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Abstract 

Developing robust water-repellent textiles is critical for outdoor, protective, and industrial 

applications. However, achieving long-lasting water repellency under mechanical stress remains a 

significant challenge. Conventional approaches typically rely on nanoparticle assemblies or PFAS-

based finishes, which often detach or degrade when subjected to abrasion or harsh conditions. Here, 

we demonstrate a molecularly assembled robust superhydrophobic shell (MARS) technique that 

directly constructs an ordered, covalently bonded, fluorine-free silica shell on individual yarn fibers 

via a one-step process. MARS eliminates the need for discrete nanoparticles or fluorinated 

chemistries and is compatible with a wide range of natural and synthetic fibers. This fiber-level 

treatment maintains superhydrophobicity even after the fibers are woven or knitted into finished 

textiles, while preserving breathability and mechanical resilience. MARS combines biomimetic 

inspiration with practical, scalable fabrication to meet urgent performance needs. Unlike 

conventional coatings that progressively degrade, the permanently bonded MARS coating endures 

intensive abrasion, high-velocity water impacts, steam exposure, and extreme temperature cycles. 

By addressing key challenges such as PFAS restrictions and the fragility of traditional coatings, the 

MARS method paves the way for next-generation water-repellent fabrics that balance 

sustainability and high performance across outdoor, protective, medical, and industrial 

applications. 

Introduction 

Superhydrophobic fabrics are designed to repel water, resist staining, and remain lightweight and 

breathable in demanding applications1. Depositing fluorinated compounds nanoparticle coatings2–5, 

silicone nanofilament6, 7 coatings or silane-based interpenetrating networks on various textiles6-8 can 

achieve superhydrophobicity, initially providing effective water repellency3,9. However, such treatments 

lack long-term durability, as the weak adhesion between particles makes them prone to abrasion and fabric 
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deformation4. Moreover, nanoparticle layers can seal the interstitial pores of fabrics5, 9, 10, which increases 

weight11, diminishes breathability, and adversely affects the fabric’s hand and drape, limiting their 

suitability for lightweight, durable outdoor garments1. Environmental and health concerns further 

complicate the reliance on fluorinated finishes12. Regulatory restrictions against per- and polyfluoroalkyl 

substances (PFASs) have intensified due to their environmental persistence, potential toxicity, and 

associated health risks13, prompting the textile industry to seek sustainable, non-fluorinated alternatives 

that offer comparable durability14.  

Biomimetic inspiration offers a path forward15. Lotus leaves16,17, Salvinia leaves18, insect wings19, 

penguin feathers20, and the cuticles of soil-dwelling springtails21, 22 exhibit fluorine-free 

superhydrophobicity in nature. Springtails, tiny soil-dwelling arthropods, offer a remarkable example 

through their in-situ superhydrophobic skin23, which enables survival in wet, abrasive environments (Fig. 

1a). The springtail’s skin combines mushroom-shaped microstructures and nanoscopic ridges to repel 

water21, prevent contamination22, and resist mechanical damage23 (Fig. 1b). This natural design has 

inspired robust coatings on rigid substrates15, 24, 25, but translating such micro–nano architectures to 

flexible, breathable textiles has remained challenging. 

Motivated by the springtail cuticle and the pressing need for sustainable water-repellent fabrics, we 

developed an in-situ molecularly assembled robust-superhydrophobic shell (MARS) technique that 

covalently anchors a carbon-chain silane/SiO2 network directly onto fiber surfaces through a one-step 

molecular assembly, creating continuous superhydrophobic shells at the fiber level without the need for 

discrete nanoparticles. Incorporating long-chain alkyl silanes into the silica matrix yields an 

interpenetrating, crosslinked network that retains hydrophobicity under severe abrasion, high-pressure 

water jets, and steam exposure. By treating fibers before textile formation, MARS endows both yarns and 
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the resulting fabrics with permanently bonded, fluorine-free superhydrophobicity while maintaining 

breathability, tensile strength, and flexibility. 

Results 

Molecular assembly robust superhydrophobic shell on fiber 

The MARS modification process involves continuously coating twisted yarns with a fluorine-free solution 

that reacts rapidly in humid air to form a covalently bonded, nanostructured silica shell functionalized 

with long alkane chains (Fig. 1c). The process begins by passing twisted yarns (150D, 36F; yarn radius 

~150 µm; single‐fiber diameter ~10 µm) through a petroleum ether solution (boiling point 30-60°C) 

containing 4% (w/v) tetrachlorosilane (TCS) and 2% (w/v) octadecyltrichlorosilane (OTS) at a linear 

speed U of 0.25 m·s-1 (Supplementary Fig. 1, Supplementary Movie 1). MARS utilizes low-cost raw 

materials and a simple, energy-efficient process. TCS and OTS are industrially available silanes. TCS is 

a byproduct of high-purity silicon production and serves as a key raw material in the silicon and rubber 

industries26. Additionally, TCS can be recycled from silicone waste, offering a cost-effective solution 

with high recycling potential27. TCS, with its lower steric hindrance, reacts more rapidly with the hydroxyl 

groups in cellulose-based natural fibers28 (e.g., cotton, linen; see Supplementary Fig. 2). The low viscosity 

