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ABSTRACT 

Soft elastomers are critical to a broad range of existing and emerging technologies. One major 

limitation of soft elastomers is the large friction of coefficient (COF) due to inherently large 

adhesion and internal loss. In applications where lubrication is not applicable, such as soft 

robotics, wearable electronics, and biomedical devices, elastomers with inherently low dry COF 

are required. Inspired by the low COF of snakeskins atop soft bodies, this study reports the 

development of elastomers with low dry COF by growing a hybrid skin layer with a strong 

interface with a large stiffness gradient. Using a solid-liquid interfacial polymerization (SLIP) 

process, hybrid skin layers are imparted onto elastomers, which reduces the COF of the 

elastomers from 1.6 to 0.1, without sacrificing the bulk compliance and ductility of elastomer. 

Compared with existing surface-modification methods, the SLIP process offers spatial control 

and ability to modify flat, pre-patterned, curved, and inner surfaces, which is essential to 

engineer multifunctional skin layers for emerging applications.  

Introduction 

Tribocontact-related friction and wear contribute to around 23 % of energy consumption 

globally, thus efforts to reduce friction have a tremendous impact. 1 In most cases, this is 

achieved by lubrication using liquids (e.g., oil or water), 2 solids (e.g., graphite), 3, 4 or sacrificial 

wear layers typically made of polymers. 5 Lubrication, however, is often not applicable due to the 

constraints of working environment or concerns of contamination. Reducing dry friction is 

particularly challenging for soft materials such as elastomers, which are key components in 

emerging applications of soft robotics, 6, 7 flexible electronics, 8 and biomedical devices. 9 

Compared with hard materials (stiffness > 1 GPa), unmodified elastomers (stiffness ≈ few MPa) 

display an order of magnitude higher coefficient of friction (COF) due to both strong interfacial 
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adhesion and internal loss associated with chain relaxations. 10 Strategies to reduce the COF of 

elastomers under dry conditions must not sacrifice their inherent flexibility and ductility, which 

presents a significant materials design/modification challenge.  

Nature has provided excellent examples of surface modification strategies to overcome various 

type of challenge, for example, in wettability, 11, 12 adhesion (both dry and under water), 13, 14 

antifouling, 15, 16 and drag reduction. 17, 18 Herein, we aim to develop elastomers with low COF, 

inspired by skins of squamate reptiles, especially snakes, which display low COF during fast 

locomotion without mucus secretion from the skins. 15 The anatomy of the snakeskins20 provides 

a cue: a stiff keratin-based epidermal layer (stiffness, E, ranges between 3.2 GPa < E < 5.0 GPa) 

19 which anchors to compliant dermal stratum (E ≤ 1 MPa) 20 through flexible and stretchable 

collagen fiber organizations (15 MPa < E < 585 MPa). 22, 23 Such a large gradient of stiffness (≈ 

0.1 GPa m-1), 19, 22, 23 coupled with multiscale hierarchical textures (e.g., spines and ridges) on 

the surface of each scale, 15, 24 enables the snake to effectively minimize contact adhesion on 

different terrains, 20, 21 which results in a COF of 0.11 to 0.20 in sliding forward locomotion. 25, 26 

Such a low COF significantly reduces wear of the skin and protects the animals, even in rough 

terrain. Most critically, such a design does not sacrifice the flexibility and ductility of the dermal 

stratum, again, critical for the survival of the animals. It is worth noting that snakes do rely on 

arrays of scales and variable internal pressure to generate tunable and anisotropic friction for 

locomotion, 27 which itself is another inspiring example for macroscale mechanical design. 28 The 

focus in the present work is to engineer elastomers with “materials” responses that mimic the 

snakeskin, rather than design “system” response that mimic the snake locomotion.   

Mimicking such a skin layer on elastomers is challenging. Current surface modification methods 

such as UV/ozone, 29 chemical grafting, 30, 31 or vacuum-based thin film deposition (e.g. atomic 
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layer deposition (ALD), molecular layer deposition or (MLD) 32 or chemical vapor deposition 

(CVD) 33 typically yields a bi-layer structure with a weak interface between layers. Sequential 

infiltration synthesis (SIS), 34 an ALD-based method, can infiltrate ceramic oxides into 

elastomers but with both low penetration depth (< 1 μm) and low infiltrate concentration (< 15 % 

by mass). Manufacturing wise, SIS is inherently slow due to the large number of vacuum cycles 

required to achieve measurable amount of infiltration, which limits its application. Here we 

report a new and versatile method to grow a stiff hybrid skin on an elastomer with gradient 

stiffness and surface features that mimic snakeskin. The hybrid skin reduces the COF of the 

elastomer from 1.6 to as low as 0.1 under dry conditions, while maintaining the overall flexibility 

and ductility of the elastomer. 

Results and discussion 

Design of the SLIP method on elastomer surfaces  

Figure 1 illustrates this simple yet robust process based on a solid-liquid interfacial 

polymerization (SLIP) process: an aqueous precursor solution (2-hydroxyethyl methacrylate, 

HEMA, crosslinker polyethyleneglycol dimethacrylate, PEGDMA, and photoinitiator, 

dimethoxy-2-phenylacetophenone, DMPA) is sandwiched between an elastomer 

(polydimethylsiloxane, PDMS) and a glass slide, and subsequently photopolymerized into a 

hydrogel film, during which the growing poly (2-hydroxyethyl methacrylate) (PHEMA) chains 

infiltrate into PDMS to form a hybrid skin layer. The selection of the PDMS/HEMA system for 

the SLIP process is based on mechanical, chemical, and thermodynamic considerations. 

Mechanically, PDMS possesses subcutaneous-stratum-like stiffness (60 kPa < E < 3 MPa, 

depending on the crosslinking density), 35 while PHEMA is glassy at room temperature (Tg  85 

C) with stiffness (≈ 2 GPa) 36 comparable with the keratin scale layer. Chemically, 
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HEMA/siloxane-based formulations have been commercialized in soft contact lenses, in which 

the optimized ratio of hydrogel and siloxane ensures the biocompatibility and excellent moisture 

and oxygen permeability. 37 Thermodynamically, HEMA/PDMS system is effective for 

infiltration using the SLIP process. PDMS (solubility parameter, PDMS = 7.3 cal1/2 cm-3/2) 38 is 

incompatible with HEMA (HEMA = 13.1 cal1/2 cm-3/2). 39 The swelling of PDMS by pure HEMA 

