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The ability of superhydrophobic surfaces to stay dry, self-clean and avoid biofouling is 

attractive for applications in biotechnology, medicine and heat transfer1-10. It requires 

that water droplets placed on superhydrophobic surfaces have large apparent contact 

angles (θ* > 150°) and low roll-off angles (θroll-off < 10°), realized with surfaces having 

low-surface-energy chemistry as well as micro- or nanoscale surface roughness that 

minimizes liquid-solid contact11-17. But rough surfaces where liquid contacts only a small 



fraction of their overall area 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 surface chemistry from hydrophobic to 

hydrophilic19, leading to the pinning of water droplets. The common assumption thus is 

that mechanical robustness and water repellency are mutually exclusive surface 

properties, but we show here that this need not be the case: unprecedented performance 

levels can be realized when 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 with ‘pockets’ 

that house highly water repellent and mechanically fragile nanostructures and prevent 

their removal by abradants greater than the frame size. We apply this armor concept to 

various substrates such as silicon, ceramic, metal and transparent glass, and show that 

the obtained superhydrophobic surfaces preserve their water repellency even after 

sharp steel blade and sandpaper abrasion. We anticipate that the transparent, 

mechanically robust self-cleaning glass might solve the dust contamination issue that 

causes efficiency loss in solar cells, and that the armor design strategy can also guide the 

development of other materials that need to retain effective self-cleaning, anti-fouling or 

heat transfer abilities in harsh operating environments. 

While minimizing liquid-solid contact area is widely used to enhance superhydrophobicity, it 

results in fragile surface textures and poor wear resistance20. Various approaches have been 

explored to address this problem, e.g.: (i) strengthening the bonding between coating and 

substrate by using an adhesion layer21,22, (ii) bearing the abrasion force by randomly 

introducing discrete microstructures23-26 and (iii) allowing abrasion by sacrificing the upper 

layers of a self-similar structure27-29, but have allowed only modest improvements of 

robustness (Supplementary Video 1). To resolve this bottleneck, we divide the mechanical 



durability and non-wettability and implement them at two different length scales: the 

nanostructures provide excellent water repellency, whereas the microstructures act as armor 

to resist abrasion (Fig. 1a, Supplementary Fig. 1, Supplementary Video 2 and Supplementary 

Discussion section 2.1). The first design feature is an interconnected frame that prevents 

abradants greater than the frame size from removing the nanostructures (Figs. 1b and c). 

Furthermore, the interconnectivity enhances mechanical robustness as inspired by nature, e.g. 

springtail skin and honeycomb. Additional design features must be considered to ensure 

wettability is not compromised. Here, we explore the relation between the liquid-solid contact 

fraction f, the Young’s contact angle θY and the apparent contact angle θ* using the 

Cassie-Baxter model:  

cosθ*=f(1+cosθY)-1     (1) 

In the Cassie-Baxter wetting state, the role of Young’s contact angle is investigated by 

plotting equation (1) with θY as a parameter in Fig. 1d. The difference (Δθ*) between the θ* 

values of the hydrophobic (θY = 120°) surface and hydrophilic (θY = 0°) surface gets smaller 

as f decreases (Fig. 1d). This indicates that the contribution of the material’s surface 

chemistry (θY) on the liquid repellency (θ*) diminishes by minimizing f. In other words, even 

if during abrasion the top surface would be altered from hydrophobic to hydrophilic, the 

armored surface can still repel water if f is very small. 

The mechanical stability of microstructures is dominated by the geometry. To optimize the 

robustness, we adjust the angle (a) between the sidewall and the substrate of the 

microstructures (Figs. 1e and f) while maintaining the top contact area constant. From 

structural mechanics point of view, increasing a is usually an effective way to strengthen the 

structural stability of architecture, such as in case of the ancient Egyptian pyramid and the 

gravity dam. To confirm this principle, microstructures with different a were modeled and the 

stress distributions under fixed load were simulated using multipurpose Finite Element (FE) 



analysis (Supplementary Fig. 2). The 3rd principal stress (|s|) reduces significantly, and thus 

stability of the microstructures improves vastly, as α increases (Fig. 1f). On the other hand, 

liquid-solid contact fraction of the microstructures, forig
	micro, will increase to fhalf

 micro when half

of the height is abraded (Figs. 1e and f, Supplementary Fig. 3 and Supplementary Discussion 

section 2.2). The increase of ∆f	micro=fhalf
 micro-forig

 microwith a means the liquid-solid contact area

increases, i.e., the liquid adhesion force increases. As shown in Fig. 1f, an optimum regime 

(a ~ 120°) emerges where both superhydrophobicity and mechanical stability can be 

balanced and guaranteed. The second and third design features for the armor are thus low f 

micro and a near 120°. 

