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Heterogeneously engineered porous media for
directional and asymmetric liquid transport
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SUMMARY

Passive regulation of liquid transport in porous media in a direc-
tional or asymmetric manner has become increasingly critical to
emerging applications, such as personal moisture management, wa-
ter harvesting, and liquid separation. Over the past decade, hetero-
geneously engineering porous materials and structures for tunable
liquid transport has triggered technological revolutions in those
areas based on nature-inspired design, metamaterial development,
and model-driven optimization. Herein, we discuss the latest devel-
opments in directional and asymmetric liquid movement created by
material and structural heterogeneity, with a focus on mechanistic
models, physical mechanisms, and engineering strategies to pro-
vide an improved understanding of the controllability of the
directed liquid motion. We also explore the diverse applications
of enhanced fluid directionality and asymmetry, from overviewing
fabrication methods to analyzing significant affecting factors,
including surface wettability, pore size, and flow path profile. Cur-
rent challenges and research gaps are summarized to provide a
road map for potential research opportunities.
1Institute of Textiles and Clothing, The Hong
Kong Polytechnic University, Hung Hom,
Kowloon, Hong Kong 999077, China

2Sibley School of Mechanical and Aerospace
Engineering, Cornell University, Ithaca, NY 14853,
USA

3Research Institute for Intelligent Wearable
Systems, The Hong Kong Polytechnic University,
Hung Hom, Kowloon, Hong Kong 999077, China

4Research Institute for Smart Energy, The Hong
Kong Polytechnic University, Hung Hom,
Kowloon, Hong Kong 999077, China

5Lead contact

*Correspondence: dahua.shou@polyu.edu.hk

https://doi.org/10.1016/j.xcrp.2021.100710
INTRODUCTION

Directional and asymmetric liquid transport (DALT) is a unique natural phenomenon,

which has stimulated broad applications including personal moisture manage-

ment,1,2 water harvesting,3,4 oil recovery,5–11 and microfluidics.12 Numerous natural

materials and structures, such as cactus spine,13 Nepenthes alata,14 spider silk,15,16

shorebird beak,17 butterfly wing,18 and desert scorpion setae,19 have provided rich

sources of inspirations in controllable liquid transport, as shown in Figure 1. It has

been found that DALT always exists on the heterogeneous skin or surface of the nat-

ural features, where the liquid movement is directed controllably by the varied

geometrical structures (e.g., size, shape, and spatial distribution) and material prop-

erties (e.g., wettability). Based on 1D and 2D DALT strategies in nature, the artificial

heterogeneously engineeredmaterials and structures in a 3D fashion have triggered

scientific and technological innovations in various disciplines.

Inspired by the natural configurations, researchers have discovered that porous me-

dia with a structural gradient or a wettability gradient in thickness direction enable

‘‘smart’’ DALT (i.e., liquid can transfer automatically across the thickness of the

porous media preferably in one direction.)22–26 Dong et al.27 pointed out that artifi-

cial superwetting materials also promote the technology development in directional

liquid dynamics. In the literature, DALT was also named ‘‘directional wicking,’’28

‘‘one-way water transport,’’29 or ‘‘water or fluid diode.’’30–32 Such DALT systems
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Figure 1. Representative DALT phenomena in nature

(A) Driven by wettability and structural variations, water can be transferred directionally from the tip

of the cactus spine stem to the root.13 Reproduced with permission.13 Copyright 2020, Elsevier.

(B) A droplet is falling down directionally to the mouth of the Namib Desert Beetle19 due to the

heterogeneous wettability pattern (with hydrophilic peaks and hydrophobic valleys). Reproduced

with permission.19 Copyright 2018, American Chemical Society.

(C) On the surface of a spider silk, water droplets move from joints to spindle-knots continuously

due to the Laplace pressure difference and surface energy gradient.15,16,20 Reproduced with

permission.15 Copyright 2018, Royal Society of Chemistry.

(D) Millimetric droplets are directionally transported from the tip of a shorebird’s beak to its mouth

by changing the structural gradient of the beak periodically in a tweezering motion.17 Reproduced

with permission.17 Copyright 2008, The American Association for the Advancement of Science.

(E) Due to an asymmetric structure, water droplets can easily roll off the wing of the butterfly along

the radial outward direction but it is pinned in the reverse direction.18 Reproduced with

permission.18 Copyright 2007, Royal Society of Chemistry.

(F) The fog capture process based on directional droplet movement is induced by the conical-

shaped setae on the pincer of the desert scorpion.21 Reproduced with permission.21 Copyright

2018, John Wiley and Sons.
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always have a difference of breakthrough pressures in the two opposite directions,

which is determined by the thickness of the hydrophilic and hydrophobic layers,

the intrinsic wettability, and pore sizes.33

DALT is highly crucial to many engineering processes and industrial applications,

including water harvesting, personal moisture management, and liquid separation.

The motivation to explore liquid water harvesting systems is to solve the water-

shortage issue in arid regions. It was reported by Peng et al.34 that fresh water ac-

counts for only 2.5% of the total volume of water on earth and two-thirds of the

global population will be suffering from water scarcity by 2025. Functional garments

such as a sportswear T-Shirt with active moisture management is another emerging

implementation. The directional wicking materials will irreversibly and speedily

excrete sweat produced by human bodies, maintaining thermal comfort and
2 Cell Reports Physical Science 3, 100710, January 19, 2022
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avoiding the breeding of bacteria.35–37 The commercialization of scientific and

research findings in moisture management–functional clothing has been increas-

ingly growing to meet the market demands.38 DALT-based liquid separation39 is en-

ergy-effective and environmentally friendly, offering green and efficient solutions for

distillation, wastewater treatment, and desalination.