(a liquid at room temperature) is non-detectable, and the subsequent photopolymerization results 

in no surface modification on PDMS (Figure S1). However, the compatibility changes in the 

presence of water (H2O = 23.4 cal 1/2 cm -3/2), which is a nonsolvent for PDMS, but a good 

solvent for HEMA (isomorphous at room temperature). Control experiments revealed a mass 

increase of 0.64 mg for a PDMS film (area = 1.21 cm2, thickness  450 m, total mass 50 mg) 

after being immersed in an aqueous HEMA precursor solution (20 % by mass) for 15 min. Upon 

photopolymerization using the same precursor solution, the mass uptake Δms (subscript s, 

swelling state) for the PDMS increased to 4.34 mg and then decreased slightly to Δmd = 3.27 mg 

after drying for 12h under a chemical hood (subscript d, dry state). This result suggests that water 

accounts for 26 % (= (Δms – Δmd)/Δms ) of the total mass uptake by the PDMS during the SLIP 

process. Collectively, these measurements confirm that the photopolymerization of an aqueous 

HEMA precursor solution in contact with a PDMS film results in significantly more PHEMA 

infiltration into the originally immiscible PDMS.  

The mechanism for enhanced infiltration is associated with the reduction in miscibility between 

water and PHEMA during the polymerization/crosslinking, which is commonly attributed to both 

the reduction in Flory-Huggins mixing entropy and the increase in elasticity of the crosslinking 

PHEMA network. 40 For example, the maximum swelling ratio of water in bulk polymerized 

HEMA/PEGDMA film is only 38 % by mass (of the total hydrogel), 41 as confirmed by our 
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experiments. For a HEMA precursor solution containing more than 38 % by mass water, 

photopolymerization will result in phase separation between the PHEMA network and water. 

This change in thermodynamic mixing energy drives more PHEMA chains, together with a 

certain amount of water, into the contacting PDMS, as illustrated in Figure S2.  

Based on the above analyses, we investigated the SLIP process using three precursor solutions 

with HEMA to water concentrations of 20 %, 40 %, and 60 % by mass, and the modified PDMS 

samples are referred to as HEMA_20, HEMA_40, and HEMA_60, correspondingly. PDMS 

samples with a precursor: crosslinker ratios of 5:1, 10:1 and 20:1 were investigated. Besides flat 

surfaces, PDMS with surface patterns fabricated by soft lithography (Figure S3) and 

microchannels were modified. Unless specified, all the samples were processed with 15 min pre-

soaking time, 15 min photopolymerization under 365 nm (20 mW cm -2) UV irradiation, and 

“PDMS” refers to 10:1 curing ratio (otherwise, PDMS 5:1 and PDMS 20:1).  A detailed protocol 

is provided in the Materials and Methods section and all the formulations reported are listed in 

Table S1.   

Snakeskin-inspired structure and low surface friction behaviors  

Figure 2a shows an example of a PDMS film that has an outlined region with a skin layer grown 

using the SLIP process with HEMA_20. The unmodified regions of the PDMS remain 

transparent and highly adhesive, as demonstrated by the strong adherence of a 5 g mass standard 

even at a 90o inclination. Upon surface modification using the SLIP process, the skin layer 

reduces the normal light transmittance of the PDMS from ≈ 92.9 % to 10.5 %, which transforms 

the PDMS to opaque (optical measurement details are provided in Materials and Methods and 

Supporting Information). The significant scattering of light is caused by the randomly oriented 

creases across the skin layer (Figure 2b), which are due to the compressive loading by bulk 
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PDMS on the swollen skin layer. 42, 43 From profilometer measurement across the boundary 

(Figure 2c), the modified region is ≈ 17 m thicker than the unmodified region. A cross-

sectional image of one of the creases (Figure 2d) reveals that the fractured skin layer appears 

more textured and rougher than the bulk PDMS that is smooth due to brittle failure. Based on 

such a fractographic contrast, the skin layer is highlighted by the false-colored SEM image in 

Figure 2d, which is corresponding with the color shown in anatomy of snakeskin.20   

The SLIP method is versatile, as highlighted in Figure 2e and 2f. Because infiltration is 

facilitated by photopolymerization, the method allows growth of the skin layer in a spatially 

controlled fashion. As demonstrated in Figure 2e, the skin layers grow on UV irradiated regions 

through a customized photomask, forming the “SLIP” acronym. Like other mask-based, 

diffusion-limited patterning techniques, we expect the spatial resolution of the SLIP process to 

be between 5 μm and 10 m. In addition to non-patterned or pre-patterned PDMS films, SLIP 

can modify curved surfaces, provided good contact between a precursor solution with the 

elastomer. As demonstrated in Figure 2f, a skin layer grows on the inside lumen of a PDMS 

microchannel, simply by photopolymerization of the HEMA precursor solution after filling the 

channel. In comparison, it is challenging to selectively modify such inner walls by existing 

surface treatment methods based on molecular depositions or doping. 

We first compared virgin PDMS with HEMA_20 (the sample shown in Figure 2a) using a static 

sliding friction test with a deadweight and a slope (Figure S4 and Movie S1). The static friction 

coefficient is calculated from, μs = h/l, where h and l are the height and length of the slope when 

the weight (20 g) starts to slide. For virgin PDMS, the adhesion is strong enough to prevent any 

sliding at any inclination angle, even at 180o (upside down). In stark contrast, the HEMA_20 

displays an exceptionally low value of COF, μs = 0.14 ± 0.04, which matches that of snakeskin in 
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forward locomotion. 25, 26 This comparison clearly demonstrates that the skin layer formed 

effectively reduces the adhesion contribution to the COF, imparting a slippery surface on the 

elastomer without lubrication. This is consistent with prior studies showing that PDMS surface 

wrinkles from oxygen plasma treatment displayed lower adhesion strength than flat PDMS 

surface.44,45 Given that the static sliding test is incapable of testing virgin PDMS, a ball sliding 

friction test with varying load was carried out for all the samples prepared, as discussed later.   