(η ≈ 0.3 mPa·s) and surface tension (γ ≈ 24.3 mN·m-1) of the carrier solvent yield a capillary number Ca = 

ηU/γ ~ 10-3, entraining a uniform liquid film of thickness e = 1.37 d Ca2/3 (on the order of 100 µm, 

where d is the yarn diameter)29. This coating corresponds to a modest increase in yarn mass of 

approximately 6.1%. Additionally, the use of petroleum ether enables solvent recycling during 

condensation, enhancing fabrication efficiency. Based on our estimates, treating a 170 g cotton fabric (1 

m2) costs only about $0.27 (roughly $1.56 per kg of fabric), which can be reduced to ~$0.12 (∼$0.69 per 

kg) if ~75% of the solvent is recovered, indicating that the MARS treatment is economically feasible for 

large-scale manufacturing.  
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Within seconds of exiting the bath, the solvent evaporates (Supplementary Fig. 3), and ambient moisture 

hydrolyzes TCS (owing to its smaller molecular size compared to OTS)30, preferentially undergoes rapid 

hydrolysis and condensation to form an amorphous SiO2 network covalently grafted to available –OH 

groups on natural fibers (Supplementary Fig. 2). Subsequently, OTS reacts at the newly formed silica 

surface, anchoring C18 alkyl chains that dramatically lower the surface energy31, analogous to plant wax 

layers16,17, without the need for perfluorinated reagents12 (Supplementary Fig. 4). The resulting 

architecture on yarns comprises 36 individual fibers (~10 µm diameter each) with mushroom-like silica 

aggregates (130-170 nm in diameter) and tightly adhered silica shells (20-50 nm feature size) on their 

surfaces (Fig. 1d, Supplementary Fig. 5), demonstrating a hierarchical coating structure. On synthetic 

substrates lacking native hydroxyl groups (e.g., polyester, nylon), the low-polarity, small-molecule TCS 

penetrates slightly into the fiber surface, where it crosslinks in situ to anchor the amorphous SiO2 network 

onto the fibers, ensuring broad material compatibility (Supplementary Fig. 5). This sequential, self-

separating reaction yields a distinct shell nanostructure (Supplementary Fig. 5). The TCS-derived silica 

forms a robust inner skeleton covalently bonded to the fiber surface, while OTS forms an outer 

hydrophobic layer (Supplementary Fig. 6). We hypothesize that this covalently integrated core–shell 

architecture is key to the coating’s exceptional mechanical durability. 

Next, we evaluated superhydrophobicity at the single-fiber scale using a contact angle tensiometer32 

equipped with a 20× magnification lens. Even 20 pL droplets (~30 µm diameter) exhibited an apparent 

contact angle θa of 160.0° on individual cotton fibers (Fig. 1e). Wool, polyester, and nylon fibers all 

demonstrated superhydrophobic behavior, with θa values of 157.6°, 163.0°, and 156.5°, respectively 

(Supplementary Fig. 7). Environmental scanning electron microscopy at 3.7°C and 100% relative 

humidity33 further revealed that a condensing microdroplet (<2 µm diameter, ~6 fL) on a single fiber will 

roll off once it grows to ~2 µm in size, demonstrating excellent water repellency even under cool, saturated 

conditions (Fig. 1f). 
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Finally, MARS-modified yarns were fabricated into woven and knitted textiles and even used to 

embroider superhydrophobic motifs onto untreated fabrics (Fig. 1g-i). The MARS-textiles exhibited high 

apparent water contact angles of 154.7° (woven) and 156.1° (knitted) (Fig. 1g, h), as well as ultralow 

sliding angles of 1.8° and 3.0°, respectively. The droplet rests only on the texture tips, with air trapped in 

the hollows beneath, forming a Cassie–Baxter state34 (Fig. 1h, Supplementary Movie 2), which prevents 

water from penetrating into the fabric. The observed Cassie–Baxter superhydrophobicity is attributed to 

the textiles’ three-tier hierarchical milli-/micro-/nanostructures35, a dense yet rough surface texture at the 

nanoscale2, 9, and the low surface energy imparted by the alkyl-silane modification (Fig. 1d, h). Moreover, 

embroidered patterns in multiple colors (light/dark green and pink) maintained θa ≈ 161.5° on a lotus-

flower motif, whereas the surrounding untreated fabric readily absorbed dyed water (Fig. 1i). Across all 

color variants, ΔE* color shifts36 remained below 1.0, indicating that the thin silica shells preserve the 

original hues and protect fibers from mechanical stresses during weaving, knitting, and embroidery 

(Supplementary Fig. 8). 

Water-repellent evaluation of MARS-modified fibers 

We applied the MARS modification to everyday apparel items. A white T-shirt, black leggings, and a 

white shoe vamp (upper) (Fig. 2a, Supplementary Fig. 9) and compared their water-repellency against 

fabrics coated by conventional spray-on treatments (Ultra-Ever Dry and a Capstone ST-200 + fused silica 

mixture) (Fig. 2a). In a continuous water-impact spray test (based on AATCC 22)37, MARS-modified 

fabrics withstood over 25 liters of water sprayed before any wetting occurred, surpassing the standard 250 

mL-per-impulse benchmark by a factor of 100 and achieving the highest AATCC spray rating of 100 (Fig. 