Over the past decade, DALT in porous media has stimulated remarkable attention in

various fields. Heterogeneously engineering porous materials and structures has

successfully facilitated DALT based on capillary actions. It is highly desired to review

and discuss the latest developments in heterogeneously engineered materials and

structures for DALT. In this review, we focus on mechanisms and models to provide

an improved understanding of the controllability in directed liquid motion. The tech-

nologies of DALT have been overviewed from summarizing fabrication methods and

analyzing significant affecting factors to highlighting emerging applications. The

current challenges and research gaps are summarized, which are helpful to provide

a road map for future research opportunities. In comparison to existing reviews

including superwettability-based directional liquid dynamics40, directional flow in

thin, porous materials7, and stimuli-responsive bioinspired materials41, the present

review emphasizes the mechanisms and models of DALT in heterogeneous porous

materials, based on which we present and discuss the latest fabrication methods

and applications, and summarize the research challenges. The schematic view of

this review’s organization is presented in Figure 2. Section 2 is devoted to the funda-

mental and underlying mechanisms of DALT induced by gradient wettability and

structure and the mathematical modeling of DALT in terms of capillary filling time

and breakthrough pressure, analyzing significant affecting factors including surface

wettability, geometric structure, and flow path profile. Section 3 introduces the fabri-

cation methods of heterogeneously engineered porous materials and structures for

DALT, including chemical vapor deposition, UV irradiation, photolithography, and

electrospinning; and the emerging applications, such as functional clothing, water

harvesting, and oil/water separation, in detail. The existing challenges are discussed

and the future research opportunities are suggested in the last section.

RESULTS AND DISCUSSION

Mechanisms and models

Mechanisms and models of directional liquid transport

Understanding the mechanisms of liquid transport is significant to design, fabrica-

tion, and optimization of the DALT porous systems. The mechanisms can be mainly

classified into three types as follows (i.e., wettability gradient, structural gradient,

and combination of both as shown in Figure 3):

(1) Wettability gradient

In many natural phenomena,13,19 the driving force of the DALT is induced by the

wettability gradient. The wettability gradient of a solid surface can be triggered

by a roughness gradient or surface-tension gradient. The liquid tends to move

from the side with the lower surface energy to the side with the higher level (or better

wettability), as presented in Figure 3A. The Janus wettability indicates the opposite

wettability on different sides of thin, porous materials.49 On the upward hydropho-

bic side, the liquid is subjected to both capillary force of the hydrophobic region

(HOF) and hydrostatic pressure (HP). Here, the HOF is the capillary force induced

by the convex meniscus on a hydrophobic surface, which hinders the filling of liquid

into the channel.49 The large Laplace pressure difference generated by the Janus

wettability leads to the anisotropic liquid penetration. The HOF is supposed to resist

the downward penetration while the HP tends to drive the liquid to move. Once the
Cell Reports Physical Science 3, 100710, January 19, 2022 3



Figure 2. Schematic overview of DALT in porous media

DALT design is reproduced from Luo et al.13 with permission. Copyright 2020, Elsevier. Mathematic

model design is reproduced from Hou et al.,42(Copyright 2019, American Chemical Society) Shi

et al.,43(Copyright 2019, John Wiley and Sons) and Choi et al.44(Copyright 2009, John Wiley and

Sons) with permission. Chemical vapor deposition design is reproduced from Shang et al.45 with

permission. Copyright 2017, John Wiley and Sons. UV irradiation design is reproduced from Shou

et al.46 with permission. Copyright 2018, John Wiley and Sons. Photolithography design is

reproduced from Kostal et al.19 with permission. Copyright 2018, American Chemical Society.

Electrospinning design is reproduced from Duan G. et al.,47 with permission. Copyright 2019, John

Wiley and Sons. Water harvesting design is reproduced from Wu et al.4 with permission. Copyright

2019, John Wiley and Sons. Functional clothing design is reproduced from Miao et al.35 and Lao L.

et al.2 with permission. Copyright 2018, John Wiley and Sons. Copyright 2020, (retain the right of

this paper as one of the authors) American Association for the Advancement of Science. Oil/water

separation design is reproduced from Hou et al.42 with permission. Copyright 2019, American

Chemical Society.
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liquid reaches the hydrophilic field, the capillary force provided by the menisci and

the HP facilitates the liquid advance continuously. From the upward hydrophilic side,

the liquid spreads with the capillary action. When the liquid reaches the Janus inter-

face, the HOF provided by the hydrophobic interface resists further penetration of

the liquid.