Surface morphologies and chemical analysis of the SLIP modified elastomer  

A benefit of the SLIP process for skin layer growth is that the skin layer is robust and tunable by 

process parameters. Figure 3a – 3c present examples of the skin layer grown on flat PDMS with 

the three HEMA precursor solutions, displaying characteristic swelling-induced crease 

morphology.  From the mass measurements discussed earlier, the SLIP with a HEMA_20 

precursor solution on a 450 m thick PDMS (50 mg) leads to 4.34 mg PHEMA uptake, i.e. an 

8 % mass increase. Correspondingly, the effective PHEMA concentration within the PDMS 

surface layer would be 80 % (or 56 %) for an infiltration depth of 10 m (or 30 m).  Such a 

significant surface swelling is constrained by the unswollen bulk PDMS, which results in the 

crease instability. 41,42  

Crease formation is commonly observed during constrained swelling or drying in hydrogels 46 

and block copolymer films.47  Increasing water content in the HEMA precursor solution causes 

the creases to evolve from isolated (Figure 3a) to cuneiform-like morphology (Figure 3b and 3c) 

with increasing aspect ratio.47  From an instability analysis, this trend in morphology reflects 

higher compressive strain and/or larger skin layer stiffness, 48 both of which are related to the 

HEMA mass uptake in the skin layer.  The isolated creases, reflecting lower degree of swelling 

and lower modulus gradient in the skin layer, are similarly observed during swelling of a piece of 
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dry hydrogel.42, 49  From stylus measurements (as summarized in Table S2), the wavelengths of 

the crease are comparable with the upper range of ventral scales of snakes (5 μm to 30 μm), 50 

while the amplitudes of the crease are larger. Cross-sectional SEM images of the skin layers 

(Figure 3d – 3f) reveal a similar trend: thicker skin layers, as approximated by the roughness of 

the fractured surface, for samples modified with higher-water-content precursor solutions.  

Supporting Information illustrates the summary of the SLIP parameters studies.  Increasing 

UV exposure from 15 min to 30 min does not impact the skin layer morphology but induces 

secondary creases perpendicular to primary creases (Figure S5a).  Such fine and hierarchical 

structure formation is attributed to release and localization of the elastic energy during the crease 

formation.51 The wavelength (λ) of the creases formed on PDMS with varying crosslinking 

density (modulus, 𝐸𝑠) can be rationalized by the classical buckling relationship: λ ∝ 𝐸𝑠
−1 3⁄ .52 

PDMS 5:1 displays similar skin layer morphology as PDMS 10:1(Figure S5b) because they 

have similar moduli. 53 In contrast, PDMS 20:1 shows larger feature sizes (Figure S5c) with the 

aspect ratio reaching 0.41 without forming cracks (Table S2), which is consistent with its low 

modulus (60 kPa).  

To better understand the surface modification, the chemical composition and stiffness of the skin 

layers grown under the above-mentioned conditions were characterized. Both Attenuated Total 

Reflectance Fourier Transform Infrared (ATR-FTIR, probing depth 1 μm to 2 μm, Figure S6 

and Table S3) and X-ray Photoelectron Spectroscopy (XPS, probing depth 5 nm to 10 nm, 

Table S4) measurements confirmed that the skin layers are composed of both PHEMA and 

PDMS. Assuming the PHEMA/PDMS composition within the XPS sampling depth is constant, 

the measured atomic percentage, and accordingly the estimated mass and volume fractions (see 

Supporting Information for detailed conversion), of the PHEMA within the top of the skin 
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layers are shown in Figure 3g. 54 The data confirm that an increase of water mass fraction in the 

precursor solution from 40 %, to 60 %, to 80 % leads to an increase of PHEMA infiltration from 

11.3 %, to 46.4 %, and to 69.2 %, in agreement with the infiltration mechanism discussed earlier. 

Correspondingly, such an increase in PHEMA content makes the skin layer more hydrophilic, 

with water contact angle (WCA, Figure 3h) decreasing from 111.7, to 64.0, to 53.4, 

respectively. For reference, pure PDMS and PHEMA display WCA of 107.8 55 and 37.9, 56 

respectively. The slight increase in WCA for the skin layer containing 11.3 % PHEMA is 

attributed to an increase in the surface roughness (Figure 3a – 3c). 57 

Surface and bulk mechanical characterization of the SLIP modified elasotmer 

Based on the percentage of PHEMA, the surface modulus of the skin layers, Es, can be estimated 

using a mixture rule, 58 

𝐸𝑠 = 𝛷𝑃𝛦𝑃 + 𝛷𝛨𝛦𝛨                      (1) 

Where ΦP and ΦH are the volume fraction of PDMS and PHEMA, while EP and EH are the 

Young’s modulus of PDMS (1.74 MPa ± 0.15 MPa) and PHEMA with 5 % cross-linker (2.53 

GPa ± 0.22 GPa) as measured by dynamic mechanical analysis (DMA) (Table S5). 36 The 

calculated modulus of the hybrid skin layers ranges from 0.24 GPa to 1.65 GPa, which is up to 3 

orders of magnitude stiffer than the bulk PDMS, and comparable with the keratin layer of the 

snakeskin.  

Additionally, we directly measured the modulus of the skin layers using atomic force microscopy 

(AFM) fast force mapping. 26, 59 The average values obtained for each sample are plotted in 

Figure 4a, and the corresponding modulus maps for HEMA_60 and HEMA_20 are shown in 

Figure 4b and 4c). The experimental values display the same trend as the values calculated from 
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the rule of mixture, but absolute values are slightly lower. This discrepancy could be attributed to 

the fact that the indentation-based AFM measurements probes a larger depth than the XPS, 

reaching regions with lower PHEMA concentrations (and correspondingly lower stiffness). 

Furthermore, AFM measurements also show a skin layers on the PDMS 20:1 that is stiffer (E = 

1.87 GPa, Figure S7) than on PDMS 10:1 prepared under identical SLIP conditions (E = 1.57 

GPa, Figure 4c), suggesting a higher degree of PHEMA infiltration consistent with the larger 

creasing structures observed (Figure S5). The high-resolution modulus maps also reveal that the 

skin layer is microscopically heterogenous for HEMA_60 (Figure 4b) with stiff, PHEMA-rich 

domains (size 55.9 nm ± 19.4 nm) dispersed within the soft PDMS-rich continuous phase. A 

phase inversion occurs with an increase of the PHEMA concentration (Figure 4c and Figure 

S7), as the stiff PHEMA phase becomes the continuous phase.  

To determine the impact of the skin layer formation on the overall mechanical characteristics of 

the PDMS, we measured stress-strain responses (Figure 4d) of all the samples under uniaxial 

tensile loading. The Young’s modulus, ultimate tensile strength, and failure strain from the 

measurements are summarized in Figure 4e. The PHEMA infiltration in the skin layer only 

slightly increases the overall stiffness of the PDMS, up to 18 % for the sample with the highest 

PHEMA infiltration (HEMA_20). Perhaps the most significant impact is that the skin layer 

reduced the engineering failure strain from 102.3 % ± 12.1 % to 52.6 % ± 8.4 %, progressively 

with the increase of PHEMA content in the skin layers. This naturally leads to a proportional 

reduction in the ultimate tensile strength. Such a reduction in ductility is expected from both the 

formation of a continuous glassy layer with creases acting as stress-localization features. 