2b, Supplementary Movie 3). Similar resistance was observed against various common liquids, including 

beverages and carbonated soft drinks, demonstrating robust repellency under real-world spill conditions 

(Supplementary Fig. 10a). Significantly, the water repellency was retained across a broad spectrum of 
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textile substrates, including natural fabrics (linen, cotton, wool) and synthetics (spandex, nylon, acetate, 

polyester), highlighting the versatility of the MARS modification process (Supplementary Fig. 10b). 

Under millimeter-scale water droplet impacts (25°C, Weber number ~5.4), individual drops consistently 

bounced off the fabric surface up to six times (Fig. 2c). In simulated heavy rain tests, the MARS-modified 

fabric resisted 12 hours of continuous raindrop impacts, withstanding over 104 impacts at a single point 

(2.5 drops per second, impact velocity 2.4-3.0 m·s−1) (Fig. 2d, Supplementary Fig. 11a-c). To further 

challenge the coating's resistance to high-speed water, we designed a rotational-jet impact setup 

(Supplementary Fig. 11d, e, Supplementary Movie 3). Whereas conventional superhydrophobic coatings 

failed when impacted by droplets at 5.0-6.6 m·s-1, the MARS-modified fabrics effectively repelled water 

drops impacting at 11.6 m·s-1, equivalent to the velocity of a raindrop during a 100-meter sprint (Fig. 2e). 

In the Bundesmann rain-shower test, which subjects textiles to kinetic energies far exceeding those of 

natural downpours (~5.8× a cloudburst, 90× heavy rain, 480× moderate rain, 21,000× light rain)38, a 

canvas fabric spray-coated with Capstone-FS lost its repellency, receiving an AATCC score of 50 (~70% 

of its surface wetting) and allowing 243.7 mL of water to penetrate. In stark contrast, the MARS-modified 

canvas achieved an AATCC score of 100 with only 1.7% water absorption and almost no water 

penetration (Fig. 2f, Supplementary Fig. 12). Moreover, under standard machine laundering with 

detergent2,37, MARS-modified fabrics retained their superhydrophobic performance, scoring AATCC 100 

after five wash cycles and AATCC 95 after twenty cycles, with static contact angles remaining above 150° 

throughout (Supplementary Table 1). 

Durability and Wear Resistance 

Every day use always involves rubbing against sleeves or backpack straps, or repeated handling of 

garments, which subjects textiles to abrasion, peeling, and stretching that can easily damage the fine 
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micro- and nano-structures or weakly bound layers responsible for water repellency1,4,5. To evaluate the 

practical wear resistance of MARS, we conducted both standardized laboratory abrasion tests and 

application-specific simulations, including Martindale and Taber abrasion tests, falling-sand impact, 

vibration, stretching, peeling, scrubbing, and treadmill running. 

In the Martindale test, MARS-treated canvas fabric endured up to 80,000 abrasion cycles against a 

standard wool fabric under 9 kPa pressure while maintaining a θa > 150° and minimal contact angle 

variation (Δθ < 5°) (Fig. 3a, Supplementary Movie 4). Unlike conventional coatings that degrade after 

only a few hundred cycles1,4, the MARS-modified fabrics demonstrated exceptional durability. Notably, 

in the more aggressive Taber test (a 250 g load for 20,000 cycles), the MARS-treated fabrics retained 

superhydrophobicity (θa ≈ 156.7°) with a slight apparent contact angle drop (Δθ ≈ 8.8°). In the Taber test, 

SEM images (Supplementary Fig. 13, inset) confirm that even after 20,000 abrasion cycles, the 

nanostructured MARS shell remains intact on the fiber surface, providing direct visual evidence of the 

coating’s robustness. 

Compared with previous durable superhydrophobic treatments, such as silicone nanofilament coatings6, 7, 

39, silica nanoparticles40 and perovskite-silane composite fibers8, the covalent bonding of MARS offers a 

distinct advantage in mechanical robustness. Silicone nanofilaments typically adhere to fibers via physical 

entanglement or physisorption. In contrast, MARS forms a molecularly assembled interpenetrating 

network shell that is chemically grafted to each fiber’s surface (Supplementary Fig. 4). The nanostructured 

silica shells, securely embedded within the fiber matrix, significantly outperformed conventional 

nanoparticle-based coatings, with a reduced abrasion depth of 46.2% (Fig. 3b, Supplementary Fig. 13, 

Supplementary Movie 4). In falling sand tests1,37, where impacts from quartz sand abrade fabrics, MARS-

treated samples withstood 100 cycles of implications from a total of 320 kg of sand while maintaining 

their water-repellent properties (Fig. 3c).  
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We assessed the effect of the MARS coating on the textile’s tactile properties, as coating processes often 

compromise fabric feel. As shown by quantitative fabric hand measurements (Fig. 3d and Supplementary 

Table 2), the MARS-treated fabric is virtually indistinguishable from the untreated control in key haptic 

metrics such as bending rigidity and surface roughness (e.g., 31.7 gf·mm/rad vs. 31.1 for control; surface 

roughness ~7.6 µm vs ~7.4 µm for control). This provides strong evidence that MARS’s ultrathin coating 

imparts robust functionality without sacrificing the fabric’s natural softness, drape, or breathability, unlike 

many conventional coatings that stiffen the textile. 