External stimuli such as temperature gradient can also lead to varied wettability. A

double-sided synergetic Janus textile could be switched by the temperature change

for the directional and regulated liquid transport, which was caused by the reversible

wetting gradient and pore size change of the crosslinked lower critical solution tem-

perature (LCST) and upper critical solution temperature (UCST) polymer networks on

the two sides.50 In addition, the fabric coated with photosensitive TiO2 achieved

self-propelled directional wicking based on the thermally-induced superhydropho-

bicity and the light-induced superhydrophilicity.51
4 Cell Reports Physical Science 3, 100710, January 19, 2022



Figure 3. Mechanisms of directional liquid transport in heterogeneous porous systems with varied wettability and structure

(A) Liquid passes a hollow channel from the hydrophobic side to the hydrophilic side, but it is blocked in the opposite direction.

(B) Liquid is transported in the direction of contraction but blocked in the expansion direction.48

(C) Directional liquid transport is facilitated in a channel with the synergy effect of wettability and structural gradient.2
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(2) Structural gradient

The structural gradient is another underlying cause to the flow directionality, which

usually works in the artificial materials and structures.14,52 The directional liquid

transport is driven by the Laplace pressure due to the curvature and size differ-

ence,53,54 as shown in Figure 3B. The driving pressure of a droplet inside a cone

can be expressed as follows:40

DP = �
�
4gcosq

xBas
� 4gcosq

xAas

�
(1)

where q is the contact angle, g is the liquid surface tension, as is the semiapex angle

of a cone, x is the distance between the liquid surface and the apex of the cone. In

particular, xA is the distance between the inner three-phase junction and the conical

tip, xB is the distance between the outer three-phase junction and the conical tip.

The general model of the local capillary pressure in a channel, which approximately

represents a porous medium, can be derived based on thermodynamic principles.
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For the channel without wedges, the capillary pressure ðPcÞ can be expressed as a

function of relating area, perimeter, contact angle, and surface tension,55

Pc = gcosqPper

�
Ac ; (2)

where Ac is projected area of the terminal meniscus and Pper is the perimeter. The

pressure difference across the liquid in a heterogeneous porous media can be calcu-

lated based on Equation (2) and used to determine the breakthrough pressure and

indicate the flow direction.

(3) Combined wettability and structural gradient

Enhanced directional liquid transport can be achieved with the synergy effect of

wettability and structural gradient. The corresponding mechanism has been prelim-

inarily explored in the skin-like fabric,2 as illustrated in Figure 3C. The Gibbs pinning

criterion56 was extended to determine the DALT status in the hollow gaps between

yarns, based on the combined wettability and structural gradient on the curved wall

surface. Continuous advancement of the liquid can be achieved based on the

following relationship:

b = a+ q� p

2
<0 (3)

where b is the direction angle, and a is the expansion/contraction angle of the flow

path. In the positive direction (b < 0), the liquid-air interface is concave with dragging

force toward the flow direction. In the negative direction (b > 0), the contact line gets

pinned based on the Gibbs pinning condition.

Mechanisms and models of asymmetric liquid transport

Themechanism andmodels of asymmetric liquid transport are crucial to characterize

the unique flow manner and the optimization design of the functional porous media.

The mechanistic models in literature focus on predicting the filling time and break-

through pressure of the porous systems with heterogeneous structures. Optimiza-

tion and regulation for differential liquid absorption or transport from different

flow directions are highly desirable in many applications including oil recovery,

spacecraft life-support systems, moisture management fabrics, medical wound

dressings, and microfluidic devices.

(1)Asymmetric transport time

Asymmetric liquid transport indicates variations in flow velocities in the opposite

flow directions of the channel or porous system. The mathematical modeling of

liquid absorption time has been proposed, which provides a significant theoretical

basis for optimizing the size of multilayer porous media for the fastest liquid trans-

port in one direction and the slowest one in the opposite direction. Shou et al. pro-

posed the normalized liquid absorption time in the two-section hollow medium

(Equation 4),57 the three-section hollow medium (Equation 5), and the trapezoidal

porous medium (Equation 6),58 of which the structure configurations are presented

in Figure 4, which are given by

Rtwo�section =
1

1� E

(
2
mnð1+mnÞð1+mn� E � nEÞ2
ð1+ nÞ4ð1+mn�mE �mnEÞ +

n2ð1+mnÞð1+mn�mE �mnE

m2ð1+ nÞ4
(4)
Rthree�section =
1

ð2+ n32Þ2
+

1

ð2+ n32Þ2
+

n2
32

ð2+ n32Þ2
+

2m21

ð2+ n32Þ2
+

2m31n32

ð2+ n32Þ2
+

2m32n32

ð2+ n32Þ2
(5)
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Figure 4. Schematic of heterogeneous porous systems

(A–C) Two-section medium (A), three-section medium (B), and trapezoidal medium (C) for

asymmetric liquid absorption.57,58
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Rtrapezoidal =
a21

2ða1 � a2Þ2
��

a22
a21

��
ln

�
a22
a21

��
+ 1

�
(6)

respectively, where E is the porosity, n is the thickness ratio of the two layers, h is the

length, r is the radius, a is the width, nij is the thickness ratio of i layer to j layer, and nij
is the capillary radius ratio of i layer to j layer.