Nevertheless, even the lowest failure strain, exhibited by HEMA_20, is well within the range of 

snakeskins (17 % to 69 %) from different species and habitats. 22, 23 Furthermore, the reduction in 
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failure strain, if necessary, is mitigated by designing (or patterning) a discontinuous skin layer, as 

observed in the arrays of the scales on snakeskin, to minimize the stress localization.  In brief 

summary, the above analysis shows that the SLIP process effectively imparted hybrid 

HEMA/PDMS skin layers with up to 3 orders of magnitude higher stiffness than bulk PDMS 

while preserving its overall softness and ductility. Such a snakeskin-like large gradient stiffness 

associated with diffusional infiltration yields a strong interface that prevents delamination under 

loading. 48 

Tribological study of the SLIP mothed modified elastomer surfaces 

To quantify the COF for all the samples prepared (including virgin PDMS), we implemented a 

sliding friction test under automatically controlled 1 N, 5 N, and 10 N normal loads with a 

velocity of 10 mm/s under a relative humidity of 20 %. 60 The dynamic COF µD during sliding is 

calculated from, 

𝜇𝐷 = 𝑓/𝑃                                 (2) 

where f is the sliding frictional force under the normal load P. The average COF from 100 cycles 

(Figure S8) of measurements under 1 N normal force for virgin and modified PDMS samples 

are shown in Figure 5a. For virgin PDMS, the μD = 1.6 is a typical large value for elastomers. 61 

In stark contrast, the skin layers reduced the COF for all PDMS samples by nearly 10 times (μD

 

= 

0.14 to  μD

 

= 0.18), reaching the typical values for snakeskin. As a validation, the value for 

HEMA_20 obtained from the dynamic sliding test matches well with that obtained from the 

static friction test mentioned earlier (Figure S4 and Movie S1).  

Interestingly, the data indicates that the μD of the modified PDMS is nearly independent of the 

PHEMA percentage for all three modified samples. By approximating the skin layers as smooth 
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and homogenous layers, the mechanical contact between the chrome-steel sphere and the PDMS 

films (illustrated in Figure 5b) were simulated using Finite Element Modeling (FEM) analysis 

(Figure S9). Under 1 N normal force loading, a smooth stiff skin layer (thickness  10 m) atop 

the bulk PDMS reduces the apparent contact area (A0  a2, a is the contact radius shown in 

Figure 5b) from 0.91 mm2 for unmodified PDMS, to 0.87 mm2, 0.78 mm2, and 0.76 mm2 for 

HEMA_60, HEMA_40, and HEMA_20, respectively (Table S6). Correspondingly, the contact 

(deformation) depth (hc, Figure 5b) reduces from ≈ 0.15 mm, to 0.14 mm, 0.13 mm, and 0.13 

mm. This analysis confirms the critical importance of the surface features on these skin layers, 

which are not captured by the FEM simulations, on the contact deformation of the surfaces. 

These features could cause more substantial reduction in contact area due to local asperities. A 

more rigorous mechanical analysis with the knowledge of the stiffness gradient (rather than a 

homogenous skin layer) is needed to precisely predict the contact deformation. Unfortunately, it 

has been challenging for us to directly measure the depth-dependent modulus on the 

cryomicrotomed PDMS skin layer using AFM. 

To determine the origin of the COF reduction for the SLIP samples, Figure 5c shows the 

dynamic COF of the PDMS samples as a function of P -1/3, where P = 1 N, 5 N, and 10 N as used 

in the experiments. For virgin PDMS, a linear correlation between μD and P -1/3 is observed (R2 = 

0.98), which is expected by considering the relationships between normal force, frictional shear 

stress, and contact area for the smooth PDMS (see Supporting Information for the derivation). 

62 Interestingly, an inverse relationship is observed for all the modified PDMS samples. For 

HEMA_60 and HEMA_40, μD increases only slightly with the increase of load, up to 0.3 and 

0.2, respectively, under 10 N (i.e. P -1/3 = 0.46) loading.  In contrast, μD of HEMA_20 increases 

to 0.6 under 10 N loading, which is only slightly below the value of virgin PDMS under the same 
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loading condition. As derived in the Supporting Information, the Coulomb friction behavior 

(load independent μD, as seen for HEMA_60 and HEMA_40) is expected when frictional shear 

stress () is constant under a given sliding velocity, while an increase of μD with P (as seen for 

HEMA_20) is expected when  increases with P.   

Aside from increasing surface stiffness, contact area and thus COF, can separately be reduced by 

engineering the surface topography. 63 Indeed, we fabricated PDMS patterned with a microlens 

(diameter 5.1 ± 0.4 μm) array using soft lithography with templates fabricated with breath-figure 

templated self-assembly (Figure S3). 64 Mechanically, the dome-shaped microlens is effective at 

reducing contact area, which leads to a four-fold reduction in μD compared with non-patterned 

PDMS (from 1.6 to 0.43, Figure 5a). With subsequent SLIP modification, the skin-layer (Figure 

5d) imparts an additional four-fold reduction in μD, from 0.43 to 0.12 and 0.1, with HEMA_40 

and HEMA_20 precursor solutions.  Figure 5e shows a skin layer grown on PDMS pre-

patterned with Sharklet features (width and height of the lines ~ 2 μm).65 Similar to the microlens 

example, the presence of the Sharklet pattern on PDMS alone reduces the μD from 1.6 to 0.92, 

and a further reduction to ≈ 0.2 was achieved with SLIP process. These comparisons show that 

the combination of stiffness and surface features are important for achieving ultralow COF for 

elastomers under dry condition, presumably by minimizing contributions from adhesion and/or 

internal loss from bulk PDMS.   