We constructed the armor surface following these three design features with a framework 

consisting of microscale inverted pyramidal cavities. Using parameters including the width of 

the ridge w, i.e., the distance between the adjacent holes, width of the cavity l, and the height 

h (Fig. 2a), the liquid-solid contact fraction (f micro) can be tailored according to equation (2). 

f	micro= 2wl+w
2

(w+l)2
       (2) 

The inverted pyramidal microstructures with α ~ 125° were be manufactured on silicon 

substrates by photolithography (Fig. 2b, Supplementary Figs. 4 and 5). For comparison, the 

pillar and pyramidal microstructures were fabricated on silicon surfaces with the same f micro 

as the inverted pyramidal microstructures (Supplementary Fig. 6). The mechanical stability of 

those surface textures was characterized by micro-indentation. As shown in Fig. 2c, the 

load-displacement curves of those surfaces exhibited some breakpoints. This is due to the 

saltation of loading and displacement caused by the obvious fracture of the microstructures. 

The fracture of the microstructure at the first apparent breakpoints (i, ii and iii) in the 



corresponding curve was shown in Supplementary Fig. 7. The inverted pyramidal structures 

can resist the highest pressure and have experienced only minor damage. These results agree 

well with the FE simulation and verify the rationality of principle for the armor design (Fig. 

2d and Supplementary Fig. 8). We also fabricated inverted pyramidal structures on ceramic, 

metal, transparent glass and flexible PDMS substrates by embossing technology (Fig. 2e-g, 

Supplementary Figs. 9-13). From the engineering perspective, this armor approach can also 

be applied on curved substrates and is scalable by using roll-to-plate printing technology 

(Supplementary Figs. 10c and d, Supplementary Video 3). 

The armored surface exhibits superhydrophobicity after integrating a nanostructured coating. 

Here, the fluorinated fractal nanoclusters of silica were used as a model superhydrophobic 

nanomaterial (Fig. 3a, Supplementary Figs. 14 and 15). After repeated scraping by a steel 

blade, the armor microstructure shows excellent resistance to the vertical pressure and shear 

force, and the fractal nanostructure in between the armor keeps itself intact (Fig. 3b). It is 

notable that the abrasion removes the fluorinated silane layer from the top of armor 

microstructures altering local wetting from hydrophobic (θY = 115±1°) to hydrophilic (θY = 

45±0.5°, Supplementary Table 1). Using laser scanning confocal microscopy, we confirmed 

that the air-water-solid composite interface at microscale was very stable, since the 

air-liquid-solid three-phase contact line is supported by nanoscale superhydrophobic 

materials (Figs. 3a and c). The water repellent nanostructures can prevent the sagging of the 

liquid/air interface caused by the Laplace pressure and the entire system stayed at the 

constrained equilibrium Cassie-Baxter state (Figs. 3a and c, Supplementary Fig. 16). To 

systematically evaluate the impact of abrasion on superhydrophobicity, a series of armored 



superhydrophobic surfaces with different open width of the cavities (l) and liquid-solid 

contact fraction (f micro) were prepared, and θ* and θroll-off on the surfaces before and after 

abrasion were measured. All experimental data are consistent with the theoretical model 

equation (3) (Fig. 3d). 

cosθ*=f	micro#cosθYmicro+1$+f	nano(cosθYnano+1)-1     (3) 

We defined f micro as the liquid-solid contact fraction of armor microstructure and f nano as 

the liquid-solid contact fraction of nanostructure in the armor (see Fig. 3a and Supplementary 

Discussion section 2.3). Both the static contact angle and the roll-off angles in Figs. 3d and e 

show the armored surfaces can keep its super-repellency after abrasion if f micro was lower 

than 8%. Those results are consistent with the ideal Cassie-Baxter model, also suggesting that 

non-wettability was independent of the scale of inverted pyramidal structures. However, the 

smaller the scale of the armor structures, the more extensive the changes to the liquid-solid 

contact fraction (Df micro) after the same abrasion fracture (Supplementary Fig. 17). The 

suitable armor size can be tailored for various practical application situations.  