(2)Asymmetric breakthrough pressures

Breakthrough pressure is the minimal pressure required for a liquid to pass through

the medium, which can be used to characterize the fluid directionality. In many

cases, a high breakthrough pressure from one direction and a low breakthrough

pressure (close to zero) from the other direction is highly desired. For personal mois-

ture management, a high breakthrough pressure indicates that the face side of the

fabric can resist the external liquids such as rain or contaminated water, but a low

breakthrough pressure from the skin side will facilitate the sweat to wick and escape

quickly. For liquid separation, a high breakthrough pressure to a certain liquid is ex-

pected to selectively filtrate or separate the blended liquids. However, a higher

breakthrough pressure implies that the DALT porous media contain a greater frac-

tion of the hydrophobic materials or a smaller pore size, which can increase the

flow resistance to the liquid from the penetration direction. To sum up, the re-

searchers are often working to find a greater difference in breakthrough pressure

from the two opposite directions that indicates the greater fluid directionality.

Nevertheless, whether a higher or lower breakthrough pressure is preferred de-

pends on the application and its requirements.

The structural and wettability arrangement in a porous system determines the

wicking performance and flow direction (i.e., non-wicking, unidirectional, or bidirec-

tional).30 Only an appropriate combination of different layers or components can

induce the desired breakthrough pressure in the given flow direction. However,

formulating a general framework that is versatile to predict the breakthrough pres-

sure, as well as to guide the design and optimization of the liquid diodes and asym-

metric valves, remains challenging.59

The mechanistic models of breakthrough pressure are different between single-

layer and bilayer Janus media. The single-layer Janus medium is a homogeneous
Cell Reports Physical Science 3, 100710, January 19, 2022 7



Table 1. Breakthrough pressures of DALT porous systems

No. Type of porous media Liquid
Thickness
(mm)

Breakthrough
pressure (kPa) Causes Reference

1 UV irradiation coated pristine polyester fabric Water 512 2.1-2.3 Switchable superphobicity/philicity
in the Janus fabric

H. Zhou 201361

2 UV irradiation coated pristine polyester fabric Oil 512 1.1-2.2 H. Zhou 201361

3 Trilayered PU/(PU-HPAN)/HPAN fibrous Media Water 140 1.6 Superhydrophilic outer layer and
hydrophobic inner layer

D. Miao 201835

4 Asymmetrically carbonized wood slice coated
with a PDMS superhydrophobic layer

Water 180 1.2 Superhydrophobic and
superhydrophilic layers

Y.Q. Luo 202013

5 All-hydrophilic fluid diode made from porous
layers with asymmetric pore sizes

Water 500 0.11-0.18 Structural gradient asymmetric pores
on all-hydrophilic porous materials

D. Shou 201848

6 Single-layer PVDF-HFP nanofiber medium Water 200 2 Super-amphiphobic/
superhydrophobic-oleophilic layers

H. Wang 201562

7 Gradient fabric (by theoretical computation) Water 100 0.6-4.6 Wettability gradient (lyophobic
to lyphilic)

X. Tian 201233

8 UV-irradiated/TiO2-silica-coated polyester fabric Water 500 1.8 Asymmetric wettability H. Wang 201063

9 E/W-PES-70% medium Water 40 1.6 Wettability gradient
(Superhydrophilicity-hydrophilicity)

Q. Zhang 202064

10 TiO2/PFOTES-finished cotton fabric Water 300 0.2-0.6 Wettability gradient and structural
gradient

L. Lao 20202

11 Janus PVDF-HFP/PFDTMS (M15/1)/Cu(OH)2
layers

Formanide 10-21 1-3.5 Anisotropic wettability
(lyophobic-lyophilic)

L. Hou 201942

12 Janus PVDF-HFP/PFDTMS (M15/1)/Cu(OH)2
layers

Ethylene
glycol

10-21 1.1-4.9 L. Hou 201942

Abbreviations: polyurethane (PU), hydrolyzed polyacrylonitrile (HPAN), polydimethylsiloxane (PDMS), poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP),

ethanol in water (E/W), poly(ether sulfone) (PES)), 1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTES), 1H,1H,2H,2H-perfluorodecyltrimethoxysilane (PFDTMS)
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substrate with opposite wettability on its two sides. The bilayer Janus media are

combined physically or chemically by two substrates with opposite wettability,

and each substrate is pre-treated separately. The breakthrough pressure is highly

sensitive to the thickness of the hydrophobic layer59 and the pore-to-thickness ra-

tio.60 Therefore, the optimization of transverse fluid diodes requires delicate control

of the thickness of the hydrophobic region or layer. For bilayer Janus media, the

breakthrough pressure depends not only on the hydrophobic layer but also on

the dimension of the gap between the two layers. The increased thickness of the

gap results in a rising breakthrough pressure. The DALT porous medium often

requires a compact contact between the bilayers for easy penetration of fluid.59

The breakthrough pressures of various porous systems from the literature are listed

in Table 1.

The breakthrough pressure (PB)
42 of the arch-shaped liquid surface between the two

cylindrical nanofiber fibers (Figure 5A) is given by:

PB = � 2glg

rliquid
=
2glgsinðq� fÞ
Rf ðsinf�D�Þ (7)

where q is the contact angle, rliquid represents the radius of the liquid meniscus, f is

the local geometrical angle, g is the surface tension, Rf is the fiber diameter, andD* is

expressed as (D+Rf)/Rf, where the distance between the two adjacent fibers is 2D.