In nature, a great variety of microstructures on the scales of snakes have evolved to adapt to 

different habitats: leaf-like or ridge-like micro-/nanostructures that offer better camouflage, 24 

spines with a few-micrometer scale that inhibit wetting and contamination, 15 and net-like micro-

ornamentations to further reduce the friction resistance during sliding. 26 The integration of SLIP 

with other fabrication/lithography techniques offers a path to engineer skin layers that capture 
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the complexity, and thus achieve multifunctionalities, of the different snakeskins. For example, 

the combination of the SLIP process with Sharklet patterning (Figure 5e) not only reduces the 

COF, but also reduces the normal (i.e. at 0 o incident angle) light transmission of PDMS to only 

2 % while maintaining a total (i.e. at all forward angles) transmission of 88% (Figure S11). Such 

a light-diffusing capability compares favorably with commercial optical diffusers. Such 

synergistic benefits of the SLIP with patterning may be in addition to known benefits of the 

sharklet pattern such as its resistance against microbial attachments. 15 

We further confirmed the friction reduction in PDMS 20:1 system (Figure 5f), which shows a 

similar trend as PDMS 10:1. Despite its lower modulus, virgin PDMS 20:1 shows lower μD than 

PDMS 10:1. This phenomenon is attributed to the presence of more free and dangling chains in 

PDMS 20:1, as this ratio is off-stoichiometry for the formulation, which enhances the lubrication 

effect. 66 Upon SLIP modification, μD of the PDMS 20:1 reduced to 0.12, 0.18, and 0.14 when 

HEMA_60, HEMA_40 and HEMA_20 precursor solutions were used, respectively. The 

applicability of the SLIP on the more compliant elastomer substrate further extends the stiffness 

ratio between surface and bulk with a low-friction surface and a robust interface, as manifested 

in snakeskins. 

Conclusion 

In conclusion, we report controlled growth of hybrid skin layers on elastomers with large 

stiffness gradient and strong interface inspired by snakeskins. Using a SLIP process, hybrid 

PHEMA/PDMS skin layers with tunable composition and morphology were demonstrated. 

Without sacrificing the overall compliance and ductility, the skin layers reduced the COF of 

PDMS with varying crosslinking density by more than 10-fold, reaching the value observed in 

snakeskin. The method offers spatial control with photopatterning, compatibility with other 
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fabrication techniques such as soft-lithography, and the ability to modify curved inner surfaces. 

With the rapid development of elastomer-based technologies such as soft robotics, the work 

presented here provides a unique capability to design multifunctional skins with low frictional 

loss.  

Materials and Methods 

Precursor solution preparation   

The aqueous precursor solution contains HEMA (monomer), poly (ethylene glycol) 

dimethacrylate (PEGDMA, crosslinker) with M𝑁
̅̅ ̅̅  = 750 g/mol, and 2,2-Dimethoxy-2-

phenylacetophenone (DMPA, photo initiator). Chemical structures of these components are 

shown in Figure 1 of the main text. The homogenous solution was prepared by (1) sonicating 

HEMA, PEGDMA (5 % of HEMA by mass) and DMPA (1 % of HEMA by mass) mixture; (2) 

adding different amount of DI water in to above-mentioned mixture to reach water concentration 

to 40 %, 60 % and 80 % by mass; (3) degassing before casting onto PDMS substrates.  

PDMS substrate preparations      

PDMS films (Sylgard 184, Dow Corning) with base-to-curing-agent ratio of 5:1, 10:1 and 20:1, 

were cured at 80 °C for 2 h, and were cut into 30 mm × 30 mm pieces (≈ 5 mm thick) for the 

subsequent experiments. Surface-patterned PDMS films were prepared using soft lithography. 

Two surface patterns were fabricated: a microlens array and a Sharklet AFTM features.  The 

microlens patterns with diameter of 5.01 ± 0.37 μm were replicated from a template fabricated 

using breath-figure templated assembly, 64 while the Sharklet pattern with both the width and 

height of ~2 μm 65 was replicated from a commercial template from Sharklet Technology 

(Aurora, CO, USA). Images of the two patterned PDMS samples are shown in Figure S3.  A 



 

 

17 

PDMS microchannel was used for demonstrating the SLIP process. The microchannel was cast 

using PDMS 10:1 mixture into a homemade chamber of two concentric cylinders (inner radius is 

0.8 mm and outer radius is 1.4 mm).  All the patterned PDMS and PDMS microchannel were 

cured using the same protocol as the non-patterning films.   

SLIP process   

As illustrated in the main text (Figure 1), a given HEMA precursor solution was drop cast atop a 

PDMS substrate and capped with a glass slide using a 1 mm thick spacer.  After conditioning for 

15 min, the sample was irradiated with a UV light (365 nm, 20 mW cm -2) for 15 min or 30 min.  

Next, the slide and the crosslinked PHEMA hydrogel film were removed. The PDMS surface was 

then rinsed thoroughly with DI water and dried under ambient condition.  In this study, the PDMS 

substrate properties (crosslinking density, no pre-patterning and pre-patterned) and aqueous 

solution concentrations of HEMA were systematically compared. All the samples examined are 

listed in Table S1.  

Bulk PHEMA hydrogels preparation  

As control samples, bulk polymerization of all the HEMA precursor solutions (HEMA-water 

ratios of 20-80, 40-60, and 60-40), as well as HEMA/PEGDMA/DMPA precursor (no solvent), 

were carried out. All three precursor solutions led to phase-separated hydrogels (indicated by the 

light scattering). The polymerized bulk PHEMA (a solid film) was swollen in DI water overnight 

to determine its equilibrium water absorption.   

Mass uptake measurement 

Mass uptake of the PDMS was measured in three following scenarios using identical PDMS 

substrates with a thickness of 458 μm and an area of 1.21 cm2: (1) PDMS after being immersed 
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in pure HEMA monomer (liquid at room temperature) for 15 min; (2) PDMS after being 

immersed in an aqueous HEMA solution (20 % by mass) for 15 min; and (3) PDMS after the 

SLIP process using a 20 % by mass HEMA precursor solution.  In scenario (1), no mass uptake 

was measured.  In scenario (2), a mass increase of 0.64 mg was measured, indicating small 

amount of precursor solution infiltrated into the PDMS surface.  In scenario (3), the mass 

increase was Δms = 4.34 mg, suggesting significantly higher amount of mass infiltration. After 

drying, the mass increase was reduced to Δmd = 3.27 mg.  

Chemical composition analysis of HEMA/PDMS hybrid skin layer 

Attenuated total reflection Fourier Transform infrared (ATR-FTIR) measurements were carried 

out on a FTIR spectrometer (Nicolet 8700) with attenuated total reflectance (Smart ARK, 

Thermo Fisher Scientific). Spectra were collected on a ZnSe crystal and were averaged over 32 

scans with a resolution 4 cm -1. The angle of incidence on the Smart ARK was set to match the 

ZnSe crystal (45°). A pressure clamp was used to ensure intimate contact between the sample 

and the crystal.  

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos AXIS Ultra 

DLD spectrometer with a mono-chromated Al Kα source operating at 1486.6 eV and 140 W.  

The base pressure of the sample analysis chamber was ≈ 2.0 × 10−9 Pa, and spectra were 

collected from a nominal spot size of 300 μm × 700 μm.  Atomic composition was determined 

from survey scans over a binding energy range of (0 to 1200) eV, pass energy of 160 eV, step 

size of 0.5 eV, and dwell time of 0.1 s.  All XPS data analysis was performed using the CasaXPS 

software package. 

