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Abstract
Freezing phenomenon has troubled people for centuries, and efforts have been made to lower the liquid freezing temperature, raise the 
surface temperature, or mechanical deicing. Inspired by the elytra of beetle, we demonstrate a novel functional surface for directional 
penetration of liquid to reduce icing. The bionic functional surface is fabricated by projection microstereolithography (PµSL) based 
three dimensional printing technique with the wettability on its two sides tailored by TiO2 nanoparticle sizing agent. A water droplet 
penetrates from the hydrophobic side to the superhydrophilic side of such a bionic functional surface within 20 ms, but it is blocked 
in the opposite direction. Most significantly, the penetration time of a water droplet through such a bionic functional surface is much 
shorter than the freezing time on it, even though the temperature is as low as −90°C. This work opens a gate for the development of 
functional devices for liquid collection, condensation, especially for hyperantifogging/freezing.
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Although various projects apply different mechanisms for anti-icing, such as thermal deicing, mechanical deicing, and sprinkling salt, 
those ways waste a lot of energy and cost too much. The elytra of beetle with different wettability on its two sides and unique porous 
structures enable ultrafast water penetration from its hydrophobic side to superhydrophilic side. Our biomimetic functional surfaces 
demonstrate marvelous performance of anti-icing because the penetration time of a water droplet through them is much shorter than 
the freezing time even at −90°C. Our bionic functional surfaces pave a novel way for the development of functional devices for liquid 
collection, condensation, especially for hyperantifogging/freezing.
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Introduction
In nature, water becomes ice at subzero temperature within 100 s 
(1, 2), and such a phenomenon brings us a lot of inconvenience 

and disasters in the past thousands of years (3–5). After hundreds 

of years’ study, anti-icing can be achieved in passive and active 

ways (6) to inhibit ice nucleation, hinder ice crystal growth, and re

duce ice adhesion, as well as water removal before icing (7). 

Typical passive anti-icing is ambiguous (8), including slippery sur

faces with low energy of adhesion (9, 10) and an ultralow ice nu

cleation temperature (11), as well as droplets bouncing away 

below the freezing point (12). Among them, slippery surfaces are 

achieved based on the microstructures or the surfaces themselves 
which contribute to the easy removal of liquid/ice, including 
superhydrophobic surfaces to reduce the adhesion of liquid 
(13–15), icephobic surfaces for easy removal of the ice (16, 17), 
etc. Active anti-icing is induced by an external stimulus that indu
ces magnetism (18, 19), optothermal (20, 21), and electric heating 
(22, 23) that raise the temperature of these surfaces for preventing 
icing and melting the existing ice by using much energy.

In nature, plants and animals have evolved over millions of 
years in a natural way that is not only faultlessly adapted to na
ture but also close to perfection. Scientists attempt to model the 
function of plants and animals in terms of characteristic and 
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advancing designs, creative thinking and understanding of the 

principles of various physical processes that provide a bridge be

tween biology and technology, which help us to solve technical 
problems (24, 25). By reproducing the principles of biology with ad
vancing means, people will not only break through existing bottle
necks but also perfectly solve the technical problems at the same 
time. Generally, bionic superhydrophobic surfaces (i.e. water con
tact angle (CA) >150° and sliding angle less than 10°) inspired by 
lotus leaf (26–28), butterfly wing (29, 30), and antarctic scallop 
(31) are commonly used in those anti-icing phenomena (32).

Inspired by the elytra of beetle, we herein propose a uniquely 
mimicked functional membrane with numerous microholes. The bi
onic porous membrane was manufactured by the projection micro
stereolithography (PµSL) based three dimensional (3D) printing 
technique (33–36) precisely. One surface of the bionic porous mem
brane exhibited superhydrophilicity treated with TiO2 nanoparticle 
sizing agent, while the other original surface was hydrophilic that in
duced the different Laplace pressures. Hence, the bionic porous 
membrane with asymmetric wettability enables the unique unidir
ectional microfluidic performance. Most significantly, liquid can 
penetrate the bionic porous membrane before icing that enables 
passive anti-icing even at −90°C. The proposed 3D printed bionic por
ous membrane promise applications in water resistible and breath
able equipment (37, 38), ant-icing devices (13, 39), etc.