To simulate real-life wear under motion, MARS-treated fabrics were integrated into garments and 

subjected to various usage scenarios. A MARS-treated T-shirt was worn during a 1-hour treadmill run 

with a backpack (Fig. 3e), where the shoulder straps caused frictional oscillatory motion similar to that 

experienced during running and jogging41. In a mimetic vibration test (harmonic shoulder-strap rubbing 

at 2 Hz, 2 mm amplitude), the coating withstood over 600,000 friction cycles with no significant loss of 

superhydrophobicity (Fig. 3f). In addition, a knitted MARS fabric retained superhydrophobicity after 

20,000 stretch cycles, surviving extensive fiber-to-fiber abrasion (Fig. 3g). For practical footwear, MARS-

modified shoe uppers endured 8,000 brushing strokes (simulating vigorous cleaning) with negligible 

pilling or change in water repellency (Δθ < 3.2°) (Fig. 3h, Supplementary Movie 4). Even after 500 cycles 

of 3M tape peeling at 90°, the MARS fabric’s θa remained ~155° (Δθ ≈ 9.1°) (Fig. 3i, Supplementary Fig. 

14). 

Beyond apparel, we tested MARS-treated socks under sustained load. A wearer ran 15,000 steps on a 

treadmill, exerting ~51.3 kPa pressure per step (Fig. 3j). Conventionally treated socks (Capstone-FS) 

showed visible white residue from coating abrasion and lost water repellency (contact angle dropped to 

~139.7°). In contrast, MARS-treated socks maintained their water-repellent properties without noticeable 

degradation (Δθ only ~1.7°) (Fig. 3k, Supplementary Movie 4). Finally, to assess long-term outdoor 
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performance, MARS-modified fabrics were exposed to the natural environment for 360 days 

(Supplementary Fig. 15a), spanning all seasons and including high solar radiation, sandstorms, rain, frost, 

and icing (temperatures from -16.8 to 41.2°C; humidity 9% to 100%). Supplementary Fig. 15b 

summarizes the temperature, rainfall, and light conditions during this year-long exposure. A MARS-

modified T-shirt showed only ~15% color fading36 after one year (compared to ~45% for an untreated 

control). It maintained superhydrophobicity throughout (Supplementary Fig. 15c). Even after extensive 

abrasion and washing, the treated fabrics maintain very low sliding angles (<5°) (Supplementary Fig. 16, 

SEM images in Supplementary Table 3). These results demonstrate that the MARS technique endows 

fabrics with exceptional durability and wear resistance, enabling them to retain superhydrophobicity under 

a variety of mechanical stresses and environmental conditions, making them suitable for practical, long-

term use in garments and outdoor applications.  

Robust Superhydrophobicity under Harsh Conditions 

Superhydrophobic textiles are also sought for preventing scalding injuries from hot liquids soaking into 

clothing, yet most existing water-repellent garments are ineffective against very hot fluids42,43. MARS-

modified textiles demonstrated excellent repellency even for hot water. When 85°C water droplets (Weber 

number ~15) impacted the fabric, they still bounced off cleanly (Fig. 4a). Tests with a continuous hot 

water jet (85°C, ~0.5 m·s-1 flow) and a burst of hot coffee steam (100°C, 9 bar pressure, 150 mL) showed 

consistent water-repellent performance (Fig. 4b, c; Supplementary Movie 5), far more effective than a 

comparable fluorinated treatment44. Even under extreme alternating thermal conditions, MARS-treated 

fabrics withstood sequential jetting with boiling water (95°C, 250 mL, 30 s), liquid nitrogen (-196°C, 250 

mL, 200 s), and boiling water again (95°C, 250 mL, 30 s), yet still retained superhydrophobicity at the 

end (Fig. 4d, Supplementary Fig. 17, Supplementary Movie 5). 
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Another challenge for hot liquid repellency in textiles is resistance to steam. After exposure to 160°C 

steam, MARS textiles immediately shed water droplets, whereas perfluorosilane-treated controls became 

wetted by the steam (Fig. 4e, f, Supplementary Movie 5). Low-field NMR measurements revealed that 

steam-exposed PFAS-treated samples retained free-water signals lasting ~2000 ms. In contrast, MARS 

fabrics showed only weak, long T2 signals corresponding to semi-free water, evidencing that the covalent 

silica network effectively blocks vapor condensation (Supplementary Fig. 6f). PFAS-free MARS 

superhydrophobic coatings thus provide more reliable hot-water protection. Furthermore, the high-density 

covalent bonding in the MARS coating ensures stability under steam. When we sealed a bottle of boiling 

water with a spray-coated superhydrophobic fabric (Capstone-FS), steam became trapped and condensed 

within the fabric pores29,45, destroying its breathability. By comparison, the MARS-modified fabric 

allowed steam to pass through (evidenced by condensed water appearing on a glass slide above the textile), 

and water droplets impacting the fabric opening simply rolled off (Supplementary Fig. 18). 