For the multiple cylindrical fibers located in a packing pattern (Figure 5B), the break-

through pressure (PB) can be expressed by:43

PB =
4gsin½qðfÞ � f�
d0 + 2rð1� sinfÞ (8)

where r is the nanofiber radius, do is the gap between two nanofibers, and q(f) is the

local liquid/solid contact angle.
8 Cell Reports Physical Science 3, 100710, January 19, 2022



Figure 5. Laplace pressure and breakthrough pressure in various configurations of porous media

(A) Parallel cylindrical nanofiber fibers.42 Reproduced with permission.42 Copyright 2019, American Chemical Society.

(B) Multiple cylindrical fibers located in a packed fashion.43

(C) Re-entrant structure in porous layers.44 Reproduced with permission.43 Copyright 2019, John Wiley and Sons.

(D) Critical height of liquid water to penetrate fibers with nanoneedles.42 Reproduced with permission.44 Copyright 2009, John Wiley and Sons.
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The breakthrough pressure (PB) of the re-entrant structure in porous materials (Fig-

ure 5C) can be expressed as:44

PB =
2gRf

D2

1� cosq

1+ 2ðRf =DÞsinq (9)

where Rf is the radius of the fiber. Here, the re-entrant configuration is defined as a

multivalued surface topography44 with various local-surface curvatures.65

The theoretical critical height (Hc) of liquid to penetrate fibers with nanoneedles (Fig-

ure 5D) can be expressed as a function of the layer thickness:42

Hc =
4glgcosq

nerg
expðbf TÞ (10)

where ne indicates the nanoneedle effect, bf is the fitting parameter, and T is the

layer thickness.

A more general model of breakthrough pressure is given by:55

PB =
2g

Rmin
+ rghv (11)

where hv is the projected length of thickness in the vertical direction. When the

breakthrough direction is upward, the value of hv is positive. Rmin is the minimum

radius of the meniscus when the liquid is forced out in the negative direction. The

Rmin of a droplet in the cross-sections with various shapes can be derived based

on the model of Mason et al. 55

According to the above equations, the effects of material and structural parameters

on the breakthrough pressure can be quantified. It has been shown that reduced

fiber radii, reduced pores size, and increased thickness of the hydrophobic layer

can lead to the increased breakthrough pressure. On the contrary, decreased

contact angles and surface tensions of the liquid will reduce the breakthrough

pressure.
Materials and fabrication of DALT porous media

Types of DALT porous media

DALT can be createdmainly by wettability gradient (Figure 6A),13 structural gradient

(Figure 6B),58,66 and switchable gradient (Figure 6C).51 The detailed features of the

three types are introduced as follows.
Cell Reports Physical Science 3, 100710, January 19, 2022 9



Figure 6. Typical categories of DALT porous media with non-switchable and switchable gradient

(A) Directional water transport in wood slice13 and Janus CNTs@PANEN media with non-switchable wettability gradient.67 Reproduced with

permission.13 Copyright 2020, Elsevier. Reproduced with permission.67 Copyright 2017, Elsevier.

(B) Directional moving droplet toward the apex edge due to non-switchable curvature gradient.66 Reproduced with permission.66 Copyright 2014,

American Chemical Society.

(C) Switchable wettability transition of TiO2-coated cotton induced by the alternating temperature and UV irradiation.51 Reproduced with permission.51

Copyright 2018, John Wiley and Sons.
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(1). Nonswitchable wettability gradient

One of the most feasible strategies to achieve DALT systems is the nonswitchable

wettability gradient. Wettability gradient is typically achieved by Janus structure

with a wetting contrast on the opposing sides.45,67–72 The hydrophobic/hydrophilic

Janus structure can often be fabricated in the form of a single layer,72–75 double

layers,76 and triple layers.35 The single-layer Janus medium can be prepared by

the modification of homogeneous porous materials, such as paper, meshes,

sponges, and fabrics. The bilayer Janus medium is composed of two layers with

opposing wettability together and each layer can be prepared separately and

then combined together.77 The DALT porous media can also be fabricated in a tri-

layer construct by introducing a transfer layer in the middle to guide the liquid trans-

port spontaneously.35

(2). Nonswitchable structural gradient

The nonswitchable structural gradient often refers to the curvature gradient,

including concave curvature gradient in the conical fibers,66,73 convex curvature

gradient in the tapered tubes,78 and spiral curvature gradient in the spiral cantile-

vers.79 Specifically, the asymmetric flow velocity can be achieved by the width

gradient or pore-size gradient in the water channels. Shou et al.58 studied a geom-

etry-induced asymmetric capillary flow, where the liquid filling velocity (the depth of

penetration divided by time) can be controlled by the width gradient. The fluid can
10 Cell Reports Physical Science 3, 100710, January 19, 2022
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pass through the porous media faster in the direction of contraction than that in the

opposite direction. The flow time for a positive gradient of cross-sectional width is

much larger than that of a negative gradient at a constrained total height of the

porous layers. Besides, Shou et al.57 conducted an optimal design of contracting

porous structures for rapid liquid absorption. Asymmetric flow velocity was derived

in the two-layer heterogeneous porous structure and the minimum absorption time

of the optimized porous structure is 38% smaller than the width-uniform control sam-

ple. Later, Shou et al.48 proposed a novel all-hydrophilic fluid diode for asymmetric

liquid flow in porous media. The fluid diode has dramatically varied pore sizes and

allows capillary flow in a chosen direction from the submillimeter-size side to the

submicrometer-size side.

