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            Abstract
The ability of superhydrophobic surfaces to stay dry, self-clean and avoid biofouling is attractive for applications in biotechnology, medicine and heat transfer1,2,3,4,5,6,7,8,9,10. Water droplets that contact these surfaces must have large apparent contact angles (greater than 150 degrees) and small roll-off angles (less thanÂ 10 degrees). This can be realized for surfaces that have low-surface-energy chemistry and micro- or nanoscale surface roughness, minimizing contact between the liquid and the solid surface11,12,13,14,15,16,17. However, rough surfacesâ€”for which only a small fraction of the overall area is in contact with the liquidâ€”experience high local pressures under mechanical load, making them fragile and highly susceptible to abrasion18. Additionally, abrasion exposes underlying materials and may change the local nature of the surface from hydrophobic to hydrophilic19, resulting in the pinning of water droplets to the surface. It has therefore been assumed that mechanical robustness and water repellency are mutually exclusive surface properties. Here we show that robust superhydrophobicity can be realized by structuring surfaces at two different length scales, with a nanostructure design to provide water repellency and a microstructure design to provide durability. The microstructure is an interconnected surface frame containing â€˜pocketsâ€™ that house highly water-repellent and mechanically fragile nanostructures. This surface frame acts as â€˜armourâ€™, preventing the removal of the nanostructures by abradants that are larger than the frame size. We apply this strategy to various substratesâ€”including silicon, ceramic, metal and transparent glassâ€”and show that the water repellency of the resulting superhydrophobic surfaces is preserved even after abrasion by sandpaper and by a sharp steel blade. We suggest that this transparent, mechanically robust, self-cleaning glass could help to negate the dust-contamination issue that leads to a loss of efficiency in solar cells. Our design strategy could also guide the development of other materials that need to retain effective self-cleaning, anti-fouling or heat-transfer abilities in harsh operating environments.
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                    Fig. 1: Design of the microstructure armour.[image: ]


Fig. 2: Mechanical stability of the microstructure armour.[image: ]


Fig. 3: Evaluation of water repellency after abrasion.[image: ]


Fig. 4: Mechanical stability of the armoured superhydrophobic surface.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Scanning droplet adhesion microscopy.
a, Droplet adhesion force curve recorded during scanning droplet adhesion microscopy31 sampling of the superhydrophobic surface. Before making contact with the surface, the droplet is freely suspended from the disc (I). After contact is established, the force begins to increase steeply, indicating that the droplet is being pushed against the surface (II). After the peak force, the stage is retracted; the force becomes negative as the liquid meniscus is elongated (III). Ultimately, the droplet detaches from the test surface, which induces a brief period of oscillations (IV). The pull-off force is defined as the difference between the baseline force after detachment and the global minimum of the curve (V). b, Pull-off forces for water drops on superhydrophobic surfaces, before and after abrasion, as a function of f micro. Pull-off forces were recorded from an area of 2.0 mm Ã— 2.0 mm, with 500-Î¼m spacing between each measurement point. Data are mean Â± s.d. from 25 independent measurements.


Extended Data Fig. 2 The impact of liquid jets on the hydrophobic surface.
a, Deflection of water jets from the superhydrophobic surface before (left) and after (right) abrasion. b, The change of angle (Î”Î±) when water jets (at a flow rate of approximately 6 ml minâˆ’1) are deflected by the superhydrophobic surfaces before and after abrasion. Î”Î± = Î±incident âˆ’ Î±deflected; Î”Î± is plotted as a function of f micro. Inverted-pyramidal structures (w + l = 60 Î¼m) on silicon substrates were used for this experiment. Data are mean Â± s.d. from at least five independent measurements.


Extended Data Fig. 3 The impact of water droplets on the hydrophobic surface.
Energy dissipation of the water drops (5.5 Î¼l, 14.0 mm of height) after impact on the armoured superhydrophobic surfaces before and after abrasion, plotted as a function of f micro. Inverted-pyramidal microstructures (w + l = 60 Î¼m) on silicon substrates were used for this experiment. Data are mean Â± s.d. from at least five independent measurements.