Water contact angle (WCA)  
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WCA measurements were carried out to determine the wettability of the PDMS surfaces. A 

sessile-drop method (2 μL DI-water droplet) was used with a custom-built image system 

(Fastcam SA4, Photron). For each sample, at least three repeated measurements were carried out, 

and the average values are reported here. 

Scanning electron microscopy (SEM)  

SEM measurements of both the surface and cross-sectional morphologies of the SLIP-modified 

PDMS surface were characterized by field-emission SEM (FESEM, JEOL JSM-7401F). The 

cross-sections were prepared by freeze fracture in liquid nitrogen, and all the samples were 

coated with a 5 nm platinum layer before the measurement.  

Profilometer  

Profilometer (Dektak 3030) measurements were carried out to determine the surface profile of 

the skin layer.  A stylus with 12.5 μm radius is equipped with 1 mN force loading on the sample. 

For each measurement, the stylus scans 30 μm in the horizontal direction at a low speed. The 

values reported here is the average of 6 measurements from randomly selected regions across the 

surface.  

Atomic Force Microscopy (AFM)  

AFM (Cypher, Oxford Instruments) based indentation measurements were carried out to probe 

the nanoscale mechanical properties of the skin layer, using a fast-force mapping mode. This 

technique provides a rapid force-volume mapping of surfaces, which calculates a spatially 

resolved sample modulus. A cantilever with a spring constant of 27.8 N m-1 (PPP-NCLR, 

Nanosensors) was chosen as it provided optimal sensitivity when performing force curves on the 

samples. An indentation force of 150 nN was chosen for mapping since the resulting indentation 
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depth, 10 nm ± 2 nm, provided sufficient signal for a contact mechanics model to calculate 

sample modulus. The default Hertz contact mechanics model was used to fit the force curves, 

using a tip radius of 15 nm, determined from a calibration measurement on polystyrene (E = 2.8 

GPa), as an input into the model. The z-axis in the resulting images represents the surface 

topography while the color overlay displays modulus. 

Transmission characterization of modified elastomer  

UV-vis-NIR spectrophotometer (Cary 5000i, Shimadzu UV-3101PC) was used to measure the 

transmission of SLIP-modified PDMS (2 mm in thickness with one surface treated), including 

the normal transmission and the total transmission. The normal transmission was measured with 

light detector for all light transited within 4 of absolute normal transition. The total transmission 

was tested on the same UV-vis-NIR spectrophotometer coupled with an integrating sphere 

(Shimadzu ISR 3100). For both measurements, the light source in the spectrophotometer passes 

through a 30 mm wide slit, producing two spilt optical beams: one serves as a reference beam, 

and the other is the signal beam hitting the sample with a 90 incidence angle. As in total 

transmittance setup, the PDMS film is put at the entrance of the chamber and the signal beam 

passes through the sample. All the light transmitted through the PDMS hits and scattered by 

standard white board (Labsphere SRS-90-010) and collected by photodetector.  The normal 

transition of the PDMS is calculated after normalizing the intensity to the bassline signal. 

Friction tests of modified elastomer surfaces 

Static sliding friction tests were carried out to determine the coefficient of friction (COF) for 

virgin PDMS and HEMA_20. The sample is fixed on a stage with a deadweight of 20 g placed 

on the surface. Next, the stage is gradually tilted to increase the inclination angle, and the critical 
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angle () at which the weight starts to slide is recorded (Figure S4). The static friction 

coefficient of the sample is determined from tanθ. The video of the experiment can be found 

online. 

Dynamic sliding friction tests were performed in a ball-on-disc configuration. The tests were 

performed at three different automatically controlled normal loads at 1 N, 5 N, and 10 N. A 

linear reciprocating test with 10 mm s-1 speed and 5 mm stroke length were performed using a 

UMT-2 (Bruker, USA). All the tests were performed for 100 cycles. A 6.3 mm diameter chrome-

steel ball was used as the counter surface. The counter surface was cleaned in acetone for 5 

minutes, followed by isopropanol for 5 minutes before drying in nitrogen gas. 
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FIGURES  

 

Figure 1. SLIP process for forming PHEMA/PDMS hybrid skin, including capping aqueous 

HEMA solution atop PDMS, photopolymerization, and removal of the PHEMA hydrogel.  
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Figure 2. (a) Photograph showing entire PDMS (red square) with one region (white square) that 

has HEMA/PDMS hybrid skin layer grown. (b) Scanning electron microscope (SEM) image 

showing the boundary between unmodified and modified PDMS shown in (a). (c) Surface profile 

across the boundary from stylus measurement. (d) SEM image (bottom) showing the cross-

section of the modified PDMS, and false-colored image (top) based on fractography, i.e., 

smoothness of the fractured surface. (e) Patterned skin layer (white regions) on PDMS using a 

custom mask of a “SLIP” acronym. (f) The skin layer is grown within the lumen of a PDMS 

microchannel. The surfaces in (d) and (e) were modified with 20 % HEMA precursor solution. 
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Figure 3. (a - c) SEM images of PDMS surfaces, modified using SLIP process with varying 

HEMA concentrations as labelled.  (d - f) are the corresponding cross-sections of the samples 

shown in (a - c). The scale bars represent 50 m in (a - c), and 5 m in (d - f).  (g) The atomic 

percentage of Si from X-ray photoelectron spectroscopy (XPS) measurements, and 

correspondingly the estimated PHEMA mass fraction, for skin layers grown using different 

HEMA precursor solutions.  (h) Water contact angles of the skin layer as a function of PHEMA 

mass fraction determined in (g). 
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Figure 4. (a) Modulus of the skin layers calculated (yellow bars) according to PHEMA 

concentration from XPS measurements, as well as averaged from AFM (green bars) fast force 

mapping.  (b) and (c) show the modulus map of skin layers from high-resolution AFM fast force 

mapping for HEMA_60 and HEMA_20.  (d) Stress-strain curves from uniaxial tensile tests of 

PDMS with different skin layers, with correspnding Young’s modulus, ultimate strength and 

strain-at-fracture summarized in (e). 

 

 

 

 



 

 

26 

 

Figure 5. (a) Coefficient of friction (COF), under normal force P = 1 N as a function of surface 

PHEMA percentage for all PDMS 10:1 samples. (b) Illustration of detector tip with radius R 

contacting a compliant flat elastomer surface results in an indentation depth ht, a contact depth hc 

and a contact radius a.  (c) COF as a function of P-1/3. The lines represent linear fit of the 

experimental data. SEM images of the skin layers grown on PDMS prepatterned with (d) 

microlens array and (e) sharklet pattern. The scale bars represent 50 m. Inset of (d) shows the 

higher resolution SEM of a microlens patterned PDMS with a corresponding scale bar of 10 m. 