(3). Switchable gradient

Switchable DALT can be generated on a wettability-gradient surface, which is

controlled and stimulated by the external fields (Figure 6C),51 such as tempera-

ture50, light,51 pH, solvent, electric field, and magnetic field.9 Dong et al.27 pointed

out that the controllability of liquid can be significantly enhanced by applying

external stimuli. The controlled wettability induced by light or temperature pre-

sented a sweating-releasing system with the TiO2 coating on cotton fabrics.51 The

surface wettability changed from superhydrophilic to superhydrophobic and vice

versa through periodic UV-exposure/heat-treatment cycles. Specifically, when the

top surface was exposed to UV irradiation, the contact angle reduced from 140�

to 0� while the back side remained hydrophobic.

For the wettability stimulated by electricity, Ainla et al.80 proposed a novel electri-

cally activated fluidic valve on the basis of electrowetting. The conductive textile

is laminated by an insulator and hydrophobic layers. Without the external electric

field, the liquid is unable to pass through the hydrophobic layer. With an applied

voltage, the liquid penetrates the layer in one direction, which is regarded as an

open valve. By incorporation of stimuli-responsive materials, smart textiles and fab-

rics can be developed tomanipulate the liquid transport, such as controlling the flow

rate, switching the on/off status, and changing the flow direction.

Substrate materials and fabrication methods

DALT porous media can be mainly divided into two types according to the material

properties of the substrates (i.e., inorganic material and organic material). Inorganic

materials include metal meshes or foils, graphene films, and silicon-based sub-

strates. Organic materials generally include nonwovens, sponges, polymer mem-

branes, natural or synthetic fabrics, and paper.

Robust Janus interfaces with DALT properties can be prepared by modifying inor-

ganic metal materials. These sophisticated inorganic interfaces were designed by

implementing biomimetic approaches. Ren et al.73 developed an aluminum Janus

system for water collection, as shown in Figure 7A. A single-layer aluminum mem-

brane was drilled with conical micropore arrays using a femtosecond laser. Then,

the membrane was treated to be superhydrophobic by utilizing a fluorosilane solu-

tion, and the backside was scanned by laser to regain hydrophilicity. Fast transport

of water droplets across the aluminum membrane was realized unidirectionally. Hu

et al.77 developed a novel copper mesh hybrid Janus medium by the coupling of

asymmetric topography and Janus wettability. The Janus medium is composed of

a copper mesh decorated by hydrophilic nanoneedle arrays and a thin hydrophobic

nanofiber layer. The nanoneedle arrays were fabricated into the micropores on the

nanofiber layer, inducing a Laplace pressure difference and accelerating the DALT
Cell Reports Physical Science 3, 100710, January 19, 2022 11



Figure 7. DALT porous media by inorganic materials and organic materials

(A) Inorganic Janus aluminum media consisting of conical pores with Laplace pressure and wettability gradient.73 Reproduced with permission.73

Copyright 2017, Royal Society of Chemistry.

(B) Organic Janus cotton media with TiO2 coated on one side for unidirectional transport of water droplets.51 Reproduced with permission.51 Copyright

2018, John Wiley and Sons.

(C) Organic bi-layered Janus polyester fabrics with alkali treatment and deposited polystyrene solution.76 Reproduced with permission.76 Copyright

2019, Elsevier.

(D) Organic Janus paper sheets with superhydrophobic-hydrophilic properties.81 Reproduced with permission.81 Copyright 2018, American Chemical

Society.
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from the hydrophobic side to the hydrophilic side. As a result, effective droplet

collection can be realized by the Janus system with the wettability and topography

synergy.

The Janus porous media are widely developed based on organic materials such as

textiles, as shown in Figures 7B–7D. Lim et al.82 reported the organic ‘‘Janus fabric’’

early in 2010, though the first patent of Janus textiles in 1978 was more like a water-

proof laminate without directional liquid transport properties.38 Currently, organic

Janus textiles facilitate effective implementation of directional water and sweat

flow6,51,61,83 and selective liquid absorption and separation.38,84–88 The Janus tex-

tiles can be generally developed by commercial materials, which are detailed as

below:

(1) Cotton fabric is one of the most common materials for organic Janus media,51,84

as shown in Figure 7B. Prabu et al. developed a Janus cotton fabric by coating a hy-

drophobic fluoroalkyl acrylate copolymer using electrospray.84 A water contact

angle above 140� was presented on the side of the fabric with the spraying treat-

ment, whereas the nontreated layer on the other side preserved its hydrophilicity

and water wicking property. High one-way transport index values and overall mois-

ture management grades of the cotton fabric were achieved. Later, Kong and Xin51

proposed a multistep procedure for the DALT cotton fabric. TiO2 particles were

first coated and cured on the cotton fabric to achieve superhydrophobicity. Then,

one side of the fabric surface was photoirradiated with UV light to convert
12 Cell Reports Physical Science 3, 100710, January 19, 2022
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superhydrophobicity to hydrophilicity. The hydrophilic side can effectively absorb

water from the hydrophobic side by the strong wicking capability, enabling the

directional liquid movement.

(2) Polystyrene/polyester76 and cellulose acetate28 are also widely used organic sub-

strate materials of Janus fabric media. Huang et al.76 prepared a unique Janus fabric

composedof hydrophilic polyester and hydrophobic polystyreneby electrospinning.