To further understand the effect of the liquid-solid contact fraction for controlling the 

non-wettability after abrasion, pull-off force maps of the armored superhydrophobic surfaces 

were measured by scanning droplet adhesion microscopy. The armor microstructured surfaces 

(f micro ~ 2% and 7.8%) were measured before and after abrasion. As indicated in Extended 

Data Fig. 1 and Fig. 3f, the pull-off forces with different f micro show a similar result before 

abrasion. After abrasion, the damage of the hydrophobic layer on the armor top resulted in a 

rise of pull-off forces at the same f micro. However, the pull-off forces on the high f micro (~ 

7.8%) rose more rapidly than on the low f micro (~ 2%) surfaces, which corresponds with the 



trend of θroll-off (Fig. 3e). Extended Data Fig. 2 illustrates a water jet impinging onto the 

armored superhydrophobic surface before and after abrasion with an incidence angle of 28° 

and a volume velocity of 6 ml min-1. It agrees with our previous wettability measurement, 

with a lower f micro the deflected angles were higher, i.e., less energy dissipation occurred 

when the water bounced away from the surface. Similar variations by water droplets 

impacting experiments also supported this principle (Extended Data Fig. 3 and 

Supplementary Video 4). 

To demonstrate that the interconnected frame architecture, i.e., individual cavities designed 

with a large sidewall angle, is a generic concept to achieve the superior performances, we 

further fabricated inverted triangular pyramidal (tri-pyramidal) and inverted hexagonal 

pyramidal (hex-pyramidal) structures on silicon, metal and ceramic substrates (Figs. 3g and h, 

Supplementary Figs. 18-20), respectively. The FE modeling demonstrated the stress 

distribution on these interconnected frame architectures is relatively uniform, showing 

comparable mechanical robustness with the inverted pyramidal armor structure. As shown in 

Figs. 3i and j, after repeated scraping by a steel blade, the inverted tri-pyramidal and 

hex-pyramidal interconnected architectures ensure robust superhydrophobic property. 

In real-world applications, surfaces are exposed to repeated abrasion and we further examine 

the long-term mechanical durability of armored superhydrophobic surfaces with different 

microstructures. The abrasion was conducted by using a polypropylene (PP) probe as the 

indenter with a defined vertical pressure and reciprocating linear abrasion (see Fig. 4a, 

Supplementary Fig. 21 and Supplementary Video 5). As shown in Fig. 4b, c, the armored 

superhydrophobic surfaces maintained the static contact angle above 150° and roll-off angle 



less than 12° even after 1000 abrasion cycles, and present an ideal resistance to the shear 

force and protection for the silica nanomaterials inside (Supplementary Figs. 21-22). To 

illustrate the mechanical durability of our armored superhydrophobic surfaces, we benchmark 

the critical fracture force, i.e., the maximum force to destroy the superhydrophobicity and the 

maximum number of abrasion cycles against conventional superhydrophobic surfaces (see 

Supplementary Fig. 23 and Supplementary Methods section 1.11c). Specifically, the 

maximum number of abrasion cycles are measured to be more than 1000, which is 10 times 

higher than for conventional superhydrophobic surfaces (Fig. 4d). The mechanical robustness 

of the armored surfaces was also demonstrated by tape-peeling tests, ASTM standard Taber 

abrasion tests and ultra-sharp object scratch tests (Supplementary Figs. 24-26). We have also 

conducted more severe durability tests, including thermal stability (100 °C for 16 days), 

chemical corrosion (immersion in aqua regia or 2.5 M of NaOH solution for 4 h), high-speed 

jet impact (water jet at 32.6 m s-1, We ~ 36,478, Supplementary Video 6) and the tolerance of 

condensation-induced failure at high-humidity environments (Supplementary Figs. 27-34). It 

was found that the armored surfaces maintained their superhydrophobicity even under 

extremely harsh conditions.  