(f) COF (under 1 N normal force loading) for PDMS 20:1 prepared using varying HEMA 

precursor solutions. The surfaces in (d) and (e) were modified with 20 % HEMA precursor 

solution. 
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S1. Polydimethylsiloxane (PDMS) surface after 2-hydroxyethyl methacrylate (HEMA) bulk 

photopolymerization atop.

Figure S1. Optical microscope image of PDMS surface after HEMA bulk photopolymerization 
(i.e., in the absence of water).

S2. Illustration of monomers transfer in the Solid-Liquid Interfacial Polymerization (SLIP) 
process

 
Figure S2. Illustration of monomer/polymer infiltration and polymerization in PDMS surface 
network.  
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S3.  Patterned PDMS samples

Figure S3. SEM images of the PDMS with (A) microlens array, and (B) Sharklet patterns.

S4.  Examined samples 

Table S1. Summary of the SLIP process conditions used in this study

PDMS Pre-pattern Reaction time (min) Monomer (% by mass) - water (% by mass)
10:1 None 15 60-40
10:1 None 15 40-60
10:1 None 15 20-80
10:1 None 15 20-80
20:1 None 15 20-80
5:1 None 15 20-80
10:1 None 30 20-80
10:1 Sharklet AFTM 15 20-80
10:1 Microlens array 15 20-80
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S5.  Static sliding friction tests 

Figure S4. Schematics of the sliding friction behavior test.

S6.  SEM images of surface morphology of skin layers of modified PDMS

Figure S5. SEM image of surface morphology of PDMS modified with HEMA_20 solution (A) 
PDMS 10:1 form 30 min, (B) PDMS 5:1 for 15 min, and (C) PDMS 20:1 for 15 min.
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S7.  Feature type and corresponding size of the topography on the skin layers

Table S2. Summary of modified PDMS surface morphology and corresponding feature 
size

Reaction 
time

PDMS 
substrate

HEMA/ 
water ratio

Morphology lateral size 
(μm)

Vertical 
size (μm)

Aspect 
ratio

5:1 20/80 Cuneiform-like creases 28.9  6.4 5.6  1.8 0.19

20/80 Cuneiform-like creases 28.9  8.1 6.3  1.3 0.21

40/60 Cuneiform-like creases 27.2  4.4 4.9  1.6 0.18

Distance 
between 
adjacent 
parallels

56.0  9.7

10:1

60/40 Isolated 
linear 
creases

Length of 
the line

38.0  8.8

5.9  1.3 0.10

15 min

20:1 20/80 Deep creases 41.1  10.5 17.0  4.9 0.41
Large 
crease

31.7  5.030 min 10:1 20/80 Creases with 
hierarchical 
structure Small 

crease
7.0  1.2

6.7 1.7 0.21
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S8.  ATR-FTIR analysis

Figure S6. ATR-FTIR spectra of PDMS, PHEMA hydrogel and modified PDMS surfaces. 
The characteristic absorption bands of PDMS and PHEMA corresponding groups are 
indicated by blue and orange dash lines, respectively.

Table S3. IR absorbance band (cm-1) of PDMS, PHEMA and modified PDMS films

Assignments PHEMAa) PDMSb) Modified PDMS
Si-C vibration - 709 696
Si-O-Si stretching - 793 799
methyl groups - 2970 2969
C-O stretching 1160 - 1158

1731 - 1727C=O stretching 
2360 - 2358

hydroxyl group 3100 - 3700 - 3100 - 3700
Reference of IR spectra for characteristic vibrations in a) PHEMA; 1, 2, 3 b) PDMS. 2,4
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S9.  XPS analysis 

Table S4. Surface chemical composition of modified PDMS by XPS measurement.

Sample C (%) O (%) Si (%) C from PDMS (%) PDMS (wt. %) PDMS (v. %)
PDMS a) 47.1 25.1 27.7 - -
60-40-15 min 66.3 27.7 6.0 10.2 88.7 90.3
40-60-15 min 61.1 26.8 12.1 20.6 53.6 57.9
20-80-15 min 51.6 24.8 23.6 40.1 30.8 34.6

a) Data from reference 5.

The weight percentage of PDMS (wP) in the skin layer is estimated based on the atomic 

percentage of Si from XPS given the stoichiometry of PDMS. The volume fraction of PDMS 

(VP) is estimated using density of PDMS (ρP = 0.97 g/cm3) and PHEMA (ρH = 1.15 g/cm3), 

;                            (S1)𝑉𝑃 =
𝑤𝑃 ∙ 𝜌𝐻

𝑤𝑃 ∙ 𝜌𝐻 + 𝑤𝐻 ∙ 𝜌𝑃

S10. Modulus of hybrid skin layer and PDMS substrate

Table S5. Summaries of modulus of hybrid skin layer and PDMS substrate

PDMS Reaction conditions Substrate modulus (MPa) Hybrid skin layer modulus (GPa)
60-40-15 min 1.8  0.2 0.24
40-60-15 min 1.8  0.2 1.06

10:1 
 

20-80-15 min 1.8  0.2 1.65
5:1 1.5(tensile) 2.7 (buckling)a) N/A
20:1 

20-80-15 min
0.65 N/A
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a) Data from reference 6. 

S11. Surface modulus measurement by AFM fast force mapping

Figure S7. Modulus map of skin layers from high-resolution AFM fast force mapping for 
HEMA_20 by using PDMS 20:1.
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S12. Dynamic sliding friction behavior of PDMS samples

Figure S8. Summary of the multiple cycles of COF measurements for PDMS samples under 1 N 
load. (A) 10:1 PDMS samples, (B) 20:1 PDMS samples, (C) Sharklet AFTM pre-patterned PDMS 
samples and (D) Microlens pre-patterned PDMS samples. 
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S13. Finite Element Modeling (FEM) simulation of contact area and contact depth

We estimated the contact areas between the spherical Chrome steel indenter and the PDMS using 

FEM simulation. For all modeling cases, the steel indenter (radius R = 3.15 mm) is treated as 

rigid (i.e. no deformation) with an elastic modulus and Poisson’s ratio of 265 GPa and 0.2, 

respectively. The thickness of all the PDMS samples is 1 mm.  For unmodified PDMS, the 

elastic modulus and Poisson’s ratio are 1.74 MPa and 0.5, respectively.  The SLIP-modified 