The MARS modification collectively enhances long-term water repellency, wear resistance, and steam 

resistance, addressing three key challenges faced by superhydrophobic textiles. The high-density silica 

network in MARS confers superhydrophobicity. It traps a stable air layer at the textile-water interface, 

which is vital for maintaining breathability and reducing drag in water17,46, similar to the water-shedding 

strategy of penguin feathers20. Air permeability tests47 confirmed that the treated fabric allows rapid 

airflow and maintains breathability over extended periods (≥13.5 hours, Supplementary Fig. 19, 

Supplementary Movie 6). In dynamic underwater tests, MARS-treated leggings effectively repelled water 

during repeated kicking motions in a swimming pool (Fig. 4g). The fabric maintained a stable plastron air 

cushion48, as evidenced by strong light reflection, even at a flow velocity of 2.0 m·s-1 in a water tunnel 

(Fig. 4h, Supplementary Fig. 20, Supplementary Movie 7). Moreover, MARS textiles exhibited a ~40% 

drag reduction compared to untreated fabrics over 1 hour at a flow rate of 0.5 m·s-1 (Fig. 4i).  
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The coating’s safety is our final concern. We conducted cytotoxicity and cell proliferation assays (5-day 

CCK-8 test using NIH 3T3 fibroblasts) to evaluate the MARS coating’s safety (Supplementary Fig. 21). 

The results showed no significant difference in cell viability or growth between the MARS-coated fabric 

and an untreated control. In contrast, a fabric treated with a PFAS-based water repellent (Capstone-FS, 

containing PFOS) exhibited only about half the viable cell count of the other two groups by day 5. MARS 

is analogous to silica (sand/glass) combined with long-chain paraffin wax, the materials of which are 

widely regarded as inert, non-toxic, and biocompatible.  

Discussion 

Silane-based cross-linked networks have been explored on other substrates, such as paper49-51, metal 

electrodes52, and textiles53,54. However, those studies primarily demonstrated superhydrophobicity 

without thoroughly examining wear resistance in practical conditions. Our MARS approach, with a well-

defined core-shell mushroom-like aggregate structure, yields shells covalently bonded to the fibers, 

thereby providing high mechanical strength and strong adhesion for other applications. By achieving 

superhydrophobicity at the single-fiber level, we enable the creation of woven and knitted textiles that 

strike a balance between functionality, comfort, and sustainability13. Our approach is particularly suitable 

for outdoor, protective, and high-performance applications, and also paves the way for future innovations 

in electronic fabrics55, display textiles56, and wearable healthcare monitors57,58.  

Methods 

Superhydrophobic Fabric Preparation 

Materials and Reagents Natural fibers (cotton, wool, and linen) and synthetic fibers (nylon and polyester) 

were obtained from Haixu Fiber Products and kindly provided by ANTA Sport. LINING kindly supplied 

the Jacquard-woven shoe upper. Reagents for superhydrophobic treatment include tetrachlorosilane 

(TCS), octadecyltrichlorosilane (OTS), and anhydrous petroleum ether (anhydrous grade), which were 

purchased from Alfa Aesar. Carbon nanofibers (100 nm diameter, 20-200 μm length) served as substrates 
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for TEM imaging of the amorphous SiO2 network (Supplementary Fig. 5a), which were purchased from 

Sigma-Aldrich. 

The superhydrophobic coating process is performed using a homemade device in a fuming hood. Twisted 

yarns (150D, 36F) were continuously drawn through a petroleum ether solution containing 4 wt% TCS 

and 2 wt% OTS at a linear speed of 0.25 m·s−1. The take-up speed of the winding machine (HR3688, 

Hangzhou Hengji Machine Co. Ltd.) controlled the reaction time in the solution, and silane concentrations 

were optimized to yield a uniform silica shell coating (Supplementary Fig. 1-3). Then, the fibers were 

dried in humid air (relative humidity, RH 95%) for several seconds to allow solvent evaporation and silane 

hydrolysis to occur. 

Coated yarns were then processed into textiles, with weaving and machine knitting carried out by Xiexin 

Worsted Spinning Weaving and Dyeing Co., Ltd. in Wuxi, China. To produce patterned 

superhydrophobic motifs, MARS-treated yarns were embroidered onto untreated fabric substrates using 

standard embroidery machines (Innovis brother-NV180, Japan). The T-shirt shown in Supplementary 

Movie 3 was knitted using cotton yarns that were pre-treated via the continuous MARS process by Sinotex 

SNT-803S (Hi-Tech Group Corporation, China). The detail weaving process was shown in 

Supplementary Movie 8. 

For comparison, identical fabrics were spray-coated with (1) hydrophobic nanobeads (Ultra-Ever Dry, 

Ultratech International) and (2) a 1:1 mixture of Capstone ST-200 (DuPont) and fused silica (Aerosil 

R202, Evonik). 