Results
Design and fabrication of the bionic functional 
surfaces
There are numerous through microchannels with arbitrary cross- 
sectional shapes on the elytra of beetle for gas exchange and uni
directional transportation of water (Fig. 1A). Notably, the CAs of 
the inner and outer surfaces with those through microchannels 
of elytra of beetle are different (Online Supplementary 
Appendix, Fig. S1), which partially contribute to the survival of 
beetle in a cold and humid environment (40) (Figs. 1A–C). Our 
functional surfaces are inspired by the unique microsturctures 
and properties of beetle’s elytra. A porous membrane with a 
pore length of 400 μm, interlaced by 200 μm cylinders, was pre
cisely fabricated by PµSL based 3D printing technique (Online 
Supplementary Appendix, Figs. S2 and S3, Table S1 and 
Method). The bionic functional porous membrane (Fig. 1D) ena
bles the ultrafast unidirectional penetration of a water droplet 
at an extremely low temperature as low as −90°C (Fig. 1E), instead 
of freezing on a porous membrane without any treatment (normal 
surface) within several seconds (Fig. 1F).

The TiO2 nanoparticle sizing agent (TiO2/H2O = 1/5 w/w) was 
dripped onto one side of the porous membrane to manipulate 
the wettability of it after the 3D printing process (Online 
Supplementary Appendix, Fig. S4). The CA of a printed flat surface 
is around 60° (Materials and Method). In addition, the superhydro
phobic membrane is much smoother than the one without any 
treatment, whose total thickness is 500 μm, as observed from their 
scanning electron microscope (SEM) figures. The bionic functional 
surface (Online Supplementary Appendix, Fig. S5) consists of a 
superhydrophilic surface (CA = 8°) and a hydrophobic surface 
(CA = 107°, Online Supplementary Appendix, Fig. S6) with micro
holes in-between. The advancing CA of a printed bionic functional 
surface treated with TiO2 slurry is decreased to 14°, while the ad
vancing CA of a printed surface with same regularly arranged mi
croholes is increased to around 98° (Online Supplementary 
Appendix, Fig. S7).

Discussion
Unidirectional fluidic performance for bionic 
functional surfaces
The unidirectional microfluidic performance of our bionic func
tional surfaces is schematically shown in Fig. 2A, during which 
the capillary force formed by the meniscus of liquid in the micro
holes within the bionic functional surface plays a crucial role. At 
the beginning, a deionized (DI) water droplet goes inside of the mi
croholes because of the meniscus of liquid facing downward 
(Fig. 2A-i). Then, the capillary force accelerates the DI water pass
ing through the microholes (Figs. 2B and C). However, the Laplace 
force dominates the further movement of the DI water upon 
reaching the upper openings of those microholes inside of the bi
onic functional surface (Online Supplementary Appendix, Fig. S8),

Δp =
4γ sin (θ + α)

D
(1) 

where γ is the surface tension of the liquid, and D is the diameter of 
the microholes. θ is the static CA between a printed surface and a 
liquid droplet, and α is indicated in Fig. 2B. In addition, the max
imum Laplace pressure appears when θ reaches the advancing 
CA (θa) of the bionic functional surface (41),

Δpmax =
4γ sin θa

D
(2) 

The θa of a superhydrophilic surface is around 14°, leading to a 
fact that the Laplace force is not large enough to decrease the vel
ocity of the water to 0 before reaching its maximum value because 
of the inertia of the water (Fig. 2A-ii and B). Then, the water will 
come out from the openings on the superhydrophilic surface 
(Fig. 2D, Online Supplementary Appendix, Fig. S9 and Movie S1). In 
contrast, the DI water also comes into microholes from the superhy
drophilic surface, reaching the bottom openings with a relatively 
high velocity. Similarly, the backward Laplace force decreases the 
velocity of the water gradually. Different from the situation on the 
superhydrophilic surface, the Laplace pressure is large enough to de
crease the velocity of the water to 0 before the θ reaching the θa 

(Fig. 2A-ii). At last, the water will be forbidden to pass through the bi
onic functional surface when the water droplet is dropped on the 
superhydrophilic surface (Fig. 2E, Online Supplementary 
Appendix, Fig. S10 and Movie S2). Moreover, the unidirectional pene
tration of water cannot be achieved with a superhydrophobic/super
hydrophilic CA pair, a hydrophobic/superhydrophobic CA pair, or a 
hydrophobic/hydrophobic one (Online Supplementary Appendix, 
Figs. S11 and S12 and Movies S3–S5).

