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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Non-energy consuming passive transport of liquids is studied with interest.

- Driving forces arise from asymmetric chemical, roughness, and curvature gradients.

- Anisotropic gradient surfaces show promise for a wide range of applications.

- Advanced theories and techniques need to be developed for optimized performance.
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Many biological surfaces are capable of transporting liquids in a directional
manner without energy consumption. Inspired by nature, constructing
asymmetric gradient surfaces to achieve desired droplet transport, such
as a liquid diode, brings an incredibly valuable and promising area of
research with a wide range of applications. Enabled by advances in nano-
technology and manufacturing techniques, biomimetics has emerged as a
promising avenue for engineering various types of anisotropic material sys-
tem. Over the past few decades, this approach has yielded significant prog-
ress in both fundamental understanding and practical applications. Theoret-
ical studies revealed that the heterogeneous composition and topography
mainly govern the wetting mechanisms and dynamics behavior of droplets,
including the interdisciplinary aspects of materials, chemistry, and physics.
In this review, we provide a concise overview of various biological surfaces
that exhibit anisotropic droplet transport. We discussed the theoretical
foundations and mechanisms of droplet motion on designed surfaces and
reviewed recent research advances in droplet directional transport on de-
signed plane surfaces and Janus membranes. Such liquid-diode materials
yield diverse promising applications, involving droplet collection, liquid sep-
aration and delivery, functional textiles, and biomedical applications. We
also discuss the recent challenges and ongoing approaches to enhance
the functionality and application performance of anisotropic materials.

INTRODUCTION
Non-energy-consumingcontrolledpassive transport of liquidsoverasymmetric

surfaces has gained significant attention and become an important research hot-
spot.1 Thematerial systems that allow the spontaneousflow/penetrationof liquid
in only one direction are described as liquid diodes, which attract scientific and
application interests in diverse fields such as liquid separation, water collection,
digital microfluids2 (enable fluidic functions at microscale for merging, splitting,
transporting, mixing, and incubating, which makes them ideal for numerous bio-
logical and chemical platforms), energy, interface catalysis, and smart fabrics.3–8

The anisotropic motion of droplets on a solid substrate was first observed by
Greenspan in 1978.9 The author pointed out that droplets tend to creep in a direc-
tion of greater adherence (lower contact angle) while retracting from weaker
attachment regions (higher contact angle) because of the forces at the fluid/solid
contact line. This work demonstrated that the surface energy gradient (chemical
gradient) governs the typical behavior of droplets moving toward more wettable
regions. Since then, dropletmovement governedbyanisotropicwettable surfaces
has been extensively studied by various methods, such as electrochemistry,
chemical vapordeposition, photolithography, and three-dimensionalprinting.10–17

However, precise regulation of surface energy and designing of slopes are strictly
required to overcome the effect of contact line pinning and hysteresis, which usu-
ally limits the movement of droplets.18,19 In addition, the current available wetta-
bility gradient is difficult to implement over long distances due to the limited
tunability of surface chemical composition and stability.

Many natural creature surfaces possess the ability of directional water trans-
port, which provided inspiration to humans, such as desert beetles,20,21 spider
silks,22 cactus thorns,23,24 Nepenthes peristome,25,26 and Sarracenia trichome.27

The evolution of these specific surfaces was accomplished through meticulous
design of hierarchical micro/nanoscale structures and chemical compositions.
The topological features hold significant potential for advancing the study of
liquid-diode materials through structural gradient construction. This work sum-

marizes that self-propelled droplet motions can be considered to rely primarily
on three driving forces: asymmetric chemical gradient, roughness gradient,
and curvature gradient. The generation of driving forces is mainly attributed to
materials morphology of scales, orientation, periodic arrangement, shape, curva-
tures, as well as composition properties, which affect the droplet wetting prefer-
ences and motion tendencies.28

In 2008, Yang and co-authors reported that droplet contact angle gradually
decreasedwith an increasing pattern density of themicrostructure.29 They sug-
gested that the droplet movement can be attributed to the difference between
the higher and lower wetting state. This findingwas further supported by Quérér
et al. in 2009, who demonstrated droplet transfer toward regions of high texture
density on hydrophobic pillar substrates, suggesting the role of roughness gra-
dients.30 Toactively generate roughnessgradientsurfaces, researchershavede-
signedarrayedasymmetricmicro/nanopillarsor ratchetswithdifferent densities
andbendingangles.Dropletsonsuchsurfacespreferentiallymove fromareasof
lower roughness to areas of higher roughness. The curvature gradient, which
arises on asymmetrically shaped substrates, such as conical fibers found on
cactus spines, and conical tubes such as shorebird beaks, provided examples
of curvature gradients with both convex and concave types. In 2004, Quérér
et al. studied the dynamicsof adroplet onahorizontal conical fiber. Theypointed
out that the wettable drop spontaneouslymoves toward the region of lower cur-
vature.31 The driving force for droplets on surfaces with curvature gradients
arises from the Laplace pressure gradient of the droplet. The Laplace pressure
is the differential pressure between the inside and outside of a curved surface,
which propels the movement of droplets with asymmetric shapes.
Currently, the field of liquid-diode materials is very active due to novel prepara-

tion methods and advanced technologies. Driven by innovative applications, sci-
entists in this field are working on the transition from fundamental to applied
research. The combination of active chemical, physical, and geometrical gradi-
ents has sparked innovative advances in droplet transport, increasing flexibility,
controllability, and speed for a wide range of applications.32–36 This article de-
scribes recent achievements in controllable liquid transport on asymmetric
two-dimensional (2D) substrates, including two models for droplet sliding and
spreading, as well as anisotropic liquid penetration through three-dimensional
(3D) Janus membranes. This study also highlights significant advances in the
practical applications of liquid-diode materials in several fields, including liquid
collection and separation, cargo delivery, bioanalysis, solar-driven water purifica-
tion, and functional textiles. These materials offer a convenient, eco-friendly, and
energy-efficient approach to interdisciplinary research and development.

ANISOTROPIC NATURAL BIOLOGICAL SURFACES
Learning fromnature,wehavegainedvaluable insights into the remarkableca-

pabilities in droplet transport.37–39 Spider silk, with exceptional mechanical and
chemical properties, is often observed coveredwith crystal water droplets in the
morning, creating a beautiful sight (Figure 1A).22 When spider silk encounters
moisture, it undergoes wet reconstruction, which creates a periodic structure
of spindle-knot and joint alternation, which causes a surface-energy gradient
and a curvature gradient, resulting in a Laplace pressure differential. As a result,
water condenses, coalesces, and transports continuously in the direction from
joint to spindle-knot, exhibiting superiorwater collectioncapabilities of the spider
silk.Obtainingwater fromair, especially inariddesert, isparticularlyvital formany
natural organisms. Cacti have a perfect water utilization system that enables
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them to survive in arid deserts. The cacti’s short spines can greatly reducewater
evaporation and loss. Researchers have further revealed that there are well-
distributed clusters of needle-like spines and trichomes on cactus stems (Fig-
ure 1B).23 There is a hierarchical distribution of gradient grooves from a wide
top to a narrowbottom, with sharp corners and oriented barbs at the tip position
and belt-like trichomes at the bottom. When tiny water droplets initially deposit
on the barbs, they condense into larger droplets, then directional move from
the tip to the bottom trichomes, which is forced by surface-energy gradient
and Laplace pressure gradient, due to the gradient grooves and asymmetric sur-
face structure. Syntrichia caninervis is a widespread moss species in desert en-
vironments.Thismosshasdevelopeda remarkable function tocollectwater effi-

