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Section S1. Descriptions of movies S1 to S6
movie S1. Comparison of contact times of bouncing water droplets on surfaces with different texture size
at solid fraction 𝜱𝒔 = 0.44. Water droplet bouncing kinematics were compared between surfaces with texture
size D = 100 nm (left) and D = 300 nm (right). The water droplets (diameter 𝑑0 = 2.3 mm) impacted the surfaces
with a terminal velocity v = 1.0 m/s. The bouncing process was recorded by a high-speed camera at a rate of
10,000 frames per second.
movie S2. Comparison of contact times of bouncing water droplets on surfaces with different texture size
at solid fraction 𝜱𝐬 = 0.25. Water droplet bouncing kinematics were compared between surfaces with texture
size D = 150 nm (left) and D = 400 nm (right). The water droplets (diameter 𝑑0 = 2.3 mm) impacted the surfaces
with a terminal velocity v = 1.0 m/s. The bouncing process was recorded by a high-speed camera at a rate of
10,000 frames per second.
movie S3. Pressure stability test on a reentrant micro-textured surface with solid fraction 𝜱𝒔 = 0.25 and
texture size D = 10 μm. The water droplet (diameter 𝑑0 = 2.3 mm) impacted the surfaces with a terminal
velocity v = 4.0 m/s. The bouncing process was recorded by a high-speed camera at a rate of 10,000 frames per
second. The textured surface area is about 1 cm by 1 cm.
movie S4. Pressure stability test on a reentrant micro-textured surface with solid fraction 𝜱𝒔 = 0.44 and
texture size D = 10 μm. The water droplet (diameter 𝑑0 = 2.3 mm) impacted the surfaces with a terminal
velocity v = 4.0 m/s. The bouncing process was recorded by a high-speed camera at a rate of 10,000 frames per
second. The textured surface area is about 1 cm by 1 cm.
movie S5. Pressure stability test on a reentrant nano-textured surface with solid fraction 𝜱𝒔 = 0.25 and
texture size D = 200 nm. The water droplet (diameter 𝑑0 = 2.3 mm) impacted the surfaces with a terminal
velocity v = 4.0 m/s. The bouncing process was recorded by a high-speed camera at a rate of 10,000 frames per
second. The textured surface area is about 0.5 cm by 0.5 cm.
movie S6. Pressure stability test on a reentrant nano-textured surface with solid fraction 𝜱𝒔 = 0.44 and
texture size D = 200 nm. The water droplet (diameter 𝑑0 = 2.3 mm) impacted the surfaces with a terminal
velocity v = 4.0 m/s. The bouncing process was recorded by a high-speed camera at a rate of 10,000 frames per
second. The textured surface area is about 0.5 cm by 0.5 cm.

Section S2. Fabrication of nano-/micro-scale textures
The fabrication process of nano-/micro-reentrant textures is shown in fig. S1. Silicon wafers with dry
oxide were first coated with the photoresist ZEP520A (1:1) by a spin coater at the speed of 4000 rpm for 45
seconds. The coated wafer was then baked at 180 °C for 3 minutes. Electron beam lithography was used for
transferring sub-micrometer features onto the photoresist. SiO2 was patterned by reactive ion etching (RIE) in
ULVAC NE-550 system using CF4 plasma. The etching rate was ~ 6.3 nm per second. The etching of SiO2 was
stopped when the underneath silicon was exposed. Then isotropic reactive etching on the exposed Si was
performed by SF6 plasma in Plasma-Therm Versalock 700. The lateral etching rate was ~ 0.9 nm per second,
while the vertical etching rate was ~1.4 nm per second. Finally, the photoresist residue was thoroughly cleaned
by high power oxygen plasma for 10 min.
Section S3. Design of textured surfaces
The textured surfaces consist of pillars with a square shape arranged in a square array. The solid fraction
𝛷𝑠 of textured surfaces was controlled by adjusting the texture size D and texture edge-to-edge spacing S. The
solid fraction can be described by the equation 𝛷𝑠 = 𝐷2 ⁄(𝐷 + 𝑆)2 (fig. S2). To maintain a stable Cassie-Baxter
state on these surfaces, the undercut of each pillar was carefully etched to be ~ 1/3 of the texture size D, and the
pillar height, H, was designed to be much taller than the critical height, Hc, to avoid possible liquid sagging
failure. Previous studies (23) have shown that the critical height, Hc, is a function of the pillar geometries which
can be expressed as Hc ≈ 0.2 (𝐷 + 𝑆). On all of our fabricated surfaces, the pillar height, H ≫ Hc.
Section S4. Surface modification by hydrophobic silane
The fabricated textured surfaces were functionalized by chemical vapor deposition of a fluoroalkylsilane, 1H, 1H, 2H, 2H-perfluorodecyltrimethoxysilane (FAS-17). Specifically, the fabricated samples were
placed in a desiccator sealed under vacuum with 2 μL FAS-17 then heated in an oven at 120 ºC for 210 minutes.
The vapor phase deposition process can consistently produce a monolayer silane coating, whose thickness was
negligible compared to the dimensions of fabricated structures (~100 nm – 30 μm). We have also verified the
fabricated structures under SEM and found that the dimensions of the textures were not changed after
silanization. The water contact angle on a flat silicon surface became ~110° after the fluorosilanization (fig. S3),
which approaches the theoretical maximum contact angle 120° on flat solid surfaces (40).
Section S5. Contact angle measurements
The difference between the measured advancing and receding angles is defined as contact angle
hysteresis. The advancing and receding angles of water droplets on solid surfaces were measured by a
goniometer with a CCD camera (ramé-hart, model 295, U.S.A.). Deionized water was used and the droplet