The size of the droplet makes a difference in its CA (Online 
Supplementary Appendix, Fig. S13), and the CA reaches the max

imum when the width of the microholes is 600 μm with a 2 μl drop

let. Similarly, the size of the microholes also greatly influences the 

CA of the membrane, and the maximum CA appears when the 

width of microholes is 600 μm (Online Supplementary Appendix, 

Fig. S14). The theoretical Laplace pressure difference (Δp) on the 

two sides of a bionic functional surface decreases with the in

crease of the microhole’s size (Fig. 2F), leading to a fact that the 

penetration time of a water droplet passing through a bionic func

tional surface decreases with the increase of the microhole’s size 

(Fig. 2G, Online Supplementary Appendix, Fig. S15 and Movie S6). 

In addition, the size of water droplets (Online Supplementary 

Appendix, Fig. S16), the length of the microholes covered with 

TiO2 nanoparticles (Online Supplementary Appendix, Fig. S17), 

and the surface tension of the liquid (Online Supplementary 
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Appendix, Figs. S18 and S19 and Movies S7 and S8) also make a big 
difference on the unidirectional microfluidic performance of our 
bionic functional surfaces. However, it should be pointed out 
that a bionic functional surface with large microholes might fail 
if ethyl alcohol is used as the working fluid because of its low ad
hesion force significantly affects the Laplace pressure at the open
ings of the microholes (Online Supplementary Appendix, Fig. S20
and Movie S9).

Lattice Boltzmann method simulation of the 
unidirectional water transportation through 
bionic functional surfaces
The unidirectional transport of water through bionic functional 
surfaces is found to be conditional by numerical calculations 
(Online Supplementary Appendix, Fig. S21 and Method). For the 
hydrophilic/superhydrophilic CA pair, successful unidirectional 
penetration of water droplets is found only when the bionic func
tional surface is placed upward, i.e. the water droplet is trans
ported from the hydrophilic side to the superhydrophilic side 
(Fig. 3A and B; Online Supplementary Movies S10 and S11). 
However, when the water droplet is placed on a bionic functional 
surface with superhydrophilic CA pair, it penetrates through the 
bionic functional surface from both directions (Fig. 3C and D; 
Online Supplementary Appendix, Figs. S22 and S23).

To look into the physics further, we propose a thermodynamic 
free energy model to calculate the capillary pressure along the 
penetration direction inside microholes on the bionic functional 
surface. For a bionic functional surface made of a single layer 
membrane with rectangular microholes and circular-shaped solid 
cross-section (Online Supplementary Appendix, Fig. S24 and 
Method), the local capillary force Pcap(x) = dE

dV (42), which is the 
change in surface energy per volume, is calculated in permeation 
direction x with the consideration of meniscus shape. Pcap(x) 
shares a similar trend of first increasing (due to flow channel 
geometry) and then decreasing (due to superhydrophilicity at 
the bottom surface) pattern with respect to x in all cases. The 

more hydrophilic θt is, the larger range of x where Pcap(x) is nega
tive, indicating that it is thermodynamically preferred for the li
quid–vapor interface to keep moving in x direction (Fig. 3E).

When θt is hydrophobic (blue lines), Pcap(x) = 0 occurs at much 
smaller x than hydrophilic θt, which explains the no-penetration 
behaviors on such surfaces due to lack of penetration propulsion. 
The drop in Pcap(x) is caused by the sudden change in intrinsic CA 
from θt to θb. With hb/t being smaller, the sudden decrease in 
Pcap(x) occurs earlier (Fig. 3F). In current settings, Pcap(x) is always 
negative as long as hb/t < 70%, and its average value is decreasing 
with the decrease of hb/t, suggesting large penetration rate rising 
from great capillary pressure. Similarly, we find that the absolute 
value of capillary pressure is larger at smaller da, showing a greater 
capillary wicking effect to propel liquid penetration (Fig. 3G). 
However, it is worth noting that, ultrasmall da will also bring large 
flow resistance (not incorporated in capillary pressure model), re
sulting in a nonmonotonic effect on penetration rate.