Characterization of MARS Treated Fabric 

Characterization and Measurements Optical images were captured with a digital camera (Nikon D750, 

Japan). Surface morphology and stereomicroscopic images of abraded areas were obtained using a 

stereomicroscope (Olympus DSX1000, Japan). Scanning electron microscopy (SEM) was performed 

using a field-emission scanning electron microscope (Hitachi SU8010, Japan) at an accelerating voltage 

of 5 kV. The samples were sputter-coated with a thin platinum layer (Leica EM ACE600, Germany). 

Transmission electron microscopy (TEM) images were acquired on a FEI Tecnai G2 F20 (USA) at 200 

kV, using carbon nanofiber substrates to visualize the amorphous SiO2 network. High-resolution 

microcomputed tomography (micro-CT; Bruker SkyScan 1272, USA) was used to visualize the water-

solids interface within droplets on the superhydrophobic textiles. A droplet seated on the textiles was 

mounted in a custom holder, and dynamic scanning commenced before the liquid reached the notched 

region. Projections were recorded at 4K resolution (6.0 μm voxel size) and optimized at an X-ray energy 

of 30 keV. X-ray photoelectron spectroscopy (ThermoFisher ESCALab 250Xi, USA) was used to 
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determine the elemental composition of the treated fabrics. Low-field nuclear magnetic resonance (LF-

NMR; Niumag VTMR20-010V-I, China) was used to characterize the water-binding properties in treated 

fibers. Scrub resistance was test by QFS-scrub resistance tester (Shanghai Meiyu Technology Instrument 

BH14J, China). Figures 2a, b, d, e, f; 3a, b, g, h, i; Supplementary Figures 1a, 8a, b, and 20a were created 

using PS software. 

The color fastness of the MARS-modified fabrics was evaluated using a colorimeter (CHNSpec DS-220, 

China) to calculate color differences before and after modification. We utilized the CIE L*a*b* color 

space model, which enables the calculation of color differences based on lightness (L*), red-green (a*), 

and yellow-blue (b*) components. The color difference, ∆E*=√(L1-L2)
2
+(a1-a2)

2
+(b1-b2)

2
, where L1, a1, 

and b1 are the color coordinates before MARS modification, and L2, a2, and b2 are the coordinates after 

modification. The whiteness of the MARS-modified fabrics was evaluated by a whiteness meter (Qiwei 

WSB-1, China). 

Water Repellency and Contact Angle Measurement 

Static water contact angles were measured on fabric surfaces using a KRÜSS DSA 25S goniometer 

(Germany) with 2.0 μL droplets and a KRÜSS DSA 30M drop-shape analyzer equipped with a 20× 

microscope objective and piezoelectric micro-dosing head for 20–200 pL droplets. Static water contact 

angles were measured with a contact angle goniometer across droplet diameters from 10 µm to 2 mm to 

evaluate hydrophobicity over a range of scales. Each fabric sample was tested at five distinct locations; 

the reported values represent the mean ± standard deviation. 

Liquid jets impact test 

High-speed imaging of droplet and sand impacts was performed using a PHOTRON FASTCAM Nova 

S20 (Japan) at a frame rate of 1,000 fps. Droplets (D = 1.0 mm) were released from a needle positioned 

10.0 mm above the fabric to achieve an impact velocity of 0.45 m·s-1. Side-view dynamics were captured 

at 10,000 frames per second (fps) with backlighting to determine impact velocity and contact time. A 

Harvard Apparatus micro-injection gear pump (USA) controlled liquid flow rates. When testing hot water 

(25°C vs. 85°C), surface tension γ decreases from 72 mN/m to 62 mN/m. Continuous liquid-jet impacts 

were recorded with a PHOTRON FASTCAM Nova S20 and a macro lens at 2,000 fps. Infrared 

thermography was conducted with a FLIR A600 camera (USA). 

Wash test  

MARS-treated, Capstone-FS-treated, and Ultra-Ever Dry-treated fabric samples (20 × 20 cm) were 

laundered in a standard home washing machine (high-efficiency front-loading type). After each wash 
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cycle, water repellency was evaluated using the AATCC 22-2017 spray test standard. In this test, 250 mL 

of distilled water is poured through a funnel with 19 holes (each ~0.86 mm diameter) from 150 mm above 

the fabric, which is held at a 45° angle. The fabric’s wetting is assessed by the amount of water sticking 

to the surface, the number of wetted spots, and the area wetted. Each fabric was tested in triplicate. 

Detailed laundering conditions followed AATCC LP1-2021 for machine washing, using AATCC 

standard reference detergent (AATCC M1-2017e). Key wash parameters included: a 15 ± 4 L water fill, 

1.8 ± 0.1 kg load, 50 ± 1 mL detergent, agitation at 45 ± 10 rpm for 11 ± 1 minutes, 2 rinse cycles, final 

spin at 1300 ± 150 rpm for 12–18 minutes, and wash water temperature 25 ± 3 °C (see Supplementary 

Table 5 for the full set of parameters). 