volume was precisely controlled by a programmable pump. This makes it possible to measure the advancing
and receding angles using the drop-shape fitting method. As shown in fig. S4, a water droplet with an initial
volume of 15 μL was programmed to change its volume at a rate of 1.3 μL/s by adding or removing water. The
real-time contact angles during this process were recorded by the CCD camera. The advancing and receding
angles can be determined by plotting the recorded contact angles as a function of time. When the volume of a
water droplet is increasing, the contact line will not move outwards until the contact angle reaches its maximum,
which is the advancing contact angle. Similarly, when the volume of a water droplet is decreasing, the contact
line will not move inwards until the contact angle reaches its minimum, which is the receding contact angle.
Therefore, the upper and lower plateaus of the contact angle curve represent advancing and receding contact
angles, respectively, as shown in fig. S4. The advancing angle and receding angles were obtained by averaging
all the measured maximum or minimum apparent contact angles during the eight cycles. On each sample, the
measurements repeated at least three times to ensure accuracy. The reported contact angle hysteresis was
obtained by calculating the difference between the measured advancing and receding angles.
Section S6. Droplet impact tests
Deionized water droplets with a diameter of ~2.3 mm were released using a programmable microfluidic
pump (New Era Pump Systems, Inc.). The initial falling velocity was ensured to be close to zero by increasing
the droplet volume slowly until the droplet detached from the needle tip by gravity. In the droplet impact tests,
the releasing height h was ~ 0.05 m, and the impacting velocity can be calculated by 𝑣 = √2𝑔ℎ, where 𝑔 is the
gravitational acceleration. The releasing height h was ~ 0.01 m on 𝛷𝑠 = 0.25 surfaces with texture size of 10
µm – 30 µm due to the poor pressure stability on these surfaces. Note that the contact time of bouncing droplets
is a function of droplet size for a given liquid (16). In the pressure stability test, the releasing height h was ~
0.83 m. The bouncing process was recorded by a high-speed camera (MIRO M320s, Phantom, U.S.A.) from a
side view at a rate of 10,000 fps.
Section S7. Derivation of the modified contact time of bouncing droplet equation
The period of oscillation, t, of a classic spring system can be expressed as:
𝑚

𝑡~√

𝑘

(S1)

where m is the mass connected to a massless spring and k is the spring constant. A bouncing droplet oscillating
on a surface can be considered as a liquid spring system. Previous studies (15, 16) on surfaces with extremely
low solid fraction (i.e., 𝛷𝑠 ~ 0.01) have proven that the period of a bouncing droplet interacting with solid, or
contact time 𝑡𝑐 , can be predicted by the expression:

𝜌𝑅3

𝑡𝑐 ~√

(S2)