ciently, which is enabled by its hierarchical structure (Figure 1C, dry and
rehydrated state).40 Scanning electronmicroscopy (SEM) revealed bothgrooves
and small barbs on its tiny hair (awn). The initial nucleation appears in nano-
grooves located within a microgroove or a shallow cavity, and further growth
takes place in regions with a high barb density. Subsequently, the water is trans-
ported fromthebaseof thehair to the leaf,where it is absorbed. Figure1Dshows
a desert scorpion named Parabuthus transvaalicus.41 It has countless gradient
conical-shaped setae that consists of parallel channels and ridges as marked
bya redboxdistributedon its pincer. Setaeare themicroscalehair-like structures
present on the body of insects or small animals. The scorpion seta can be easily
wetted by fog, forming a hydrodynamically lubricating water film. This film

A B C D E

F G H I J

Figure 1. Liquid-diode systems in nature (A) The water droplets condense andmove from the joint to spindle-knot part on the spider silk.22 (B) The water dropletsmove from the tip to
the bottom under the surface free-energy gradient and the Laplace pressure gradient on the needle-like spines under the asymmetric structure.23 (C) The water droplet nucleates,
grows, transports from the hair to the leaf, and is absorbed by the mosses.40 (D) The fog capture process on the gradient conical-shaped setae of desert scorpion.41 (E) The shorebird
is capable of capturingwater through its beak of concave curvature gradient structure by opening and closing the beak repeatedly.42 (F) Thewater droplets can slip off the wings easily
toward the outside direction on the butterfly wings and be pinned in the opposite direction.43,44 (G) The fog collection of Namib desert beetle through its patterned non-waxy hy-
drophilic peak regions and wax-coated hydrophobic valley regions.20 The valley region (left) and the peak region (right) are marked with yellow boxes, respectively.45 (H) The water
droplets move from the inner side to the outer side on the peristome of Nepenthes continuously and spontaneously.25 (I) The Sarracenia possesses ultrafast water collection and
transportation ability ascribed to the two-ordered ribs hierarchical microchannels aligned along its conical trichomes.27 (J) Well-controlled liquid directional transport on Araucaria leaf
consists of periodically arranged ratchets tilting toward the leaf tip.46
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reduces interfacial resistance and facilitates accelerated droplet transfer in
slidingmode. The figures illustrates the initial wetting of setae by small fog drop-
lets, where the upper layer water (ULW) is driven by the boundary layer water
(BLW) in crawl mode due to Laplace pressure difference and surface-energy
gradient. Shorebirds can capture water efficiently utilizing a concave curvature
gradient structure in their beaks due to the capillary ratchet-like beaks (Fig-
ure 1E).42 This concave curvature generates a Laplace pressure gradient,
enabling the stepwise ratcheting movement of a wetting droplet from the bird’s
beak tip to itsmouth. In thecompetitivedynamics, thecontact linesof thedroplet
at the leading edge and trailing edge of the bird’s beak move forward and back-
wardduringeachcycle of openingand closing, and finally results in a netmoving
inward because of the asymmetric wedge geometry.

Butterfly wings possess hydrophobic surface with anisotropic alignment mi-
cro/nanoscale roughness, giving them excellent droplet repellent properties in
both static and vibrating states (Figure 1F). SEM image shows the ratchet-like
overlapped scales that distributed asymmetric ridges on the butterfly wings
along its radial outward (RO) direction,43 and the positive direction tilt angle (u)
along the RO direction is smaller than the reverse direction angle against the
RO direction (u0).44 Thus, the droplets can slip off easily in the RO direction
and be pinned to the opposite direction regardless of the placement angle.
The severewater shortage in extreme-drought desert areas forces the local spe-
cies to evolve special adaptive structures and behaviors. The Namib desert bee-
tle’s surface is composed of patterned non-waxy hydrophilic peak regions and
wax-coatedhydrophobic valley regions (Figure 1G).20 During thenight, thebeetle
tilts its body to face the airflow; tiny droplets nucleate, aggregate, and generate
large droplets at the hydrophilic peaks. Once thewater droplets growbeyond the
hydrophilic area, theywill overcome thecapillary forceanddetach, then roll down
and are transported to the beetle’s mouth along the hydrophobic track under
good system control, which avoids the droplets being blown away by wind.
The peristome (pitcher rim) of Nepenthes alata features a specialized lubricated
surface that enables the capture of arthropodprey through slipping and trapping
mechanisms (Figure 1H).25 This slipperiness is achieved through a delicately hi-
erarchicalmicro/nanostructure that facilitates continuous and directional water
transport. Periodic wedge-shaped microcavities create an asymmetric two-or-
dered microgroove. The asymmetric inner wedge angle in the two-level micro-
grooves optimizes and enhances the capillary rise in transport direction, while
preventing reverse flow in the opposite direction. This slippery, anti-adhesive,
and highly efficient water transport surface is expected to be of great signifi-
cance in practical applications. The Sarracenia trichome possess special two-or-
dered high and low ribs, where one to five low ribs (smaller channel) are distrib-
uted between adjacent high ribs (large channel), as shown in Figure 1I.27 Parallel
microchannels induce two types of dry and wet transport models. In the dry
state, the liquid transport is driven by the gradient capillary forces generated
bysolid-liquidcontact, showinga largedropletmovementmodel similar tospider
silk or cactus spine. After wetting, the speed of liquid sliding increases signifi-
cantly, forming a direct liquid-liquid contact mode. The Araucaria leaf has 3D
ratchetswith transverse and longitudinal reentrant curvatures, which enable un-
expected liquid movement in and out of the surface plane (Figure 1J).46 Liquids
with low surface tensionmove along the ratchet-tilting direction, while liquids of
high surface-tension transport in the opposite direction. Additionally, droplet
rapid transport occurs on Araucaria leaf-inspired surfaces as a result of the
pinning of the asymmetric contact line, which is caused by the transverse and
longitudinal reentrant curvatures. Other organisms, such as Phrynosoma
cornutum,47 Cotula fallax,48 Litoria caerulea,49 bristlegrass,50 wheat awns,51

and Stipagrostis Sabulicola,52 all possess specialized structures and composi-
tions that enable water collection. In the past decades, nature has provided
promising ideas for the engineering of liquid-diode materials with features of
multiple compositional and structural modulation strategies. Further improved
functional liquid-diode materials are expected with successful developments
both in preparation and application.53

THEORETICAL FUNDAMENTALS
Creatures acquire water from various sources, including raindrops, mist, and

ambient moisture. The underlying principles behind this process have been
well studied. In this section, we illustrated the roles played by chemical gradient,
roughness gradient, and curvature gradient in governing droplet transport
(Figure 2).64,65