Abrasion Resistance (Martindale, Taber test)  

Abrasion resistance was evaluated using Martindale and Taber testers (Darong Textile Instrument, China). 

Martindale test was performed following ASTM D4966. Fabric samples were secured to the Martindale 

head and abraded against standard wool felt under a pressure of 9 kPa in a Lissajous pattern for 80,000 

cycles. The Taber test was performed in accordance with ASTM D4060. Circular fabric specimens (100 

mm diameter) were mounted on a rotating platform, and two counter-rotating CS-10 grinding wheels 

(each with a 250 g load) rubbed the sample for up to 20,000 cycles, generating both inward and outward 

wear tracks. Abrasion depth was evaluated by observing changes in thickness and appearance by a stereo 

microscope (Olympus DSX1000, Japan). After every 2,000 cycles, static contact angles were re-measured 

to confirm sustained superhydrophobicity. 

Peel Adhesion Test 

The adhesion of the MARS layer was quantified using 3M peel tests (ASTM D3330-2018). A 3M bonding 

tape was applied with a 4 kg roller (two passes), left for 90 s, and then peeled at 90° using a custom fixture 

conforming to ASTM D6862 (ASTM D6862-2021 Standard test method for 90 degree peel resistance of 

adhesives) on a Mark-10 ESM303 force platform (USA). Each cycle used fresh tape. After peeling off, 

the local water contact angle was measured using a ~2 μL droplet. 

Falling Sand Impact  

Abrasion resistance under falling-sand impact was assessed per ASTM D968-2025. Silica sand (400-700 

μm) was released from 91.4 cm above the fabric, striking at a 45° angle with an impact velocity of ~ 4.2 

m·s-1. High-speed imaging of sand impacts was performed using a PHOTRON FASTCAM Nova S20 

(Japan) at a frame rate of 2,000 fps. Post-impact, superhydrophobicity and surface integrity were 

evaluated using contact angle measurements and SEM imaging. 

Fabric touch test 
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The fabric handling properties were quantified using the fabric touch tester (Darong Textile Instrument 

DR555FT, China). The device evaluated the four different dimensions of the untreated, MARS-treated, 

and Capstone-FS-treated fabric physical properties: the compression, thermal, surface, and bending 

properties (including pulling, pressing, pinching, kneading, and rubbing). The fabric samples were cut 

into an L-shaped configuration (310 × 310 mm) with 200 mm arms.  

The central square region of each specimen was subjected to a downward pulling force, inducing 

horizontal displacement in the two arm sections. Compression properties were measured at the central 

area of the sample, while bending and surface characteristics were evaluated along the arm sections. To 

ensure measurement efficiency, the bending and surface modules were designed for duplicate testing, 

allowing bidirectional assessment of each sample in a single test cycle. 

Environmental Durability Testing 

Hot Coffee Resistance Heated coffee (> 80°C), extracted from a Starbucks Verdana Blend Americano 

capsule and pressurized on Dolce Gusto machines (De’Longhi, Italy), was directly applied to MARS- and 

Capstone-FS-treated fabrics for 30 s (150 mL). The treated fabric samples are placed at an angle of 60°. 

Surface wetting state during coffee impact was monitored by infrared thermography. The impact event 

was recorded at 100 frames per second (fps) using a FLIR A600 camera (USA) fitted with a macro lens. 

Thermal Stability Thermal cycling was performed by alternately exposing samples to boiling water 

(100 °C; 300 mL dispensed over 30 s via a Xiaomi Smart Water Dispenser, China) and liquid nitrogen (-

196 °C; ~300 mL poured over 30 s). After each hot-cold or cold-hot cycle, static contact angles and droplet 

rebound behavior were re-evaluated to assess the retention of superhydrophobicity. 

High-Temperature Steam Resistance Treated fabrics were placed in a splint-type steam iron set to 

160°C for 10 s of direct steam exposure. After steaming, colored water was jetted onto the fabric surface, 

and surface wettability was recorded. Optical videos were captured at 50 frames per second (fps) using a 

Nikon D750 camera (Japan), while infrared thermal imaging was recorded at 100 frames per second (fps) 

with the FLIR A600 (USA). 

Stable Air Cushion at the Fabric-Water Interface The experiment was conducted in a swimming pool. 

The MARS-treated legging was fitted onto a prosthetic limb, which was then submerged underwater to a 

depth of 5 cm by a robotic arm (R630, Beijing SDCQ Electrical Technology Co., Ltd., China) at a 

frequency of 10 cycles per minutes. An underwater camera (DJI Action2, China) was used to record the 

fabric-water interface.  

Water Tunnel Experiment The drag reduction capability of the superhydrophobic fabrics was tested in 

a circulating water tunnel at a flow velocity of 0.5 to 2.0 m·s-1. The fabric samples were fixed in the flow 
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stream, and the drag force was measured using a force transducer. Drag reduction efficiency was 

calculated as (Fcontrol - Ftest)/Fcontrol × 100, where Fcontrol is the drag force on a control (untreated) fabric, 

and Ftest is the drag force on the superhydrophobic fabric. 