𝛾

where ρR3 is the liquid spring mass. Particularly, the liquid-air surface tension 𝛾 acts as the spring constant k,
because only ~ 1% of the solid surface is interacting with the liquid.
However, on surfaces with high solid fraction (i.e., 𝛷𝑠 = 0.44), the liquid-solid interaction becomes
significant, and the liquid spring constant may not only be contributed by liquid-air interaction but also
influenced by the liquid-solid interaction. Therefore, the effective liquid spring constant, 𝑘𝑒 , can be
approximated as 𝑘𝑒 = 𝛾 + 𝛷𝑠 𝛾𝑐𝑜𝑠 𝜃𝑟 + 𝛬𝜏, where 𝜃𝑟 is the receding angle, 𝛬 is the contact line density, and 𝜏
is the three-phase line tension. From our experimental measurements, 𝜃𝑟 is typically around 90o to 100o and
therefore, 𝑘𝑒 ≅ 𝛾 + 𝛬𝜏 as 𝛾 >> |𝛷𝑠 𝛾 cos 𝜃𝑟 |. The contact time of a bouncing droplet on high solid fraction
surface can therefore be approximated as:
𝜌𝑅3

𝑡𝑐 ~√

(S3)

𝛾+𝛬𝜏

where contact line density 𝛬 can be expressed as 𝛬 = 4𝛷𝑠 ⁄𝐷 . Note that equation (S3) will be reduced to
equation (S2) when the texture size is on the order of micrometers and solid fraction is below 0.25 due to the
low contact line density 𝛬.
Section S8. Pressure stability analysis on textured surfaces with straight or reentrant pillars
On a textured surface with square straight pillars (fig. S7A), the capillary force exerted by each pillar
preventing the water-air interface from penetrating into the pillars can be analytically described as (33):
𝐹𝑐 = 4𝐷𝛾|cos 𝜃|

(S4)

where 𝐷 is pillar side length (fig. S2), 𝛾 is the surface tension of water, and 𝜃 is the water contact angle on a
smooth solid surface. The total capillary force within a given projected area A can be described as: 𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑐 𝑁𝑝 ,
where 𝑁𝑝 =

𝐴𝜙𝑠
𝐷2

is the number of pillars. The capillary pressure 𝑃𝐶 applied at the water-air interface can be

described as 𝑃𝐶 =

𝐹𝑡𝑜𝑡𝑎𝑙

. After combining the above equations, the capillary pressure can be described as:

𝐴(1−𝜙𝑠 )

𝑃𝐶 =

4𝛷s
1−𝛷s

| cos 𝜃 |

𝛾
𝐷

(S5)

For a given textured surface (i.e., 𝛷s and D are fixed), the maximum 𝑃𝐶 can be achieved immediately before a
pinned three-phase contact line at the pillar edge start to move (see fig. S7A). At this moment, the contact angle
𝜃 reaches its maximum on smooth solid surfaces, which is also known as advancing angle and it is about 120°
(40).

On a textured surface with square reentrant pillars (fig. S7B), the dominating pinning position of the
three-phase contact line is at the bottom edge of the pillar undercut. The bottom plane of the undercut becomes
the reference plane of contact angles (21, 39). The capillary force exerted by each pillar preventing the waterair interface from penetrating into the pillars can be analytically described as (21, 39):
𝐹𝑐 = 4𝐷𝛾|sin 𝜃|

(S6)

Similar to the derivation of equation (S5), the capillary pressure 𝑃𝐶 applied at the water-air interface can be
described as:
𝑃𝐶 =

4𝛷s
1−𝛷s

|sin 𝜃|

𝛾
𝐷

(S7)

For a given textured surface (i.e., 𝛷s and D are fixed), the maximum 𝑃𝐶 can be achieved when the contact angle
𝜃 equals 90°, which is the moment when the capillary force is pointing vertically upward (fig. S7B). Therefore,
the equation (S7) is reduced to:
𝑃𝐶 =

4𝛷s 𝛾
1−𝛷s 𝐷

(S8)