Extended Data Fig. 4 Comparison of the mechanical stability of various superhydrophobic surfaces.
Symbols of the same colour area indicate superhydrophobic surfaces with mechanical stabilities of the same order of magnitude. The x axis represents the resistance to linear abrasion by polypropylene with a normal load (3 N), the y axis represents the resistance to scratching by an alloy tip with specified normal load. Each data point represents the capacity of the corresponding surface to maintain its superhydrophobicity under the above applied conditions. All samples, including those ones received from collaborators, were abraded in the same setup under similar conditions. Data are mean Â± s.d. from at least nine independent measurements. See refs. 29,32,33,34,35,36,37,38,39,40,41,42.


Extended Data Fig. 5 Self-cleaning of the surface in fog.
The optical image sequences show the self-cleaning of the armoured superhydrophobic surface in fog. The red arrows indicate the dust particles (collected from air in Chengdu, China) on the surface. The yellow circle highlights how the droplet captures the dust particle and rolls off of the surface. The images were recorded with a Photron SA5 high-speed camera fitted with a macro lens at a frame rate of 5,000 frames per second. The surface was placed on an aluminium alloy cold plate with a tilt angle of approximately 45Â°. The cold plate was controlled at around 2â€‰Â°C, and the fog was at an ambient temperature with a high relative humidity of around 95%. The fog consisted of a cloud of water droplets (average radius 3.5 Î¼m) suspended in air, generated using an ultrasonic humidifier.


Extended Data Fig. 6 Dust removal by self-cleaning.
a, Illustration showing the self-cleaning of the armoured superhydrophobic surface in fog. b, c, Sequences of photographs show the condensation of fog on a dust-polluted planar silicon wafer (b) and on the dust-polluted armoured superhydrophobic surface (c). The dust was collected from air in Chengdu, China.
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Supplementary Video 1: Mechanical robustness test of conventional superhydrophobic surfaces.
Conventional superhydrophobic surfaces are easily damaged. The abrasion object is a steel knife. The video was replayed at original speed. The original audio in this video has been retained. (QuickTime).


Supplementary Video 2: Mechanical robustness test of silicon and curved ceramic armoured superhydrophobic surfaces.
Armored superhydrophobic surfaces can stand harsh conditions of mechanical abrasion. The abrasion objects include a steel knife, screwdriver, polymer (PP), finger and sandpaper (NIKKEN P800, Nihon Kenshi Co., Ltd.). The load forces were measured with a force sensor. The video was replayed at original speed. The original audio in this video has been retained. (QuickTime).


Supplementary Video 3: The mechanical robustness test of the large size plain ceramic armoured superhydrophobic surface.
The abrasion objects include a steel knife, screwdriver, steel wool, sandpaper (NIKKEN P800, Nihon Kenshi Co., Ltd.) and metal brush. The video was replayed at original speed. The original audio in this video has been retained. (QuickTime).


Supplementary Video 4: Water drop impact on the armoured superhydrophobic surfaces before and after abrasion.
It was performed by releasing individual water drops (volume 5.5 Î¼l) from a height of 14 mm to enable gravity-induced acceleration of the drops. Videos were filmed at 10,000 fps and replayed at 30 fps. (QuickTime)


Supplementary Video 5: Long-term mechanical durability test of the armored superhydrophobic surfaces by repeated linear abrasion measurements.
For the measurement, the load is approximately 3 N (12 MPa) and the horizontal velocity of the platform is 50 mm min-1 controlled by software. The video was replayed at original speed. (QuickTime).


Supplementary Video 6: High-speed jet impact test on the armoured superhydrophobic surface.
The test was conducted under constant pressure (âˆ¼1.4 MPa) and Î”t = 800 ms, 128 ml water was jetted out of the nozzle. This is equivalent to an average jet speed of 32.6 m s-1 (We âˆ¼ 36,478). The video was replayed at original speed. The original audio in this video has been retained. (QuickTime).


Supplementary Video 7: Mechanical robustness test of glass armored superhydrophobic surfaces.
Armored superhydrophobic glass surfaces can stand harsh conditions of mechanical abrasion. The abrasion objects include a steel knife, polymer (PP). The video was replayed at original speed. The original audio in this video has been retained. (QuickTime).
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