratch and evidenced self-healing abilities for interconnected microchannels 

covered with cross-linked nano-sheets. They showed that several knife scratch along a droplet 

Fig. 4. Contact Angles at different surface tension measured after spin-coating at 2500 rpm, 50 (stripes) 

and 70 water-dipping cycles on OTS-SO350, O2CF4-SO350 and O2CF4-OTS-SO350 samples. 

                  



pathway did not prevent it from sliding [54]. The slippery property of SLIPS based on polyamide 

texturized by femtosecond laser by Yong et al. could also be quickly self-repaired after multiple 

knife damage due to silicone oil that spontaneously reinfuses physical voids [55].
  

 

 

To assess the limits of O2CF4-OTS-SO350 samples to water immersion, we increased the 

number of WD cycles. Fig. 6a shows the hysteresis recorded on O2CF4-OTS-SO350 samples as a 

function of the number of WD cycles. The decreasing shades of blue illustrate the increase in 

ethanol content of the testing liquid, indicating a surface tension sweep from 72.8 to 29.2 mN/m. 

We recorded severe degradation of the sliding behavior after 100 water-dipping cycles, however, 

droplet pinning at the lowest surface tension only occurs after 200 WD cycles and large 

hysteresis angles have been recorded for other surface tension values. When the lubricant level is 

too low (200 cycles of water immersion), SLIS behave like low energy textured surface as on 

can see on Fig S9c. At high liquid surface tension, they display high CA (up to 130°) due to air 

gaps trapped beneath the drop in the secondary roughness, while drops of low surface tension are 

impaled and do not slide or roll on the surface. However, the small base radius of a water drop 

(small contact line) that led the drag force to overcome the adhesion force is no longer valid 

when considering low CA values recorded at 40 mN/m, whereas the CAH are no so far apart. 

The oil covering rate drops at 25.2 ± 1.3 % and 15.6 ± 1.5 % after respectively 100 and 200 

cycles of water immersion. Those low values highlight the presence of a thin oil layer wrapping 

Fig. 5. Digital microscopy images of O2CF4-OTS-SO350 scratched (white part) after 70 water-dipping 

cycles. Scale bars represents 200 µm. 

                  



the micro-hills tops and allowing the sliding behavior to be maintained even after severe 

lubricant impoverishment.  

 

 

 

Another way to characterize the retention properties of our surfaces is to measure their optical 

transmission properties in the visible range. Thus, Fig. 6b illustrates the transmittance recorded 

at different step of the elaboration and characterization. Thick and raw PDMS surface has an 

average transmittance of 68 % that can reach 80 % when decreasing it thickness until hundreds 

of microns. However, for 200 µm-thick films obtained by double replication molding 

incorporating micrometer-sized elements, the transmittance drops to 8 %. Transparency recovery 

is observed after oil infusion process (60 %). However, after 200 WD cycles, the recorded 

transmittance drops at 10 %. Indeed, samples subjected to harsh test conditions suffer from 

drastic oil loss, resulting in a significant reduction in transparency, due to exposed micro-hill 

tops.  

 

Fig. 6. (a) Contact Angles Hysteresis of O2CF4-OTS-SO350 samples as a function of number of water-

dipping cycles. The decrease of surface tension corresponds to fading blue lines. Inset are digital 

microscopy images corresponding to lubricant covering rates after 100 and 200 cycles.  (b) Transmittance 

of 5 mm-thick PDMS (black line) and ultra-thin texturized film (full red line), O2CF4-OTS-SO350 (dash 

line) and O2CF4-OTS-SO350 after 200 water-dipping cycles (dots line). Inset are samples (2 × 2 cm²) 

photography and surface schemes corresponding to dash and dot curves. 

                  



Fig. 7a shows the hysteresis values recorded on larger samples (3 × 6 cm²) that experienced high 

speed wind up to 78 m/s. After 2 min exposure, O2CF4-OTS-SO350, hysteresis remained lower 

than 10°, but a small increase has been recorded for water-ethanol mixtures. By sputtering 10 ml 

of water, during the same exposure time, the hysteresis values at intermediate surface tension are 

slightly reduced. Contrary to “dry” exposure, CAH are similar for surface tension ranking from 

72.8 to 40.0 mN/m. This may indicate that SLIS possess fouling release properties, allowing 

elimination of dust particles that hinder drop sliding and disturb the hysteresis measurements. It 

indicates that a sufficient lubricant amount on the surface allows the SLIS anti-sticking behavior 

to prevail over adhesive property of the PDMS substrate. When performing 15 min exposure and 

additional 2 min with sputtered water, the hysteresis values increase with a factor 2 for the whole 

surface tension range.  