The commercial nonwoven and woven fabrics were combined on the same layer and

the thicknesses was changed to control the directional water transport capability. Be-

sides, Babar et al.28 reported a highly facile approach to develop DALT textiles with

high water–vapor transmission and good directional moisture-transport property.

Electrospun cellulose acetate mat was first subjected to the hydrolysis treatment

and reactive dyeing processes, which modified the moderately hydrophobic cellu-

lose acetate fibers into uniformly superhydrophilic fibers. Afterward, a layer of cellu-

lose acetate mat was electrospun onto the dyed nanofiber medium.

(3) Nonwoven and paper sheets have also been utilized as DALT materials. Few

studies of DALT paper sheets have been reported in literature, although the paper

has an optimized industrial production process and a mature fabrication route.89 Ja-

nus wettability paper sheets (as shown in Figure 7D) can be prepared by coating

PDMS and inorganic particles, presenting high chemical durability, flexibility, and

mechanical stability.90,81

Based on the analogous mechanistic strategy, the preparation techniques of DALT

porous media include, but are not limited to, chemical or physical vapor deposi-

tion,51,45,73,83 chemical reaction, electrospraying, photolithography,19 plasma/laser

treatment,51,73 float coating91, microcontact printing92, electrospinning,28,76,93

chemical solution deposition,94 chemical treatment,73,95,96 and UV irradiation,46 as

shown in Figure 8. The advantages and disadvantages of fabrication techniques

are summarized and discussed in Table 2.

The DALT fabrics have presented excellent mechanical performance with a high ten-

sile strength. Ju et al.105 developed a double-layer, breathable and waterproof ma-

terial by electrospinning techniques, which presented high tensile strength (2.9MPa)

with unidirectional moisture transport properties. Gorji et al.106 prepared a dual-

mode hydrophilic-hydrophobic polyurethane/poly(2-acryloylamido-2-methylpro-

panesulfonic acid)-graphene oxide (PU/P(AMPS-GO)) nanofibrous system for direc-

tional moisture transfer, showing a high tensile strength of 3.0 MPa. Liang et al.91

proposed the polystyrene/polyethylene terephthalate/polyvinyl alcohol (PS/PET/

PVA) tri-layered fabrics, which also manifested excellent mechanical strength. The

tri-layered Janus media were fabricated by introducing a thin polyester fabric layer

as the intermediate supporting structure for improving the mechanical strength.

Implementations and applications

Various porousmedia for DALT have been developed in the past decade, presenting

promising applications in functional clothing (Figure 9A),35 moisture management

textile (Figure 9B), fog harvesting (Figure 9C)52, oil/water separation (Figure 9D),72

humidity sensor,90 microfluidic devices,12,54 liquid pump,107 and condensers.96,108

The emerging applications are highlighted and discussed as follows.

Personal moisture management

Fast-wicking textiles with profiled fibers and high wettability can drain liquid sweat

away from the skin quickly by capillary action. However, such textiles are unable to
Cell Reports Physical Science 3, 100710, January 19, 2022 13



Figure 8. Fabrication techniques of DALT materials and structures

(A) Photolithography on the basis of femtosecond lasers.19 Reproduced with permission.19 Copyright 2018, American Chemical Society.

(B) UV irradiation for synthesis of UV-cross-linkable polymer and control of the wettability.46 Reproduced with permission.46 Copyright 2018, John Wiley

and Sons.

(C) Coaxial electrospinning process with air-blow-assisted design.47 Reproduced with permission.47 Copyright 2019, John Wiley and Sons.

(D) Chemical vapor deposition on a copper mesh.45 Reproduced with permission.45 Copyright 2017, John Wiley and Sons.

(E) Laser treatment process on wire mesh.5 Reproduced with permission.5 Copyright 2017, Royal Society of Chemistry.
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prevent water penetration in the reverse direction since they are homogeneous in

the wettability and structure. DALT textiles with excellent wicking properties can

provide a quick-drying effect in the humid and hot environment via directional trans-

port of droplets and fluids such as sweat from the body to the environment, creating

a comfortable microclimate around the body.109

DALT textiles used in functional clothing are generally composed of a hydrophobic

outer layer and a hydrophilic inner layer. The inner layer allows water wicking but

prevents diffusion of oily substances. The outer waterproof laminates have the

function of ‘‘breathing,’’110 allowing the water vapor to escape freely. Fabrication

of the durable outer layer is required for breathable rain tents and outdoor gar-

ments. An adhesive was applied to combine the inner and outer layers, casting

a microporous hydrophilic layer directly on a thin hydrophobic layer. Based on

the same approach, a functional Janus bandage has been developed,43 which effi-

ciently drains excessive biofluid away from wounds and prevents backflow

simultaneously.

The growing demand of fast-wicking and quick-drying fabrics drives researchers to

promote the advanced moisture-regulating properties.111 The moisture manage-

ment materials typically include high-wicking textiles, 3D warp-knitted spacer fab-

rics,112 waterproof-breathable textiles,113 and hydrophilic-modified hydrophobic

textiles.114 Among them, the high-wicking textiles can drive sweat away from the hu-

man skin along the profiled fibers by the increased capillary pressure. However, the

existing moisture management textiles encounter many practical challenges. First,

the skin side of the textiles will remain wetted and be clingy to the skin during mois-

ture generation when the wearers are highly active. The clothes get heavier as one
14 Cell Reports Physical Science 3, 100710, January 19, 2022



Table 2. Advantages and limitations of fabrication methods of DALT porous media

Fabrication methods Advantages Limitations

Chemical or physical
vapor deposition51,45,73,83

A variety of base materials (including metal meshes); high tolerance to the
extreme environment; good stability in low and high temperatures.