Chemical gradient
Chemical gradient surface has been applied to control droplet transport with a

direction toward the more lyophilic (LI) side.66–70 In 1992, Chaudhury andWhite-
sides first proposed a type of drop directional transport pathway caused entirely
by surface chemical gradient.54 By exposing a siliconwafer to heterogeneous de-
cyltrichlorosilane vapor to construct asurface free-energygradient, thewaterwas
induced to move directionally from the hydrophobic (larger contact angle) to the
hydrophilic side (smaller contact angle), guided by the asymmetry forces of sur-
face tension acting on the liquid/solid contact line.71,72 Even on a sloping sub-
strate surface, an uphill movement of a 1- to 2-mL water droplet can be observed
for awettability gradient surface, showing an average speed of 1–2mms�1 (Fig-
ure 2A). Under critical conditions, when the droplet size is smaller than the capil-
lary length (LC =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
r=ðrgÞp

), thegravity canbeneglected. Thedriving force canbe
expressed using Equation 1:

FChemical = pR0gðcos q1 � cos q2Þ (Equation 1)

Here, R0 represents the radius of the droplet, g is the surface tension, and q1

(more wettable) and q2 (less wettable) are the advancing contact angle and
receding contact angle.15,68,73 The direct construction of chemicalwettability gra-
dients on material surfaces are available from modification, chemical molecular
adsorption,74,75 electrowetting,76–81photoisomerizationswitchablesurfaces,82,83

and thermocapillary actuation of droplets.84–86 Advances on chemical gradient
surface can be achievedbymanipulating the density of hydrophobic regions rela-
tive tohydrophilic regions.29Patternedsurfacesofhydrophobicsiliconnanopillars
andhydrophilic silicondioxide (SiO2) stripe structures are shown inFigure 2B. The
driving force varieswith the proportion of superhydrophobic to hydrophilic region.
Droplets showavelocity of 75mms�1with distanceof 5.2mm(the ratio of stripe
length to droplet radiuswas 0.83), and 46mms�1 with distance of 3.2mm (ratio
of 2.5).55 The driving force, hysteresis, and viscosity together contribute to deter-
mine the droplet movement speed.87,88 However, one limitation is the restricted
inclination angle and confined differences in surface energy. Additionally, hyster-
esis effects, which refer to the contact line pinning, can affect the movement of
droplets. Another challenge is the difficulty in controlling themovement direction.
Furthermore, there is the issue of gradient degradation during long-term opera-
tion. To overcome these limitations, several strategies can be considered to
improve theperformanceof thesesystems, includingemploying robustmodifica-
tion techniques such as covalent bonding and self-assembly, using novel mate-
rials such as self-healing mechanisms, as well as constructing micro/nano-
structures.
Droplet self-propulsion is reportedly available on solid surfaces with a soft/

hard stiffness gradient, where droplet “durotaxis” plays a key role in inducing
asymmetric changes between the advancing and receding contact lines.89,90

In this context, the term durotaxis describes the phenomenon where a passive
liquid droplet is capable of “sensing” the stiffness of the substrate and preferen-
tially migrating toward softer regions, driven by physical mechanisms. As shown
in Figure 2C, a droplet on a soft substrate exhibits a rippling instability and de-
forms the substrate, raises a ridge around the contact line, andmakes the droplet
apparent contact angle more wetting on the softer regions to form a lenticular-
like shape. The resulting gradient in advancing and receding contact angle drives
dropletmotion toward the softer region of the substrate.56 Commonexamples of
soft solid materials include oil, gel, creams, and foams.91 It is profitable because
the stiffness gradient materials are easy to prepare at a large scale. Besides, the
droplet durotaxis on soft solid substrates may help to understand the particle
adsorption and study of cells adhering onto the solid surface.92

Roughness gradient
To arrangemicro-roughness gradients precisely is another efficient strategy to

guide the directional transport of fluids. Roughness gradient surfaces are usually
actively generated by constructing pillars or ratchets of different densities, aswell
as asymmetric sub-millimeter rice leaflike grooved structures.93–96 Surfaceswith
various roughness favor droplets moving directionally from lower-roughness to
higher-roughness areas, which is primarily subjected to the asymmetry of the
contact line (difference between the advancing contact angle qAdv and receding
contact angle qRec).

97–99 Droplets on surfaces with varied roughness experience
a hysteresis resistance force, which can be expressed according to Equation 2:

FResistance = pR0gðcos qRes � cos qAdvÞ (Equation 2)
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Technologies such as lithography,58,100 etching,101 replicatemolding,25 vapor
deposition,102 and 3D printing103 provide universally accessible routes for pro-
cessing various materials such as silicon wafer, polymers, and photocurable
resins.

There are two modes of droplet sliding and spreading, as illustrated in
Figures 2D and 2E. The sliding mode refers to the front and trailing edge of the
droplet moving in one direction at the same time, while the spreading mode is
the liquid’s advancing contact line spreading and moving forward directionally,
but the receding contact line is pinned to the original location. Figure 2D shows
that tiltednanorodsarraysproduceanisotropicadhesive retention forces todrop-
lets inapindirectionand releasedirection.57 Thedroplets releaseand transport in

thedirectionparallel to thenanorods’angle,whilebeingpinned inotherdirections.
This is because, in the release direction, the “air cushion” is confined between the
droplet and the solid geometry roughness, which contributes the advancing con-
tact line of droplet to contact the next roughness nanorods and be continuously
transported. The water droplets move axially in a sliding mode on a substrate
coated with an array of nanorods under external random vibration. Figure 2E
shows a typical unidirectional droplet spreading with the use of an asymmetric
nanostructured pillar surface deflected at 12� , which facilitates unidirectional
droplet spreading of elongated-shaped dropletswhile being pinned to all other di-
rections.58 Thewater film front spreads ahead, and the trailing contact line stays
pinned at the initial location. The simplified theoretical model revealed that the

A B C

D E F

G H I J

Figure 2. Droplet moving gradient driving forces The droplet moving driven by chemical gradient (A–C), roughness gradient (D–F), and curvature gradient (G–J). (A) The uphill
movement of water droplet driven by surface free-energy gradient.54 (B) The droplet transport on a patterned wettability gradient surface consisting of hydrophobic silicon nanopillars
and hydrophilic silicon dioxide stripe.55 (C) The droplet moving toward softer region on a stiffness gradient substrate because of varying of contact lines.56 (D and E) The droplet self-
propelled (D) sliding57 and (E) spreading58 on the roughness surface in a direction parallel to the nanostructure while pinned to other directions. (F) The self-propulsion of droplet by
vapor flow escape on asymmetric ratchet Leidenfrost object.59 (G and H) The droplet on (G) hydrophilic31,60 and (H) hydrophobic61 conical surfacemoving from large curvature (tip) to
the small curvature (base) under the Laplace pressure gradient. (I) The droplet moving from the small curvature (wide end) to the large curvature (narrow end) on the hydrophilic
internal surface of wedge geometry.62 (J) The droplet transport to the wider side on the hydrophobic internal surface of wedge geometry.63
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surface wettability, nanostructure deflection degree, and the ratio of height to
spacing determine the way the droplet moves, and the principle of water spre-
ading is determined by whether the droplet front edge can propagate and reach
the next nanopillar. The tunable anisotropic nanostructure roughness surfaces
make the manipulations of droplets possible, which offers more controllable op-
portunities for microfluidic systems.