The hyperantifreezing characteristics of our 
bionic functional surfaces
The freezing time of a 2 μL DI water droplet on a printed flat surface 
made of the same material and roughness is tens of seconds 
(Fig. 4A), which decreases with the decrease of the temperature 
(Fig. 4B, and Online Supplementary Appendix, Fig. S25). In con
trast, a 2 μL water droplet penetrates the bionic functional surface 
within 96 ms when the surrounding temperature is above −30°C 
(Figs. 4A, C, and D; Online Supplementary Movies S12 and S13), 
and the water droplet is not frozen, while a water droplet on a simi
lar membrane without CA difference is frozen around 18 s at −30°C 
(Online Supplementary Appendix, Fig. S26). The penetration speed 
of a water droplet decreases with the decrease of the surrounding 
temperatures (Fig. 4C–G) because the surface tension of water de
creases with the decrease of the surrounding temperatures (43), 
which reduces the Laplace force at the openings of the superhydro
philic surface. But the time of a water droplet passing through the 
bionic functional surface is still shorter than the freezing time of 

Fig. 1. A 3D printed bionic functional surface. A) Beetle. B) Beetles’ elytron microstructures. C) Cross-sectional view of beetle’s elytron. D) Schematic 
diagram of a bionic functional surface. E) The penetration process of a water droplet through the bionic functional surface at −90°C. F) A water droplet 
will freeze on a printed flat surface without any treatment within 2000 ms at −90°C.
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the water on it, leading to a fact that the water droplet will not be 
frozen on such a bionic functional surface even at −90°C (Figs. 4C– 
E). In contrast, a small part of water is frozen on the hydrophobic 
side during the penetration process at −95°C (Movie S14) because 
the water droplet starts to freeze at the interface of the water drop
let and the bionic functional surface before passing through it, 
which slows down the penetration of the water passing through 
it. The quite high surface tension of a water droplet increases the 
penetration time longer than its freezing time on the hydrophobic 
side at −120°C, the water droplet is frozen to ice before penetrating 
the bionic functional surface (Fig. 4G).

Conclusion
In conclusion, the near-to-zero Laplace force on the superhydro
philic side of a bionic functional surface (the other side is 

hydrophobic) with regularly arranged microholes enabled the ul
trafast unidirectional penetration of a water droplet from its 
hydrophobic side to superhydrophilic side within 15 ms, which 
is shorter than the freezing time of a water droplet on such a bi
onic functional surface if the temperature is not lower than 
−90°C. Our bionic functional surface paves a new way for design
ing hyperantifreezing functional surfaces and liquid diode.

Materials and methods
Fabrication of the membrane with PμSL-based 3D 
printing technique
A 3D membrane was firstly modeled with a software, then it was 
sliced into several hundred 2D photos. A 3D printer (BMF-P140, 
China, Shenzhen), which is based on a kind of the surface 

Fig. 2. The ultrafast unidirectional penetration of water through a bionic functional surface. A) Schematic of unidirectional liquid penetration 
performance of a bionic functional surface. B) Capillary rise of water inside of a microhole. C) Capillary force inside a microhole. D) A droplet penetrates 
the bionic functional surface from the hydrophobic side to the superhydrophilic side. E) A water droplet is blocked on the superhydrophilic surface. F) 
Laplace pressure on the two sides of the bionic functional surface. G) The influence of membrane apertures on the penetration time through the bionic 
functional surface.

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad177#supplementary-data


Wang et al. | 5

projection light curing 3D printed technology (44), is appropriately 
applied for fabricating 3D complicated microstructures with high 
resolution, high precision, cross-scale processing, high processing 
efficiency, wide applicable materials, as well as low processing 
cost. The membranes were removed lightly from the tablet after 
the printing process, and soaked in ethanol for 1 min to wash 
out the photosensitive resin on them.

Preparation of TiO2 nanoparticle slurry
An appreciable amount of TiO2 nanoparticle powder (98% metals 
basis, ≤100 nm), which was purchased from Aladdin, was added 

to a beaker filled with water so that the ratio of TiO2 to water 
was 1:5. Finally, we stirred it evenly.

Fabrication of the membrane with different CAs 
on its two sides
The TiO2 nanoparticle sizing agent therewith spread on the dry 
porous membrane homogeneously. After simply utilizing absorb
ent paper to absorb the moisture and air-drying naturally for 24 h, 
one side of the membrane and the inside of the sheet was covered 
with TiO2 nanoparticles at the end.