Note that the equation (S5) and (S8) also apply to circular pillars when D is defined as the pillar diameter.
When a water droplet impacts a textured surface, the pressure pushing the water-air interface downward
originates from the water hammer pressure, 𝑃𝐻 = 0.2𝜌𝐶𝑣, which results from the impact momentum of an
impacting droplet, where C is the speed of sound in water (1497 m/s), and v is the terminal velocity of water
droplets (32). By comparing the ratio between 𝑃𝐶 and 𝑃𝐻 , one could determine the pressure stability of the
textured surfaces. For example, a typical raindrop size ranges from 1 to 3 mm, and its terminal velocity is in the
range of ~2.9 m/s ≤ v ≤ ~4.9 m/s (34), which leads to a water hammer pressure in the range of ~0.9 MPa ≤ 𝑃𝐻
≤ ~1.5 MPa. To theoretically investigate the pressure stability of straight and reentrant pillars under simulated
raining environment, we plotted the dimensionless pressure P* – the ratio of maximum capillary pressure 𝑃𝐶
and water hammer pressure 𝑃𝐻 – as a function of texture size and solid fraction based on equation (S5) and
equation (S8), respectively. Even though the pressure stability on reentrant pillars can be enhanced compared
to straight pillars, both nanoscale textures (D < 1 µm) and high solid fraction (𝛷𝑠 > 0.25) are still required to
sustain a capillary pressure (fig. S9) that is comparable to the raindrop hammer pressure (an average 𝑃𝐻 of ~
1.2 MPa).
Section S9. Pressure stability tests on textured surfaces with reentrant pillars
To test the pressure stability of textured surfaces under simulated raining conditions, we released water
droplets with a diameter (2R) ~ 2.3 mm from a height of ~ 83 cm, which results in a terminal velocity v of ~ 4.0

m/s. The Weber number (We =

2𝜌𝑣 2 𝑅
𝛾

) is about 505.5. The droplet impact process was recorded from the side

using a high-speed camera at a filming rate of 10,000 Hz. The geometrical parameters of the reentrant pillars
used in the pressure stability tests are shown in table S1.
When water droplets impact on a solid surface, there are two modes of impacting pressure. The first
mode is the water hammer pressure 𝑃𝐻 = 0.2𝜌𝐶𝑣 at the contact stage, and the second mode is the dynamic
pressure 𝑃𝐷 = 0.5𝜌𝑣 2 at the spreading stage, where 𝜌 is the density of water, C is the sound speed in water
(1497 m/s) and 𝑣 is the impact velocity (32). In raining conditions, water hammer pressure is much larger than
the dynamic pressure (i.e., 𝑃𝐻 ≫ 𝑃𝐷 ~ 8 kPa). Therefore, if the capillary pressure 𝑃𝐶 is larger than or
comparable to the water hammer pressure 𝑃𝐻 , the droplet will remain at the Cassie-Baxter state. Previous studies
showed that the water hammer pressure mainly concentrated at the center of the impact area (32), which
indicates that if the water hammer pressure 𝑃𝐻 is larger than the capillary pressure 𝑃𝐶 , the droplet center will
penetrate into the pillars and leads to a Wenzel state droplet. Since only the center area will be wetted, this state
is defined as the partial Wenzel state (see fig. S8D). Full Wenzel state can be expected when the dynamic
pressure 𝑃𝐷 is also larger than the capillary pressure 𝑃𝐶 (32). In our experimental conditions, we found that the
dynamic pressure (𝑃𝐷 ~ 8 kPa) is smaller than the capillary pressure 𝑃𝐶 on all four samples (see table S1),
therefore only two wetting states will be expected in our tests, i.e., Cassie-Baxter state or partial Wenzel state
(see fig. S8).
It is also noted that when the Weber number is as high as ~ 505.5, the droplet splashed into satellite
droplets after impacting. This is because the splashing parameter 𝐾 = 𝑊𝑒√𝑅𝑒 = 9652 surpassed the splashing
threshold 𝐾𝑡 ≅ 3000, where 𝑅𝑒 =

2𝜌𝑅𝑣
𝜇

is the Reynolds number, and 𝜇 is the dynamic viscosity of water.