As an increasingly research topic, the droplet movements in a Leidenfrost
regime at overheated surfaces are significant in the thermal management field
and have been studied recently, which are related to the asymmetric ratchetmor-
phologies.101,102,104 A vapor film is formedwhen the droplet is at the Leidenfrost
state over a wide range of temperature, so the liquid will not boil. In 2006, Linke
et al. first reported a droplet self-propelledmotion on Leidenfrost asymmetric sur-
faces and confirmed the active role of vapor flow in the droplet movement.105 In
2011, Quéré et al. further promoted the droplet Leidenfrostmoving.59 The droplet
was deformed by the ratchet and induced a curvature change and Laplace pres-
sure gradient. As exhibited in Figure 2F, the droplet self-propelled in awell-defined

direction, which was controlled by the vapor flow escaping under the Leidenfrost
object and rectified by the asymmetric ratchet textures. Besides, the solid object
of dry ice,which sublimates at atmospheric pressure, alsodemonstrated carrying
out directional transport. The studies of topographical structures at high temper-
ature brought in new understandings of droplet wetting dynamics and enabled
the rational design of fluid control for applications.

Curvature gradient
The evolution of curvature gradient is an efficient route of biological design

to ensure water collection and transport; for example, the typical spider silk,
cactus thorn, and Sarracenia trichome can efficiently utilize the surface gradient
for water collection.106–109 Droplets on hydrophilic and hydrophobic conical-
shaped surfaces tends to form barrel (Figure 2G) and clamshell (Figure 2H)
conformations, respectively. The asymmetric convex curvature or concave cur-
vature along the conical fibers creates pressure gradient on both sides of the
droplet.110–113 Laplace pressure difference has two sides, which promotes the

A B C D

E F

G H

Figure 3. The droplet movement in a sliding mode (A–D) The water droplets fast movements cross the chemical wettability gradient in about 0.033 s (drop 1 and 3) and 0.47 s (drop
2).86 (E) The adsorption of surfactant molecules on the hydrophilic conductive surface to enhance the hydrophobicity.78 (F) The generation, transport, and splitting of water droplet
driven by the surface-tension forces in the electro-dewetting process. (G andH) The wetting fluid transport inside a tube driven by curvature gradient due to photo-induced asymmetric
deformation of the tube.83
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condensed water droplet to move from large curvature (tip) to the small curva-
ture (base).114–118 The Laplace pressure DPcurvature can be expressed as in
Equation 3:

DPcurvature = �
Zr2

r1

2g

ðr+R0Þ2
sin adz (Equation 3)

The schematic is expressed in Figure 2H, where the local mean radius of the
fiber is denoted as r, l is the fiber length, a is the half-apex angle of the conical
fiber, and dz is the incremental radius as a function of the position along the fiber.
Thus, the driving force FLaplace of droplet on asymmetric-shaped surface is
described in Equation 4:

FCurvature = �
Zlbase

ltip

gðcos qAdv � cos qRecÞdl (Equation 4)

Besides water, Figure 2G illustrates a silicone droplet that is driven forward
along the conical fiber surface either in a spherical shape (r<R0) or in thewetting
equilibrium state (r > R0).

31 Figure 2H shows a droplet aggregation on the hydro-
phobic conical surface with a droplet growth rate of 3.27 mL s�1.61 The growth
and transport of droplets are influenced by water condensation, shape, and sur-
face wettability. According to the Kelvin equation,119,120 the droplets with larger
radius possess lower saturated vapor pressure. In the mist state, tiny droplets
tend to coalesce and formsmall droplets, eventuallymerging into larger droplets.
Consequently, water vapor coagulation is more likely to occur with a high radius
of curvature, and, when the existing water vapor pressure exceeds the corre-
sponding droplet saturation vapor pressure, the droplets grow rapidly. The effect
of conical surface hydrophilicity/hydrophobicity on droplet collection and trans-
port rate was investigated.61 It has been proposed that water transport occurs

more easily and rapidly on hydrophilic surfaces due to the formation of a water
film. However, micrometer-sized water droplets are more likely to bounce away
when colliding with liquid films than dry surfaces, which limits the droplet depo-
sition and volume increase.121 Conversely, the hydrophobic conical materials
enable quick collection of water but result in slower water transport. This curva-
ture-gradient-driven droplet transport on conical structures has been proposed
for water collection in arid areas.122 For example, artificial spider-silk-like fibers
with periodic spindle-knots and joint structures are reported. Figure 1A illustrates
howwater droplets condense andmove in a directedmanner toward the spindle-
knot. Various strategies have been developed, including dip coating,123,124 fluid
coating,125,126 electrospinning,127–129 and microfluidic technology.130–132 Mean-
while, as the curvature radius of the substrate increases, the larger contact area
between the liquid and the substrate results in the releasing of the total surface
free energy, which can cooperate with the Laplace pressure to dominate droplet
transport. The bottom insets in Figure 2G depict a systematic efficient water
directional transport system achieved through an integrated tapered structure
surface.60 This system enables quick transport of droplets and facilitates rapid
surface reconstruction, thereby enabling highly effective water harvest.
As for the droplet deposited inside a conical tube or cavity, the droplet self-

propulsion occurs when the corner angle satisfies inequality conditions. The
wedge geometry produces a Laplace pressure-gradient-driven force on the
droplet; on the hydrophilic inner surface, the droplet moves from the small cur-
vature (wide end) to the large curvature (narrow end), whereas, on the hydro-
phobic inner surface, it shows an opposite direction. In some cases, the liquid
does not always fill the corner, considering the contact angle hysteresis. Fig-
ure 2I demonstrates droplet self-propelling by squeezing and relaxing the
droplet like the shorebirds’ beak opening and closing, to create a net transport
flow from the trailing edge to the leading edge in three cycles.62 When the
droplet is released on the hydrophobic internal surface of a groove, the droplet
movement in the opposite direction can also be observed and determined
mainly by parameters of surface wettability, geometric angle, and droplet

A B C

D

E F G

Figure 4. The droplet movement in a spreading mode (A) The water unidirectional spreading on the U-shaped island arrays with reentrant structure from the open end to the other
end.144 (B) The water was blocked in the reverse direction of the U-shaped island. (C) The well-controlled water directional transport on arbitrary designed pathways of themicrocavity
surface.145 (D) The inner micro-structured bending tube to achieve the water self-siphon transport.146 (E) The SEM images of the micro/macro dual-scale arrays by 3D printing and its
applications for continuous liquid unidirectional transport.103 (F) The liquid unidirectional transport on patterned island arrays of different microfluidics routes. (G) Directional droplet
transport on designed multi-path surface caused by surface energy difference between the starting and terminal sites.147
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volume toward lower curvature (wide end). As illustrated in Figure 2J, the direc-
tional movement of droplets is controllable to change from an immersed state
to a suspended state as the corner angle decreases (by decreasing the geo-
metric corner from 120� to 30�).63 As a result, the droplet will depart from
the groove bottom while the volume increases.