Fig. 3. Lattice Boltzmann method simulation of the unidirectional water transportation through a bionic functional surface. A) Dynamic process of a 
droplet permeating on hydrophilic side of a bionic functional surface with θt = 60° (facing upward). B) Dynamic process of a droplet permeating on 
hydrophilic side of a bionic functional surface with θt = 60° (facing downward). C) Dynamic process of a droplet permeating on superhydrophilic side of a 
bionic functional surface with θt = 30° (facing upward). D) Dynamic process of a droplet permeating on superhydrophilic side of a bionic functional 
surface with θt = 30° (facing downward). E) Effect of θt on capillary pressure. F) The effect of hb/t on capillary pressure. G) The effect of microholes on 
capillary pressure.



6 | PNAS Nexus, 2023, Vol. 2, No. 6

Test of wetting property
We first placed the porous membrane or tablet on the test plat
form of the contact angle measuring device (SDC-100, SINDIN 
Company). Afterwards, we dropped 2 µl water droplets (γw = 
72 mN ·m-1) on the surface of the porous membrane or tablet, 
which were extruded from a syringe needle. Finally, the images 
that droplets contacted the surfaces were transmitted to a soft
ware, the diverse contact angles for different surfaces were 
obtained.

Liquid unidirectional penetration
Water droplet was provided by a microinjection located above a bi
onic functional surface. A water droplet was extruded through the 
needle by hand, then it contacted the hydrophobic side of the bi
onic functional surface, and finally penetrated to the superhydro
philic surface, which was regarded as the “forward direction” of the 
liquid unidirectional penetration. In contrast, if the bionic func
tional membrane turned around and the hydrophilic surface faced 
the needle, the first microdroplet jointly spread and grew up rather 
than penetrating to the other side, which was the “reverse direc
tion” of the liquid unidirectional penetration.

The low-temperature experimental setups
By using a 3D printer (Kobra, Anycubic Company) based on fused 
deposition modeling technology, we designed and manufactured 
the low-temperature experiment setups (Online Supplementary 

Appendix, Fig. S27), including the base on which the bionic func
tional surface was placed, the tank for liquid N2, and a copper 
sheet with 0.1 mm thickness in the middle between the base 
and the tank. The front side of the middle of the base is a gap 
for observation with a high-speed camera. The left side of the 
top of the tank is an entrance for filling liquid N2, and the middle 
side of the top of it is a channel for inserting a syringe and drop
ping water droplets. The copper sheet, which is cut out with a 
hole in the center for dropping liquid droplets, is bonded to the 
bottom of the tank for better heat transfer.

Preparation of samples for low-temperature 
experiments
We firstly put bionic Janus functional surfaces into an oil bath 
(−100°C) for an hour to decrease the temperature of them. 
Meanwhile, we filled the tank with liquid N2 to decrease the tem
perature of the whole setup. Then, the porous membrane was 
placed in the center of the base. Furthermore, the whole equip
ment was placed in a glovebox full of N2.

Temperature measurement
We measured the temperature with a thermocouple temperature 
meter (Smart Sensor AS887, China), whose measuring head is put 
near the upper surface of bionic functional surface. The tempera
ture was precisely controlled by the liquid N2.

The injection of water droplets
A channel in the middle of liquid N2 tank is reserved for the low- 
temperature experiments. We inserted the syringe with insula
tion into the channel quickly and kept the syringe 1 cm above 
the bionic functional membrane. A 2 μl water droplet would be ex
truded from the syringe to the upper surface of the bionic func
tional membrane.

Observation of antifreezing phenomenon of the 
printed liquid diode
A high-speed camera (HX-7 s, NAC Memrecam) was placed in 
front of the low-temperature experimental setup. When a water 
droplet was extruded from an injection, we used the high-speed 
camera to observe the process that the water droplets penetrated 
to the superhydrophilic side fleetly instead of frozen on the hydro
phobic side through the reserved window. The water droplets 
could penetrate the bionic functional membrane one by one in a 
twinkling. By changing the temperature, the anti-icing perform
ance of our bionic functional membrane was observed at different 
subzero temperatures from −10°C to −120°C.