Data Availability 

All relevant data supporting the key findings of this study are available within the article and its 

Supplementary Information or from the corresponding author upon reasonable request. Source data are 

provided with this paper.  
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Figure legends 

Fig. 1 | Biomimetic inspiration and MARS-modification process. a, Springtails thrive in wet 

environments and jump on water surfaces using superhydrophobic skin. b, SEM image of springtail 

cuticle, showing hierarchical nano-ridges and mushroom-shaped structures. Scheme demonstrating the 

mushroom-shaped structures that prevent water adhesion and maintain air pockets. c, Schematic 

illustration of the molecular-assembled robust-superhydrophobic shells (MARS) process on twisted yarns. 

d, SEM image of a yarn after treatment, displaying hierarchical silica shell structures with mushroom-like 

aggregates. e, Water droplets on MARS-modified yarn maintain contact angles of ~160°. f, Water 

condensation on MARS-modified yarns slid off the surface upon reaching a diameter of 2 µm. g, The 

MARS-modified fibers were woven into superhydrophobic textiles, and the contact angle of water 

droplets is 154.7°. h, The MARS-modified fibers were knitted into superhydrophobic textiles, retaining 

high apparent contact angles of 156.1°. Micro-CT imaging demonstrates the internal structure and water 

droplet behavior on the fabric surface, providing a clear view of the material's superhydrophobic 

properties. i, Embroidery process using MARS-treated yarns on white handkerchiefs. The embroidery 

machine stitches the yarn into the fabric, and despite friction between the needle and the yarn, the 

superhydrophobicity of yarns remains intact. Photo credit of embroidery in (i): Z.L., Chinese Academy 

of Sciences. 

Fig. 2 | Superhydrophobic performance of MARS-modified fabric. a, Superhydrophobic performance 

of MARS-modified white T-shirt, black leggings, and white vamp. b, Water repellency spray test 

(AATCC 22) demonstrated that MARS-modified fabric retains its superhydrophobicity after being 

sprayed 100 times. c, Dynamic impact test showing droplet rebound behavior for cold (25°C) water 

droplets. d, The raindrop impact simulation setup demonstrates a single-point impact threshold, 

confirming the durability of the 104 impact times. e, A rotation setup simulation of high-speed raindrop 

impacts (11.6 m·s-1) confirms durability under harsh conditions. f, Bundesmann rain-shower test results 

confirm low water absorption rates and penetration resistance. Data in (d, f) are shown as mean ± SD and 

the error bar represents SD (n = 3). Source data for (d and f) are provided as a Source Data file. Photo 

credit of Superhydrophobic performance in (a): Z.L., Chinese Academy of Sciences. 

Fig. 3 | Durability of MARS-treated fabrics under mechanical stress. a, b, Contact angle variations 

follow repeated abrasion cycles using the Martindale (a) and Taber abrasion (b) methods. c, Contact angle 

variations of the treated fabrics during sand abrasion cycles. d, Radar chart for comparing primary sensory 

indices from the fabric touch tester results of untreated, MARS-treated, and Capstone-FS-treated fabrics. 

The physical indicators include fabric compression, bending, surface roughness, and surface friction. 

Detailed indicators are shown in Supplementary Table 2. e, Running induces wear on T-shirts. f, Shoulder-

strap friction wear test of treated T-shirts under backpack mesh pressure for 600,000 cycles. g, Contact 

angle variations of the knitted fabrics during stretch-release cycles. h, Contact angle variations during the 

scrub resistance test. i, Contact angle and peeling force variations with tape peeling-off cycles. j, 

Treadmill continuous walking frictional wear test for 15,000 steps at 51.3 kPa of pressure. k, The variation 

of the contact angle difference between the Capstone-FS and MARS-modified fabrics after walking 

15,000 steps. Data in (a-c, f-i and k) are shown as mean ± SD and the error bar represents SD (n = 5). 
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Source data for (a-c, f-i and k) are provided as a Source Data file. Photo credit of sand abrasion 

performance in (c): Z.L., Chinese Academy of Sciences. 

Fig. 4 | Superhydrophobic performance under environmental and thermal stress conditions. a, Hot 

water droplets bounce up to three times. b, Resistance to hot water jets on MARS-modified fabrics. c, 

The MARS-modified fabrics repel hot coffee (100°C, 9 bar pressure, 150 mL), confirming consistent 

water-repellent performance. d, Durability under alternating extreme temperature cycles of liquid nitrogen 

(-196°C) and hot water (95°C) exhibits no loss of repellency. e, Experimental setup of high-temperature 

steam ironing (160°C). f, MARS-modified fabrics can withstand high-temperature steam (160°C) and 

repel water droplets soon after steam ironing. g, Stability of the air layer at the fabric-water interface of 

the MARS-modified legging. h, Entrapped air layer, visualized under water flow velocities of 2.0 m·s-1, 

confirmed by light reflection. i, Drag reduction of MARS-modified fabrics. Data in (i) is shown as mean 

± SD and the error bar represents SD (n = 3). Source data for (i) are provided as a Source Data file. Photo 

credit of sand abrasion performance in (e-f): Z.L., Chinese Academy of Sciences. 
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