Plants and insects ingeniously access water from raindrops, air, or other sour-
ces, utilizing their finely designed surfaces. These provided good inspiration and
versatile strategies for artificial devices. The programmed operation of droplet
transport has a wide range of applications, such as microfluidic, matter delivery,
intelligent soft robotic, and biomedical lab-on-a-chip systems.133 Chemical gradi-
ents, roughness gradients, and curvature gradients offer driving force to domi-
nate directional droplets motion. The coordination of chemical composition
and structure features for artificial materials led to fruitful development of biomi-
metic asymmetric surfaces. Advances in theory andmechanismwill enable sub-
stantial advancements in the field of unidirectional passive droplet motion. High-
performance fluid systems involve the utilization of chemical-, roughness-, and
curvature-gradient surfaces alone or coupled, with a focus on energy conserva-
tion and environmental sustainability. The exploration of the progress and appli-
cations on designed 2Dplane surfaces and 3DJanusmembranes is presented in
following chapters.

DROPLET MOTION ON 2D PLANE
According to the movement form of the droplet three-phase contact lines

(TCLs)when the dropletmoves, the directional transport of droplets on plane sur-
faces can be categorized into sliding mode and spreading mode. For the sliding
mode, advance and recede contact lines of the dropletmove forwardat the same
time, whereas, for the spreading mode, the front edge of droplet moves forward
to show a liquid strip creeping. The droplet sliding on the slippery surface of
certain infused liquids is not described here, since it is mainly controlled by
applying a certain rolling angle rather than non-energetic passive
transport.134–137

A B

C D

Figure 5. Applications of droplet transport on 2D
plane surfaces (A) Water collection. The water con-
denses on the ratchet and is then transportedupward to
the tank and collected by an artificial collector that is
composed of a peristome-mimetic surfaces.179 (B) Oil/
water mixture separation. The oil spreads along the
ratchet-tilting direction (forward direction), whereas wa-
ter spreads in the opposite direction (backward direc-
tion).46 (C) Droplet cargo delivery. Controlled transport of
the different liquids and micro-reactions between CuCl2
solution and KOH solution.180 (D) Bioanalysis. The
biomedical detection of ABO blood-group tests.181

Sliding mode
The droplets’ sliding movements on a

plane surface are mostly induced by a chem-
ical surface-tension gradient, while droplets
spreading are generally caused by asym-
metric structural gradients. In 2001, Chaud-
hury’s group proposed an approach to guide
the droplet motion by designing a cold sur-
face with a radial surface-tension gradient,86

where the central part of the surface shows
the maximal hydrophobicity. When saturated
vapor passes over the cold surface, abundant
water droplets nucleate, coalescence, and
grow, showing a slide movement toward the
wetter direction. Figures 3A–3D show that
the drops move across the gradient edge in
about 0.033 s (drops 1 and 3) and 0.470 s
(drop 2), powered by the droplet coalescence
energies and chemical gradient forces. These
transport velocities of the small drops are
significantly faster, ranging from hundreds
to thousands of times faster, compared to
those driven by the Marangoni effect.

A common and effective way to construct a surface wettability gradient is
through the use of surfactant molecular adsorption.74,76 By electrically control-
ling the adsorption of surfactantmolecules on a hydrophilic layer, the hydropho-
bicity of certain regions can be enhanced, leading to an increase of the contact
angle (Figure 3E). In the electro-dewetting-governed process in Figure 3F, the
droplet is governed by surface-tension forces, which facilitate its generation,
transport, and splitting.78,138 In addition, Figures 3G and 3Hshowa fluid self-pro-
pulsiondriven by curvature gradient due to photo-induced asymmetric deforma-
tion of liquid crystal polymer tubular microactuators.83 This strategy can be
applied for various complex fluids ranging from nonpolar/polar liquid to even
emulsion and liquid/solid fluid mixtures, in various types of complex paths,
including straight, serpentine, Y shape, and helical shape.

Spreading mode
The droplet spreading on surfaces with asymmetric structures on precisely

designed substrates was widely studied, primarily relying on the photolithog-
raphyprocess, replication fabrication, 3Dprinting, and etching technology.139,140

One common structure is the peristome-mimetic microcavity-arrayed sub-
strate.141,142 In thismode, the front three-phasecontact point changesandapre-
cursor film of water spreads forward and fills themicrocavity induced by the to-
pological wedge corner, while the sharp overhang structure inhibits liquid
spreading in the reverse direction via strong pinning.143

The existenceof the precursor liquidfilm is significant for droplet spreading. In
Figure4A, the topological surfacesarecomposedofperiodicallyU-shaped island
arrays with a reentrant structure in the cavity location.144 The corner flow in-
duces thehydraulic jump thatprovidesauniquemechanism for liquid directional
self-propulsion by overcoming the contact line pinning. The unidirectional
spreading occurs in the opening side to the other side of the U-shaped island.
The droplet bulk is arrested at the pinning edge, then proceeds with a hydraulic
jumpas the volume increasesand coalesceswith theprecursor film. Theprecur-
sor liquid film that facilitates the drop bulk undergoes the repeat process and
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reaches the next pinning edge, resulting in continuous flow spreading without
the need of an external energy input. However, the reentrant structure has its
own resistance for droplet transport in the reverse direction because of the gen-
eration of anupward capillary force to restrain the liquid penetration into the cav-
ity via pinning (Figure 4B). Owing to the directionally outward spreading of the
affected drops on the hydrophilic pitcher rim, the desired liquid transport can
be easily controlled to follow the designed pathways on flexiblemicrocavity ma-
terials (Figure 4C).145 The synergistic corner effect and topological structures
enable the asymmetric spreading resistance via gradient Taylor rise. Under the
cooperative effect, efficient microfluidics manipulation was achieved through
a peristome-mimetic microstructure in a curvature tube (Figure 4D).146 Water
can achieve a self-siphon transport inside the bending tube. However, liquidmo-
tion faces challenges for limited handling capacity and high liquid transport
speed. To achieve a rapid, long-distance, and continuous unidirectional trans-
port, themicro/macro dual-scale arrays surface was further proposed by a sim-
ple3Dprinting technology (Figure4E).103TheoverlappedLaplacepressure leads
to the anti-gravity and directional liquid transport ability (Figure 4F). A flexiblemi-
crofluidic device of two liquids transported along the facile fabricated arrays
showed asymmetric arc-shaped patterns, such as a tai chi symbol and other
arbitrary fluid transport pathways. In addition, directional fluid transport from
narrow to wide site was achieved by designing an alternating hydrophobic sur-
facewith hydrophilic transport path, which is related to the difference in surface
energy between the starting and terminal sites (Figure 4G).147 Long-distance
transport oncomplexmultiple pathscanbe realized by relying on the integrating,
merging, and splitting of the droplets system. Moreover, this system can be
applied in controllable bubbles that are transported by reversing the properties
of hydrophilic and hydrophobic regions in a subaqueous environment.