These findings demonstrate the value of the armor concept for improving the mechanical 

stability of superhydrophobic surfaces. The decoupling strategy at the heart of this design 

framework allows us to perfectly balance mechanical robustness, non-wettability and optical 

transparency (Fig 4e, Supplementary Video 7). We use this to create a robust and transparent 

self-cleaning topcoat for solar cells that maintains their high energy conversion efficiency 

through passive removal of dust contamination, which could save massive amounts of 



freshwater, labor and costs associated with the traditional cleaning process (Figs. 4e-f, 

Extended Data Figs. 5 and 6 and Supplementary Fig. 35)30. Beyond this initial 

proof-of-concept illustration, the generality and effectiveness of our design principle and 

strategy promises to move superhydrophobic surfaces toward real-world applications. 
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Figure legends 

Fig. 1 ô Designing the armor. a, Cartoons showing the armor strategy to enhance the 
mechanical stability of the superhydrophobic surface. b, c, Cartoons showing abrasion 
damage mechanism on discrete and interconnected microstructures. b, In case of discrete 



microstructures, the abrasion object can be easily inserted in between the microstructures and 
damage the nanostructure and the microstructure. c, Protection in topology by interconnected 
microstructures. The abrasion object with a size larger than the frame is blocked by the 
microstructure. d, Relation between apparent contact angle θ* and liquid-solid contact fraction 
f for ideal Cassie-Baxter state with Young’s contact angle θY as a parameter. θY = 120° is 
considered as a hydrophobic surface before abrasion, θY = 0° is considered as the hydrophilic 
surface after abrasion, and the Δθ* is the change of the apparent contact angle before and after 
abrasion. e, Cross-section illustration shows the change of contact area on the top of the 
framework structures when abrasion fractures the height h in half (see Supplementary Fig. 3 
and Supplementary Discussion section 2.2 for details). f, Influence of mechanical stability and 
change of the liquid-solid contact fraction Df micro as function of the sidewall angle (a) (see 
Supplementary Fig. 3 and Discussion section 2.2 for details). 

Fig. 2 ô Mechanical stability of the armor structure. a, Array of microscale inverted 
pyramidal cavities as the designed armor. w is the distance between adjacent holes, l is width of 
the cavities, and h is the height. b, Scanning electron micrographs of the inverted pyramidal 
armor on silicon substrates. c, Mechanical characterization of the different structures on silicon 
substrates by micro-indentation. d, Simulated stress distribution on the designed armor model 
(inverted pyramidal structures). e-g, Photographs of the armor structure on ceramic (e), metal 
(f) and glass (g) substrates (insets show the corresponding scanning electron micrographs, all
the scale bars are 50 µm).

Fig. 3 ô Evaluation of water repellency after abrasion. a, Cartoons showing the water 
repellency mechanism for the armored nanostructured superhydrophobic surface before and 
after abrasion. b, Scanning electron micrographs with different magnification of silica fractal 
nanostructures in silicon armor after abrasion. c, Confocal microscopy image of a water drop 
on an armored superhydrophobic surface after abrasion. d, The experimental θ* before (square 
scatter) and after (hexagonal scatter) abrasion on armored surfaces compared with the 
theoretical model equation (3). e, Comparison of the θroll-off before (red scatter) and after (blue 
scatter) abrasion. f, The pull-off force maps exhibit the water drop adhesion of armored (w+l = 
60 μm) superhydrophobic surfaces with different f micro before and after abrasion. g, h, 
Scanning electron micrographs show the inverted tri-pyramidal structures on silicon substrate 
(g) and inverted hex-pyramidal structures on anodised aluminium alloy substrate (h). i, j,
Apparent contact angle (blue bars) and roll-off angle (red bars) of the silicon inverted
tri-pyramidal (i) and anodised aluminium inverted hex-pyramidal (j) armored surfaces before
abrasion (Ba) and after abrasion (Aa). All abrasion was detailed in Supplementary Discussion
section 2.3. All error bars indicate standard deviations from at least five independent
measurements.