Lattice Boltzmann method
The 3D single-component multiphase pseudopotential lattice 
Boltzmann method with Peng-Robinson equation of state (45) is 
employed to study droplet permeation dynamics on the bionic 
functional membranes. On-fourth of the computational domain, 
which is comprised of 80 × 80 × 140 lattices, is simulated with 
symmetrical boundaries. The droplet is initialized in its own satu
rated vapor where the lower liquid–vapor interface of the droplet 
just contacts with the bionic functional membrane, and let de
form spontaneously in isothermal environment at T = 0.85Tc 

under the simultaneous effects of capillary force and gravitation
al force. Unit conversions are done with Δx = lc,real/lc,LB and 
Δt = tc,real/tc,LB, where lc =

���������
σ/(Δρg)

􏽰
and tc =

�����
lc/g

􏽰
are the capillary 

length and characteristic time scale, respectively. The default pa
rameters for numerical cases are Lx × Ly ×Lz = 1.6 mm × 1.6 mm ×  

Fig. 4. The hyperantifreezing performance of a bionic functional surface. 
A) The schematic diagram of liquid unidirectional penetration on the 
bionic functional surfaces at extremely low temperatures. B) The 
influence of temperature on freezing time of a water droplet on a printed 
flat surface. C–G) The penetration process of a water droplet passing 
through a bionic functional membrane at −10, −30, −60, −90, and −120°C, 
respectively.

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad177#supplementary-data


Wang et al. | 7

2.8 mm, droplet diameter dp = 1.5 mm, the cross-sectional diam
eter dc = 200 μm, the membrane aperture da = 200 μm, CA at the 
top surface θt = 60°, CA at the bottom surface θb = 3° and their 
height ratio hb/t = 10%. With the abovementioned parameters, 
the typical Bond number Bo = Δρgd2

p/(4σ) = 0.061, suggesting the 
surface tension is dominant during the permeation process. 
Additionally, the Weber number can be determined by 
We = ρv2l/σ = 5.556 × 10−4, the Reynolds number can be deter
mined by Re = ρvl/μ = 4, the capillary number can be determined 
by Ca = We/Re = 1.389 × 10−4.

Theoretical permeation model
The droplet permeation problem is simplified as a liquid–vapor 
interface sweeping from a repeating unit cell (i.e. a rectangular- 
shaped aperture formed by cylindrical rods). The shape of li
quid–vapor interface at x direction is assumed to be spherical 
with an equivalent diameter d = da + dc − 2y and a local CA θ = θt 

when x < hb/tdc, θ = θb when x ≥ hb/tdc. For the liquid–vapor inter
face to move to a distance of dx in x direction, a liquid–solid inter
face Als = 4larc(da + dc − 2y − dy) is created where larc is the arc 
length shown by red solid line in the Online Supplementary 
Appendix, Fig. S24, and vapor–solid interface Avs = Als is de
stroyed. The change in liquid–vapor interfacial area is given by

Avl=2π
1 − cos α′

sin2α′

􏼒 􏼓
da + dc − 2y − 2dy

2

􏼒 􏼓2
􏼢

−
1 − cos α

sin2α

􏼒 􏼓
da + dc − 2y

2

􏼒 􏼓2
􏼣 (3) 

where α and α′ are angles of spherical caps at x and x + dx, 
respectively.

The total interfacial energy changes dE from (x) to (x + dx) reads

dE = −γvsAvs + γlsAls + γvlAvl (4) 

The volume change between two meniscuses dV is estimated as

dV = 2π
1 − cos αave

sin2αave

􏼠 􏼡
da + dc − 2y − dy

2

􏼒 􏼓2
􏼢 􏼣

dx (5) 

where αave is the average angle of α and α′.
Pcap(x) is calculated as the surface energy over the volume 

change when the interface moves to a distance of dx in the perme
ation direction. With Young’s equation ( cos θ = (γvs − γls)/γvl),

Pcap(x) =
dE
dV

= γvl
−Als cos θ + Avl

2π
1 − cos αave

sin2αave

􏼠 􏼡
da + dc − 2y − dy

2

􏼒 􏼓2
􏼢 􏼣

dx

(6) 

where y, dy, αave can be obtained from geometrical relations.
Thus, according to minimal free energy principle, a negative 

value of Pcap(x) indicates that it is thermodynamically favorable 
for liquid–vapor interface to move and permeate along x direction, 
and a positive Pcap(x) means that the liquid–vapor interface is un
likely to permeate spontaneously.

Other characterization
The porous membranes were characterized by a microscope 
(MJ31, Mshot). Then we gilded the surfaces of porous membranes, 
and examined the surface morphology on the porous membrane 
by an SEM.

Supplementary material
Supplementary material is available at PNAS Nexus online.
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