However, liquid transport triggered by topography or chemical gradients gener-
ally suffers from confined transport distance, low speed, and contact line pinning
effects. It hasbeenshownthat externalfield stimulationcan improvedroplet trans-
port propertiesonanisotropic responsivesurfaces, includingelectricfields (electro-

Figure 6. Outline of preparation of Janus membrane
liquid-diode materials Examples of asymmetric fabri-
cation include direct integration,188 electrospinning,189

vacuum filtration,190 and phase separation.191 Asym-
metric modification involves photo degradation,192

agent grafting,193 chemical deposition,194 and dip
coating.195 Types of self-propelled liquid diodes include
wetting gradient, interpenetrating structure, tapered
structure, pore-sizegradient, andsurface-energy release.

wetting based process, constructing charge
density gradient, and electrostatic interac-
tion),77,80,81,148–154 light irradiation (dropletmotion
triggered by spatially photoirradiation-induced
interface property changes),136,155–162 magnetic
field (by adding magnetic particles or by mag-
netic-field-induced substrate deformation),163–169

thermal response (Marangoni effects, thermoca-
pillary-stress-driven droplet migration, thermo-
responsive surfaces),84,101,104,156,170–175 and pH
switching. Under the synergetic effect of fields
stimulus and the programmable substrates, this
method aims to achieve faster, long-distance,
and sustainable development of self-propulsive
droplet transport in specified paths.176–178

Applications of liquid self-propelled
transport

Such liquid self-propelled directional transport
on 2D plane surfaces is expected to promote
practical applications in fields including water
collection, liquid separation, bioanalysis, and mi-
crofluidics (Figure 5).

Water collection. The water collection pro-
cess involves droplet nucleation, coalescence,

growth, and transport, and rational designing on material configurations should
be considered to facilitate water harvesting.182,183 Amultiscale curvatures-based
Nepenthesmimetic structure was developed to accelerate the mist harvest and
enhance the subsequent droplet transport process (Figure 5A).179 The construc-
tion of ratchet teeth, concavities, and arch channels on the peristome surface
each endows different functions for droplet collection, condensation, and trans-
port. Moreover, comparing to traditional water-harvesting devices, this study will
also benefit organic vapor-harvesting at a high speed.
Liquid separation. Liquid directional transport strategies greatly support the

development of liquid-separation applications. Inspired by the dual-reentrant
structure of Araucaria leaf, the bidirectional transport of two liquids with different
surface tensions was achievable due to their specific interactions with the de-
signed surface (Figure 5B).46 Oily liquid unidirectionally transports in one direc-
tion while water moves in another direction, thus the oil/water can be separated.
The pure oil and pure water droplets can be obtained up to nanoliters to micro-
liters within milliseconds.32

Cargo delivery. Surface engineering provides a promising method for con-
trolling the transport of droplet cargo transport at specific volumes and velocities,
without requiring any energy input. Peristome-mimetic surfaces decorated with
immiscible lubricant are fabricated by 3D replicating printed techniques (Figure
5C).180 By combining surface superwettability with curvature structure, the peri-
stome-mimetic surface is able to transport droplet cargoes with a lower surface
tension compared to the lubricant phase over long distances at fast speeds.
Moreover, such targeted droplet delivery systems can be applied tomicroreactor
concepts, based on precise control over chemical composition and mobility
control.184,185

Bioanalysis. Biomedical chips that enable precise control of tiny droplet
transport are gaining popularity due to their exceptional flexibility and versatility.
These chips offer significant advantages, as theyeliminate the need for complex
equipment and require only a small amount of sample for operation. For
example, by establishing liquid-handling procedures, a slippery liquid-infused
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porous surfacewithout contact angle hysteresis and contact line pinning can be
used as a bioanalysis platform and applied to the urinary stone disease meta-
bolic workup.34 Besides, a vibration-actuated, biocompatible, and adaptable
biomedical platformwas developed based on lubricant-infusion slippery ratchet
arrays surface. In Figure 5D, the programmable, large-volume (0.05–2000 mL),
and fast-velocity (�60 mm s�1) omni-droplet transport is achieved and thus
can be used for biomedical detection, including ABO blood-group tests and anti-
cancer drugs screening.181

DROPLET PENETRATION ON 3D JANUS MEMBRANES
Asymmetric-wettability Janus membranes were extensively studied for their

spontaneous unidirectional liquid permeation across the membrane direction
as a liquid diode. Anisotropic forces exerted on droplets at asymmetric interfaces
lead to unidirectional liquid penetration, ie, LI and lyophobic (LO).186,187 Liquid
could penetrate in LO to LI direction, while being intercepted in the opposite direc-
tion (Figure 6). Directional liquids transport can be controlled by adjusting the
orientation of the Janus material.

Fabrication of Janus membrane
Two routes are proposed to design the wettability gradient on Janus mem-

branes. The first is referred to as the asymmetric fabrication method, where
two membranes with opposite wetting properties are integrated. The second
method, refer to as the asymmetric modification method, involves selectively
treating one side of a homogeneous wetted membrane to form an asymmetric
wetting interface. Figure 6 summaries the outline of Janus liquid-diodematerials.
The asymmetric fabrication route involves direct integration,188,196–198 asym-
metric electrospinning,120,189,199–204 vacuum filtration,190,205–208 and phase-sep-
arationmethods.191,209,210 The asymmetric modificationmethods include photo
degradation192,211,212 and photo polymerization,213 chemical grafting,193,214,215

deposition,194,216,217 spraying/dip/floating coating,218–220 and laser microfabri-
cation strategies.221–224 Asymmetric preparation is more widely used because
of its advantages in flexible regulation ofmaterial composition, wetting gradients,
layer thickness, and pore size. Moreover, it offers the opportunity for multilayer
liquid diodes of hierarchical asymmetric films, such as trilayered225 and quadlay-
ered215 liquid-diode membranes. In addition, with the increased interest in direc-
tional liquid transport, other kinds of self-propelled liquid diodes are investigated.
Studies demonstrated that droplet self-motion could be realized by the
synergetic effect of interpenetrating interface structure204 and cone hole
structure,226 or evendriven by asymmetric pore-size gradient structures alone.227

Moreover, liquid diodes could be realized by releasing surface energy on slippery
surfaces.228

Mechanisms of Janus liquid-diode membrane
The wettability gradient guides droplet anisotropic permeation due to the

movement of air/liquid/solid TCLs under asymmetric wetting forces, and,
when it contacts the hydrophilic layer, it is followed by TCL rupture and then
droplet penetration (Figure 7A).199,230,231 Droplets are blocked until they reach
the maximum Laplace pressure (Figure 7B). This suggests that the short dis-
tance between the LO and LI layers facilitate liquid penetration. Recently, we pro-
poseda conceptualmodel of the interpenetrating LO/LI interface-structure-assis-
ted Janus liquid diode, which proves the important effect of interface structure
in accelerating droplet penetration by reducing the distance the droplet
moves.204,229 In Figure 7C, it was demonstrated that the curvature of liquid
meniscus could be minimized compared to the routine contact model, and
thus accelerating the liquid to contact and penetrate the hydrophilic side. This in-
terpenetrating structure offers design options for optimal design of Janus mem-
branes in applications. Moreover, a conical micropore enhancementmechanism
on Janus liquid diode was proposed and verified.229 The results showed the
tapered large to small pore structure from the hydrophobic side to the superhy-
drophilic side, which contributes to faster droplet transport. It is because this that
the conical structure generatesminimal hydrostatic pressure in the intrusion pro-
cess, maximal driving force in thewetting process, andminimal resistant force in
the absorption process as indicated in Figure 7D.