Fig. 4 ô Mechanical stability of the armored superhydrophobic surface. a, Photograph 
showing the linear abrasion setup. Normal load ~ 12 MPa. b, c, The influence of linear 
abrasion cycles under same load on the water repellency on various superhydrophobic 
coatings. Error bars indicate standard deviations from at least five independent measurements. 
d, Comparison of the mechanical stability among different superhydrophobic surfaces. The 
same color area indicates the superhydrophobic surfaces with mechanical stability on the 
same order of magnitude (see Extended Data Fig. 4 for details). Error bars indicate standard 
deviations from at least five independent measurements. e, Transmission spectra of armored 
glass (blue line) fabricated using a flat glass substrate (red line). The inset photographs show 
the transparency and the superhydrophobicity of the armored glass substrate (left inset) and 
the assembled solar cell using armored glass superhydrophobic surface as the cover plate 



(right inset). f, The energy conversion efficiency of the robust self-cleaning solar panel. 
(armored glass cover (1) is the solar cell covered with armored glass contaminated by the dust, 
armored glass cover (2) is the contaminated solar cell after the self-cleaning process) (see 
Supplementary Fig. 35 for details). 
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The data that support the findings of this study are available from the corresponding author 
upon reasonable request. 
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Extended Data figure legends 

Extended Data Fig. 1 ô Scanning droplet adhesion microscopy (SDAM) measurement. 
a, Example of droplet adhesion force curve recorded during SDAM sampling of the armored 
superhydrophobic surface. (I) Prior to making contact with the surface, the droplet is freely 
suspended from the disc. (II) Once contact is established, the force begins to increase steeply, 
signifying that the droplet is being pushed against the surface. (III) Following the peak force, 
the stage is retracted; the force becomes negative as liquid meniscus is elongated. (IV) 
Ultimately, the droplet detaches from the test surface, which induces a brief period of 
oscillations. (V) The pull-off force is defined as the difference between the baseline force 
following detachment, and the global minimum of the curve. b, The curves show the pull-off 
forces of the water drops’ adhesion on armored superhydrophobic surfaces, before and after 
abrasion, as a function of f micro. Pull-off forces were recorded from an area of 2.0 mm * 2.0 
mm with 500 μm spacing between each measurement point. Error bars indicate standard 
deviations from 25 independent measurements. 

Extended Data Fig. 2 ô Liquid jets impact. a, Water jet deflection on the armored 
superhydrophobic surface before and after abrasion. b, The graph shows the change of angles 
when the water jets (flow rate ~ 6 ml min-1) deflected by the armored superhydrophobic 
surfaces before and after abrasion. Δa = aincident-adeflected, the Δa is plotted as a function of f 
micro. Inverted pyramidal structures (w+l = 60 µm) on silicon substrates were used for this test. 
All error bars indicate standard deviations from at least five independent measurements. 



Extended Data Fig. 3 ô Droplet impact. The graph shows the energy dissipation of the 
water drops (5.5 µl, 14.0 mm of height) after impact on the armored superhydrophobic 
surfaces before and after abrasion. The dissipation of energy is plotted as a function of f micro. 
Inverted pyramidal structures (w+l = 60 µm) on silicon substrates were used for the above 
test. All error bars indicate standard deviations from at least five independent measurements. 

Extended Data Fig. 4 ô Comparison of mechanical stability on various 
superhydrophobic surfaces. The same color area indicates superhydrophobic surfaces with 
mechanical stability of the same order of magnitude. The x-axis represents the resistance to 
linear abrasion by PP 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 maintaining its superhydrophobicity under above applied 
conditions. All samples, including the ones received from collaborators, were abraded in the 
same setup under similar conditions. Error bars indicate standard deviations from at least nine 
independent measurements. 

Extended Data Fig. 5 ô Self-cleaning by the condensate drops. The optical image 
sequences show the self-cleaning process on armored superhydrophobic surface under fog 
condition. The red arrows indicate the dust particles (collected from air in Chengdu, China) 
on the surface. The yellow circle suggests the droplet grabs the dust particle and rolls off. The 
images were recorded with a Photron SA5 high-speed camera fitted with a macro lens at a 
frame rate of 5,000 fps. The armored surface placed on an aluminium alloy cold plate with a 
tilt angle of ∼ 45°. The cold plate was controlled at ∼ 2 °C and the fog ambient with the 
high relative humidity ∼ 95%. The fog consisted of a cloud of air suspended water droplets 
of an average radius of 3.5 µm, generated using an ultrasonic humidifier. 

Extended Data Fig. 6 ô Dust removal by the self-cleaning. a, Illustration showing the 
setup of self-cleaning under fog condensation. b, c, Photograph sequences show the fog 
condensation on dust-polluted planar silicon wafer (b) and the dust-polluted armored 
superhydrophobic surface (c). The dust was collected from air in Chengdu, China. 
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