PDMS samples are treated as bi-layers with a smooth, homogenous skin layer atop the 

unmodified PDMS.  The elastic moduli of the skin layers are 0.11 GPa (HEMA_60, AFM 

measurement), 1.07 GPa (HEMA_40, calculated value from mixing rule), and 1.57 GPa 

(HEMA_20, AFM measurement), respectively.  The Poisson’s ratios of the skin layers are 

estimated, using composite rule based on PHEMA/PDMS composition, as 0.48, 0.42 and 0.37, 

for HEMA_60, HEMA_40, and HEMA 20.  Note that, the variation of Poisson’s ratio, from 0.32 

(glassy state PHEMA) to 0.5 (pure PDMS), has a negligible impact on the results obtained 

below.  Lastly, the thickness of the skin layer is 8 μm, 10 μm and 10 μm for HEMA_60, 

HEMA_40, and HEMA_20, respectively,

The real contact depth hc, as illustrated in Figure 5b in the main text, can be calculated as: 

                 (S2)ℎ𝑐 = 𝑅 ― 𝑅2 ― 𝑎2
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Figure S9 show the stress profile of PDMS and HEMA_20 under 1N normal force loading.  

Figure S10 summarizes the force-contact area relationship for the four samples obtained from 

the FEM simulation.  Most importantly, the simulated contact area A (estimated as πa2) and the 

real contact depth hc under 1 N normal force loading are listed in Table S6.

Figure S9. FEM simulation of normal indentation on: (A) the pure PDMS and (B) the modified 
PDMS HEMA_20.
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Figure S10. Relationship between normal force and contact radius obtained from FEM 
simulation.

Table S6. Estimated contact area under 1N load from FEM simulation

Samples Contact area πa2 (mm2) Real contact depth hc (mm)

Pure PDMSa) 0.91 0.15
60-40_15 min 0.87 0.14
40-60_15 min 0.78 0.13
20-80_15 min 0.76 0.13

a) The Young’s Modulus of HEMA_40 PDMS surface was used from the calculated result by 
polymer blender model, otherwise applied Young’s Modulus was from experiment data by AFM 
modulus mapping measurement. 

Above analysis shows that the hybrid skin layer slightly reduces the contact deformation of the 

PDMS surface. The PDMS substrate is much thicker than the skin layer, so that the contact 

radius is still dominated by the soft PDMS under normal force range of 1 N to 10 N, as employed 

in this study. 



S-13

S14. Relationships between kinetic COF and the normal load P

The kinetic friction coefficient under sliding, μD, is defined as, 

                                    (S3)𝜇𝐷 =
𝑓
𝑃

where f and P are the tangential (friction) force and normal force experienced by the sliding 

sphere. The friction force f can be estimated by,

                                    (S4)𝑓 = 𝐴𝜏

where A is the contact area and τ is the frictional shear stress within the contact area. Substituting 

Equation S3 into Equation S4 results in the following expression for the kinetic friction 

coefficient,

                            (S5)𝜇𝐷 =
𝐴𝜏
𝑃 =

𝜏
𝜎

where σ = P/A is the average contact pressure. The frictional shear stress τ can be calculated 

using Persson’s theory. 7 Without engaging mathematical details of this theory, we note that τ is 

determined by matching the power of frictional dissipation and the rate of viscoelastic loss in the 

elastomer substrate. As a result, τ was found to depend on the sliding velocity, the viscoelastic 

complex modulus of the substrate, and the surface roughness, but independent of the normal load 

P or contact pressure σ (assuming small deformation). Next, we use Equation S5 to discuss the 

scaling relation between μD and P.  

 (1) For non-patterning PDMS surface

We model the unmodified PDMS as an infinite substrate with a smooth surface. According to 

Persson, 7 the friction shear stress  is constant under a given sliding velocity and is independent 

of the normal load P. On the other hand, the average normal pressure σ depends on both P and 

contact area A,
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                                     (S6)𝜎 =
𝑃
𝐴

and the real contact area A (A = πa2, a is the radius of real contact area) can be determined by the 

Hertz theory, 8

                              (S7)𝑎3 =
3𝑅

4𝐸 ∗ 𝑃

The equivalent modulus, E*, is estimated using:

                     (S8)
1

𝐸 ∗ =
1 ― 𝑣2

𝑃

𝐸𝑃
+

1 ― 𝑣2
𝑖

𝐸𝑖

where E is the elastic modulus and  is the Poisson’s ratio, the subscript “P” and “i” corresponds 

to PDMS and the indenter tip, correspondingly. Therefore, the average normal σ and P has the 

following relationship,

              (S9)𝜎 =
𝑃
𝐴 =

𝑃
𝜋𝑎2 =

1
𝜋( 3𝑅

4𝐸 ∗ ) ―2/3
𝑃1/3 ∝ 𝑃1/3

Combining Equation S5 and S9, we find that

                      (S10)𝜇𝐷 =
𝜏
𝜎 ∝ 𝑃 ―1/3

(2) For the modified PDMS surface with creased skin layers

The PHEMA/PDMS skin layer differ from the non-patterning PDMS in both the gradient 

stiffness and the surface roughness. The creasing structure makes the real contact area, denoted 

as AR, smaller than the nominal contact area A as in the case of a non-patterning surface. As a 

result, the nominal contact area A in Equation S4 and S5 should replace by the real contract area, 

yielding

            (S11)𝜇𝐷 =
𝐴𝑅𝜏

𝑃 =
𝐴𝑅𝜏
𝐴𝜎 =

𝜏
𝜎

𝐴𝑅

𝐴
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where σ = P/A is the average contact pressure based on the nominal contact area. The ratio AR/A, 

ranging from 0 to 1, depends on the native surface roughness profile as well as the average 

contact pressure σ which acts to flatten the surface roughness. A good approximation of AR/A can 

be obtained at small contact pressure σ as AR/A ~ σ, 7 which leads to

                                         (S12)𝜇𝐷~𝜏

Depending on the dependency of τ on P, the two following scenarios can occur:

 If we assume τ remains constant under a fixed sliding velocity, μD becomes a constant 

and independent of P, a behavior agrees with Coulomb friction.  

 However, if τ increases with P, due to the flattening of the asperities/features, μD 

increases with P, which leads to the trend observed in Figure 5c. 

S15. Normal transmission and total transmission of PDMS films

Figure S11. (a) Normal transmission and (b) total transmission of flat PDMS, Sharklet patterned 
PDMS and SLIP modified PDMS films (both flat and Sharklet-patterned).
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