In addition, researchers investigated the effect of pore-size gradient of amem-
brane on liquid directional transport. Janusmembranes consisting of hydrophilic
nanopores (II side) and superhydrophilicmicropores (I side) were preparedwith a
controlled pore-size gradient structure.226Water droplets areblocked on the I sur-

face but could be from the nano- to the micropore (II to I) side owing to the
competition between spreading and penetration (Figure 7E).Moreover, by adjust-
ing suitable pore-size gradient distributions, droplets could achieve bidirectional
permeation or block both directions. Furthermore, Shou andFan reported a diode
effect attributed to the geometrical structure by integrating two hydrophilic sub-
millimeter mesh and submicrometer membranes together.227 The water droplet
can penetrate from the larger pores on themesh side to the smaller pores on the
membrane side. During the flow from the membrane to the mesh direction, the
droplet experiences a sudden expansion of the flow path, leading to the pinning
of the contact line based on the Gibbs pinning condition. System energy gradient
is another strategy to generate controllable droplet transport. An integrated
orthogonal anisotropic slippery mesh consisting of a horizontal track (H track)
and a downhill track (D track) was prepared, which water can only unidirectional
penetrate from the D to H side when in a D-track-up and H-track-down model
(Figure 7F).228 By adjusting the contact area between the liquid and the sub-
strate, the total energy of the system can be controllably modulated (Figure 7G).
In the D-to-H track direction, the contact area between the droplet and the track
increases and the total surface energy is successfully released to drive the
droplet movement (Figure 7H).

Applications of Janus membrane
The Janus heterogeneous membrane exhibits liquid-diode effects, enabling

effective management of liquid penetration in a specific direction. Numerous Ja-
nus materials have been developed, drawing inspiration from natural surfaces
and leveraging advancements in nanofabrication and engineering processes.
Thesematerialshavemadesignificantprogress inareassuchaswater collection,
liquid separation, solar water purification, functional textiles, and biomedicine .
Water collection. Water collection is a process that typically involves droplet

coalescence, growth, transport, and collection.120 Inspired by the asymmetric
microtopology of cactus spines and the heterogeneous hydrophobic/hydrophil-
ic micropattern of the back of desert beetles, the Janus membranes have the
function of collecting water droplets and transporting them in a directional
manner from the hydrophobic side to the hydrophilic side.218 The hydropho-
bic/hydrophilic Janus system for fog collection applications is shown in
Figures 8A and 8B.188 Furthermore, the released surface sites allow repeated
capture of droplets, enabling continuous water collection in an energy-free
and -efficient way.192,198 Furthermore, it would be desirable to rationally design
more water collection points and reduce the re-evaporation rate of collected wa-
ter. Therefore, our group proposed a topology/wettability binary cooperative
strategy that is composed of a hydrophilic nanoneedle layer and a hydrophobic
nanofiber layer.120 In Figures 8C and 8D, the asymmetric topology offers more
distinct water collection sites; moreover, it induces a Laplace pressure differ-
ence. Besides, the alternate hydrophobicity/hydrophilicity induces a surface-en-
ergy gradient and thus synergistically improves water collection performance.
The Janus materials systems show potential application in accessing water
from the air in arid regions.
Liquid separation. Janus membrane are used for oil-water separation and

emulsion separation, with outstanding efficiency due to their selective perme-
ability to oil or water, typically used for filtering oil from water.234,235 Relatively
few studies reported for water filtering because the oil phase can easily contam-
inate the hydrophobic layer and prevent water transport. This oil unidirectional
penetration of Janus membranes can generally be divided into two types: the
in-air oleophilic/oleophobic membrane and underwater oleophilic/oleophobic
membrane. For the in-air oleophilic/oleophobic membrane, the water is often
blocked in both directions due to its in-air superhydrophobicity on both sides,
while the oil is allowed to penetrate in the oleophobic to oleophilic direction
and thus is separated.236 Compared with the single-layer porous hydrophobic/
oleophilic membrane, the Janus material can typically achieve higher separation
flux of oil transport in an oleophobic to oleophilic direction under asymmetric
wettability, because the oleophobic layer can effectively restrain the plug prob-
lems caused by oil contamination. Moreover, the underwater oleophilic/oleopho-
bic membrane typically exhibits the ability of directional oil droplet trapping
(Figures 8E and 8F).232 Under the assistance of buoyancy, continuous selectively
flowing oil separation is achieved on Janus gradient membranes, which can be
used for oil recovery from industrial flowing wastewater.216,237

Solar water purification. Membrane desalination offers a promising
approach to alleviate the global water shortage issue.238–240 Recently, a water
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purification method known as interface solar vapor generation (ISVG), based on
high-performance photothermal materials, has become a hot topic because of
energy-free, green and efficient, and environment-friendly features. ISVG technol-
ogy uses a photothermal material at the water/air interface to absorb sunlight
and generate heat. Then the converted heat is used to heat the polluted or brine
water, and ultimately to obtain clean water through vapor condensation. The
high-performance solar vapor system should integrate efficient light absorption,
low heat loss, water supply and timely vapor diffusion, and a self-floating struc-
ture. However, single-layer hydrophilic evaporator systems suffer from signifi-
cant heat loss, and, on the other hand, hydrophobic evaporator materials often
encounter inadequate surface water supply.241 It is difficult for a single-layer
membrane to realize the coupling of the above multiple functions. Owing to
the cooperative construction of the twomembranes, Janusmembrane improves
the efficiency of solar to vapor conversion due to independent coupled regula-
tion.242,243 As shown in Figure 8G, the Janus evaporator has a hydrophobic upper
photothermal layer and a hydrophilic insulation layer, which is an effective
method for water desalination and inhibiting salt deposition because of sufficient
interconnected channels for quickly salt dissolution due to water pumping.233

The Janus evaporator shows stable vapor generation of 1.30 kg m�2 h�1, and
the salinity after purification is far below what is defined by World Health Organi-
zation in Figure 8H. The salt resistance due to Janus structural design helps the

long-term cycling stability.195,244 In addition, we proposed a Janus ISVG device
that integrates a superhydrophilic photothermal layer and a superhydrophobic
thermal localization layer (Figure 8I).35 The high vapor production was 1.88,
3.95, and 5.65 kg m�2 h�1 under simulated 1/2/3 suns with energy input of
1/2/3 kWm�2 (Figure 8J). In Figure 8K, the hierarchical-structured photothermal
layer can achieve broad-spectrum solar light absorption and low light reflection.
The bottom insulation layer of ultra-low thermal conductivity could restrain a sta-
ble air layer underwater to prevent thermal transfer to bulk water. Meanwhile, wa-
ter is self-pumped unidirectionally from bottom hydrophobic layer to upper hy-
drophilic layer by virtue of the anisotropic wettability. With the solar vapor
conversion efficiency up to 78.56%, this synergetic strategy offers a comprehen-
sive solution for freshwater production (Figure 8L). Additionally, Janus evapo-
rator with additional features such asmagnetic localization245,246 and windproof
and rotation resistance abilities247 has been proposed, which allows solar water
purification in complicated surroundings.
Functional textiles. Currently, there is a growing demand for quick-drying

clothes. Personal moisture-management fabrics can quickly transport sweat
and water vapor from the surface of human skin to the environment to achieve
a quick-drying effect. These fabrics provide a comfortable wearing experience in
hot and humid environments but also reduce energy consumption. Janus fabric
with internal hydrophobic and external hydrophilic characteristics can induce