Fig. 7b shows hysteresis as a function of surface tension measured on O2CF4-OTS-SO350 

samples after 50 and 70 water-dipping cycles. By comparison with Fig. 7a hysteresis values are 

consistent with digital microscopy images (monitoring the lubricant covering rate) whatever the 

shear-depletion test (wind-blowing or water-dipping). After 2 min at 78m/s with 10 ml sputtered 

water or after 50 cycles of water-dipping, lubricant covering rate reached about 50 % of the total 

surface, corresponding to hysteresis values lower than 10°, regardless the surface tension. After 

15 min and a further 2 min with sputtered water at 78 m/s or after 70 cycles of water dipping, the 

lubricant covering rate has dropped to about 40 % and hysteresis values recorded at the lowest 

surface tension value start rising indicating that SLIS is undergoing slight degradation after 

prolonged exposure. 

 

                  



 

 

4. Discussion and conclusion 

The designed all-polymer SLIS made by a non-hazardous and scalable process offer great 

potential for glass coating compatible with various kind of applications. Self-peeled PDMS films 

of 200 µm thick were developed by double replication molding from a laser-ablated mold. We 

have developed an original texturized surface with micrometric structures offering deep lubricant 

tank [12,16].  Deep opened-reservoir combined with cross-linked PDMS swelling are 

undoubtedly the main advantage of SLIS to compete with SLIPS. Combined with cross-linked 

PDMS abrasive resistance, it allows the lubricant fast replenishment on the surface. We evinced 

that the amount of infused oil was lower for high viscosity oil even with optimized infusion 

procedure (low sample thickness, heating, under vacuum). However, high viscosity lubricants 

have higher shear-resistance. We have also demonstrated by qualitative visualization of lubricant 

level by digital microscopy and CAH measurements, that introduction of hierarchical structure 

and adequate chemical functionalization with OTS can delay the appearance of the strongly 

adhesive PDMS microstructures. These treatments provide a synergy to limit the lubricant loss 

until hundred successive water-dipping cycles and wind exposure, up to 78 m/s combined with 

small amount of sputtered water. However, extended wind-blowing exposure and several 

hundred cycles of water immersion cause severe and irreversible lubricant loss leading to 

Fig. 7. Contact Angles Hysteresis as a function of  surface tension measured on O2CF4-OTS-SO350 

samples after spin-coating at 2500 rpm (black), (a) after wind tunnel exposure at 78 m/s for 2 min (green) 

and for 2 min with 10 ml sputtered water (blue), after 0 min (full line) or 15 min of dry exposure (dash 

line) and (b) after 50 (full line) and 70 (dash line) water-dipping cycles. Inset images are corresponding 

digital image of lubricant level with the covering rate. 

                  



unavoidable drop pinning and severe loss of transparency due to progressive emerging micro-

hills.  

Different laser parameters or additional mechanical friction can be used to get rid of the 

micrometric hills responsible from loss of transparency and drop impalement. It is also possible 

to maintain transparency and shear-resistance by spin-coating a mixture of PDMS and silicone 

oil at the final step acting as a protective layer [19]. 

In this study, original ageing tests combined with lubricant covering rate monitoring and 

important hysteresis measurements, for a large surface tension range, were used to characterized 

the oil surfaces stability of cross-linked PDMS based SLIS. This  research can be applied  in 

many fields where both transparency and anti-biofouling properties are required [56]. For 

instance, biofouling in lab-on-chip microfluidic devices made from cross-linked PDMS could 

have detrimental impact such as cross-contamination between samples to test or led to loss of 

compounds of interest. A low-friction surface (sliding liquid) facilitates liquid transport and 

requires less actuating energy (pressure, electrical…). Transparency, when using lab-on-chip 

device, is notably important when optical read-out is used for biosensing for instance. In 

addition, those fluorine-free SLIS based elastomer, can be easily transferable on glass (ex. roll-

to-roll method) which is also a great assets for camera objectives or optical fiber coatings from 

medical purposes to out-door use under harsh conditions (marine biofouling, icephobic surfaces 

to name a few).  Finally, such anti-fouling and transparent elastomer could be used as medical 

devices properties by themselves such as intraocular or contact lenses, medical tubing (ex. 

catheters…) Naturally, such SLIS are good candidates for high-speed transport as they exhibit 

good abrasive-resistance and shear-resistance under hard wind and water exposure. 
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