However, in our tests the splashing does not influence the examination of wetting states at the center of the
impacted areas.
Table S1. Geometrical parameters and capillary pressures of the reentrant pillars used in the pressure
stability tests
Pillar Size
200 nm
10 μm

Solid Fraction
0.25
0.44
0.25
0.44

Capillary Pressure
0.5 MPa
1.2 MPa
9.7 kPa
22.9 kPa

fig. S1. Fabrication scheme of nano-/micro-scale reentrant textures. (A) and (B) A silicon wafer with dry
oxide was coated by photoresist and then designed patterns was transferred onto the silicon wafer by electron
beam (e-beam) lithography. (C) Silicon dioxide was etched by reactive-ion etching (RIE) until substrate silicon
exposed. (D) Reentrant textures were formed by isotropic reactive-ion etching over the exposed silicon. (E)
Photoresist residue was removed by oxygen plasma cleaning. For larger reentrant textures with texture size of
5 – 30 μm, ultra-violet (365 nm) photolithograph was used in step (A) and (B).

fig. S2. Schematic illustration of textured surfaces with reentrant textures. (A) A side view showing a water
droplet impacting a textured surface. The texture size is defined as D and the texture edge-to-edge space is
defined as S. (B) Top view of the textured surface. The size of the unit cell equals the sum of D and S. The solid
fraction of a textured surface is defined by D and S. The water droplets diameter is defined as 𝑑0 .

fig. S3. Water contact angle on a FAS-17 modified flat silicon dioxide surface. An optical image showing a
10 μL water droplet resting on a FAS-17 modified flat silicon dioxide surface with a static contact angle of ~
110°.

fig. S4. Measured water advancing angles and receding angles on a representative textured surface. The
drop-shape fitting method was used, which is a method plotting the measured contact angles along with droplet
volume changes. The upper plateau of measured contact angle is advancing contact angle and the lower plateau
is receding contact angle.

fig. S5. Measured water advancing and receding angles on a black silicon surface. The drop-shape fitting
method was used, which is a method plotting the measured contact angles along with droplet volume changes.
The upper plateau of measured contact angle is advancing contact angle and the lower plateau is receding contact
angle. The contact angle hysteresis of black silicon is determined to be 1.6±0.5°.

fig. S6. Comparison between the measured contact time 𝑡𝑐 of bouncing droplets and those predicted by a
conventional theory. The dash lines are predictions from equation (1), 𝑡𝑐 = 𝑎√𝜌𝑅3 /𝛾, where 𝜌, 𝛾 are the
density and surface tension of water, respectively; 𝑎 is an empirical pre-factor determined from experiments.
The purple circles and the orange triangles represent the measured contact time obtained from surfaces at 𝛷s =
0.25 and 𝛷s = 0.44, respectively. Error bars represent the standard deviations of three independent
measurements.

fig. S7. Schematic illustration of pressure stability on straight and reentrant pillars. Water advancing into
the gaps between (A) straight pillars and (B) reentrant pillars, where 𝛾 is the surface tension of water and 𝜃 is
water contact angle on a smooth solid surface. When the pressure inside the water (for example, water hammer
pressure) is larger than the capillary pressure at the water-air interface, the three-phase contact line will be
depinned, and will move downward on straight pillars or move outward on reentrant pillars.

fig. S8. Schematic illustrations of a water droplet impacting on textured surfaces at various impact
pressures. (A) A schematic showing a water droplet impacting onto a textured surface at a certain velocity. (B)
Wenzel state droplet: if the capillary pressure 𝑃𝐶 is smaller than both the water hammer pressure 𝑃𝐻 and the
dynamic pressure 𝑃𝐷 , the droplet will penetrate into the pillars, leading to a Wenzel state. (C) Cassie-Baxter
state droplet: if the capillary pressure 𝑃𝐶 is larger than the water hammer pressure 𝑃𝐻 , the droplet maintains a
Cassie-Baxter state. (D) Partial Wenzel state droplet: if the capillary pressure 𝑃𝐶 is smaller than the water
hammer pressure 𝑃𝐻 but is larger than the dynamic pressure 𝑃𝐷 , the droplet center will penetrate into the pillars,
leading to a partial Wenzel state. (32)

fig. S9. Phase maps showing the pressure stability of (A) straight and (B) reentrant pillars against
impacting raindrops as a function of the texture size and solid fraction. To repel impacting raindrops, it
requires a sufficient capillary pressure 𝑃𝐶 on textured surfaces to withstand the raindrop hammer pressure 𝑃𝐻 .
P* is defined as the ratio between 𝑃𝐶 and 𝑃𝐻 , i.e., 𝑃∗ = 𝑃𝐶 ⁄𝑃𝐻 . Note that the textured surfaces are pressure
stable when texture size D is small at high solid fraction 𝛷s . It is shown that all the geometrical parameters of
the surface textures on water-repellent insects fall within or near the pressure stable regime.
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