A B C

D

E

F G H

Figure 7. Mechanisms of liquid unidirectional penetration on kinds of Janus membrane (A and B) Droplet penetration in LO to LI direction while blocked in LI to LO direction on
wetting gradient drives Janus membrane. (C) Interpenetrating structure enhanced Janus liquid diode.204 (D) Conical micropore structure enhancement of Janus liquid diode.229 (E)
Pore side gradient-driven liquid diode.226 (F–H) Liquid diode dominated by surface-energy release.228
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spontaneous outward transport of moisture mainly due to the wettability
gradient, aswell as capillary force effect, pore structure, and flexible tunable com-
posites.201,248,249 Thus, Janus fabrics exhibit outstanding moisture transport ca-
pacity compared to commercial fabrics. For example, by creating gradient wetta-
bility channels across a hydrophobic cotton fabric thickness, the asymmetric
fabric demonstrates a directional liquid transport ability 15 times greater than
the conventional Gore-Tex fabric.250Moreover, a Janusmembranewith a revers-
ible wettability gradient upon temperature change was designed, realizing adap-
tive human moisture and thermal management. Droplets can be transported
from inner hydrophobic to outer hydrophilic side at high temperature. While at
low temperatures, water is held on the inner hydrophilic surface and is prevented
from being transported to the outer hydrophobic surface (Figure 9A).251 The
reversible liquid penetration is caused by the local shrinking and swelling of
the fiber networks under temperature changes resulting in changes in surface
energy and pore size (Figure 9B). Besides, hierarchical heterogeneous multilayer
membranes exhibit an effort of enhanced moisture-wicking properties by
creating progressive wettability and gradients in pore structure.176,215 A sand-
wich-structured nanofiber fabric that has Januswettability (Figure 9C) combined
with outdoor radiant cooling properties (Figure 9D) was designed.252 This textile
thus has excellent personal thermal and moisture-management performances,
achieving a rapid sweat evaporation rate of about 0.26 g h�1 and a body temper-
ature drop of about 4.2�C (Figure 9E). With the further study of the Janus func-
tional membranes, novel moisture-wicking fabrics with extended features are re-
ported, such as inhibiting bacterial growth and invasion,193 breathable synergistic
triboelectric textiles,253 and radiative cooling for heat management,36 which has
bright prospects for wearable clothing.

Biomedicine. In clinical medicine, conventional dressings fail in completely
transferring biofluid from awound, and excessive biofluid can delay wound heal-

ing or even cause infection. Here, Janus self-pumping dressings provide a new
approach for wound healing by unidirectionally draining biofluid from the hydro-
phobic side to the hydrophilic side, effectively preventing biofluid from wetting
the wound and thus accelerating the wound-healing process.203 Compared
with conventional dressings, this strategy avoids the adhesion problems caused
by biofluid accumulation and secondary wound disruption caused by peeling
dressings (Figure9F). Figure9Gclearly shows theupwarddrainingof biofluid.Re-
sults showed the formed epitheliumafter 14 days’ healing by the Janus dressing,
while no epithelium formedby the conventional dressing (Figure 9H).Moreover, it
isexpected tobeusedclinically in thenextgenerationofwound-healingdressings.
Besides, owing to theflexible tunability of theporous structure and interface prop-
erties, researchers proposed a type of functional Janus membrane of chitosan/
hydroxyl apatite, which canserve asaneffective scaffold for cell guidance and tis-
sue regeneration.254 In a model study of bone defects of a rat, the effective prac-
tical regeneration resultsareconfirmed,whichprovidesnewopportunities forclin-
ical medicine treatment. In addition, by virtue of the liquid-diode property, the
researchers even achieved rapid removal of red blood cells from the blood.
Because the membrane is integrated into the test strip, this makes it possible
tomonitor blood glucose in near real time and reduce bloodwaste.255 Functional
Janus fabrics areattracting increasing interest due towide potential applications.

CONCLUSION
Natural creatures have evolved excellent capability in liquid transport and con-

trol, which inspired us through chemical, physical, and geometrical engineering
and modulation in designing new liquid-diode materials. Smart fluid unidirec-
tional control materials have made significant improvements in the last two de-
cades, including theoretical foundation, progressive underlyingmechanisms, and
widespread application scenarios. It facilitates the development of the discipline,

A B C D

E F G H

I J K L

Figure 8. Applications of the Janus membrane system in water/fog collection, liquid separation, and solar-driven water purification (A and B) The hydrophobic/hydrophilic Janus
system for fog collection applications.188 (C and D) The topology/wettability binary cooperative system for droplet capture, growth, coalescence, directional transportation, and water
collection.120 (E and F) The underwater directional oil penetration and collection by the Janus membrane system.232 (G) Hydrophobic/hydrophilic Janus evaporator demonstrates
high-efficiency water purification of 1.30 kgm�2 h�1.233 (H) The salinity before and after desalination. (I) Hydrophilic/hydrophobic Janusmembrane integrates high-performance light
absorption and low thermal loss.35 (J) The evaporation rate of the C@CuO-J60 evaporator under 1/2/3 suns of 1.88, 3.95, and 5.65 kgm�2 h�1. (K) The synergistic mechanism of light
absorption, heat confinement, and water self-pumped on the wettability gradient Janus evaporator. (L) The solar-to-water conversion efficiency of the Janus evaporator.
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digital microfluids, and functional materials. More importantly, this energy-free
model contributes more in alleviating the current energy crisis. Benefitting
from its unique unidirectional liquid transport behavior, liquid-diode materials
show broad application prospects in liquid manipulation and separation, cargo
delivery and microreactors, bioanalysis and fast response platforms, solar water
purification, smart fabrics, etc. Currently, strategies and technologies need to be
developed for easy fabrication, faster response speed, and long-distance liquid
transport control. This development may involve robust covalent bonding, self-
assembly techniques, and use of novel materials such as self-healing mecha-
nisms, as well as hierarchical micro/nano-engineering composites. Additionally,
computational simulations and predictions can be included, which will effectively
mitigate risks and expedite the screening of optimum preparation conditions.
Anticipated advancements in nanotechnology, bionic manufacturing, and intelli-
gence are expected to improve the droplet control precision, materials perfor-
mance, and durability. Moreover, these are likely to increase cost-effectiveness
and enable large-scale preparation, thereby facilitating commercial applications.
Furthermore, the role of liquid-diode materials needs to be coupled to the appli-
cation scenarios for synergistic application functions. For example, as a micro-
reactor, it requires precise fluid control, fast response, and repeatability. As a
wound dressing, it also needs good breathability, sterilization and anti-inflamma-
tion properties, and to be skin friendly. Most importantly, the guiding theoretical
research of chemical composition, structure, and material performances re-
quires refined development. This includes in-depth discussions and designs
that encompass chemical gradients, roughness gradients, and curvature gradi-
ents to enhance the overall performance. The fostering of synergy between
theoretical innovation, fabrication technology, and application-driven approaches
creates a supportive and mutually reinforcing environment. There are both op-
portunities and challenges associated with liquid-diode materials. The field of bi-
onic liquid-diodematerials represents amultidisciplinary and innovative intersec-
tion of research. Through collaborative efforts, it is expected that liquid-diode
materials will witness promising advancements and applications.
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