High-temperature process; limited size due
to chamber dimensions.

Chemical reaction30,97 High feasibility of a wide range of stimuli responses, e.g., magnetic field
and pH; good durability; mass production; high homogeneity.

Difficulty in controlling the coating thickness
and treating the local area.

Plasma treatment98,99 Improved and durable surface wettability; protection of the desirable bulk
properties (modification can be restricted in the uppermost layers).

Poor absorbency; static change accumulation;
requirement of vacuuming; size limitation;
degradation of wettability.

Laser treatment67,97,100 Precise control of surface topography (micro and nano scales); good
repeatability; good control of featured size and shape; feasibility of
fabricating a scalable sample.

Requirement of complex experimental setups
(e.g., vacuum chamber); potential harm to
human body.

UV irradiation46,61,101,102 Contact-free ability; programmable fabrication with high accuracy
by masks; versatile patterning; less limitation in sample sizes.

Long time treatment; potential harm to
unprotected human eyes.

Electrospinning72,103,104 Production of thin fibers for high breakthrough pressure; adjustable
pore size, thickness, and fiber diameter.

Limited suitable polymer materials; weak
bonding between substrate and nanofibers;
ease of peeling off.
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sweats, especially in a hot environment or under a high physical or mental tension.

Second, the wicking textiles are generally not repellent to liquid water from the

external environment and cannot prevent the liquid backflow. Third, the water vapor

permeability of those functional textiles is insufficient. Specifically, the moisture va-

por transmission rate (�460 g/m2.hour115) of commercially available fabrics is far less

than the average sweating rate of a person under moderate exercise (�1000 g/

m2.hour). Moreover, once the outer layer of the fabric is saturated, the liquid flow

rate will slow down quickly, and the breathability will be reduced. As such, the above

challenges hinder the practical applications of functional textiles to transfer moisture

from the body to the environment directionally.

New configurations and strategies have been proposed by facilitating DALT in func-

tional textiles. Miao et al.35 demonstrated a novel functional moisture-wicking textile

composed of tri-layered fibrous media, as presented in Figure 9A. A hydrophobic

polyurethane (PU) membrane was selected as the inner layer, and a hydrolyzed poly-

acrylonitrile (HPAN) membrane was treated with high wettability as the outer layer.

The hydrolyzed PU-HPAN layer between the inner and outer layers provided a pro-

gressively varied wettability and acted as the water transfer middle layer. The water

transport in the reverse direction was hindered by the transfer layer. Besides, Lao

et al.2 developed a ‘‘skin-like’’ fabric with one-way water transport properties and

the ability to repel external liquids, as presented in Figure 9B. A hydrophilic cotton

fabric was dipped with PFOTES and TiO2 nanoparticles for superhydrophobicity. A

selective plasma treatment was conducted using a patterned mask to form porous

channels with a through-thickness wettability gradient. While these channels induce

directional liquid flow, the superhydrophobic nature of the outer layer makes it expel

the external liquids from the environment.

Zou et al.1 developed a nature-inspired fabric with promising moisture manage-

ment. It not only transfers excessive sweat to the outer layer of the fabric but also

blocks and repels the external liquids such as rain and contaminated water. The pro-

posed fabric with global hydrophobicity on the outer layer includes slit-like local

areas treated with a discrete localized wettability gradient, using programmable

plasma treatment and presenting high breathability, dry skin surface, reduced cling-

iness, and improved thermal comfort. However, only with difficulty could the slit-like

water channels absorb the sweat uniformly distributed on the human skin and dissi-

pate it effectively, considering the water repellence of the surrounding hydrophobic

region and the capillary attraction of the water channels.
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Figure 9. Emerging applications of functional porous materials with DALT properties

(A) Functional moisture management textiles for directional sweat transfer.35 Reproduced with permission.35 Copyright 2018, John Wiley and Sons.

(B) Skin-like functional fabric for personal moisture management.2 Reproduced with permission.2 Copyright 2020, (retain the right of this paper as one of

the authors) American Association for the Advancement of Science.

(C) Water harvesting by a directional wicking medium.4 Reproduced with permission.4 Copyright 2019, John Wiley and Sons.

(D) Selective oil/water separation by inorganic or organic porous media.42 Reproduced with permission.42 Copyright 2019, American Chemical Society.
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Water droplet harvesting

It is significant and promising to overcome the scarcity of clean water by harvesting

water directly from atmospheric moisture. As shown in Figure 9C, fog harvesting

based on the inspiration of nature is a significant implementation of DALT in porous

systems. The Texas horned lizard and Namib Desert beetles collect dew using their

structured body surface with alternating hydrophobic and hydrophilic regions.116

These excellent water harvesting cases by natural creatures indicate the critical

role of hierarchical structural gradient and wettability irregularity in DALT, and a se-

ries of hydrophobic-hydrophilic patterned fog collectors have been developed

accordingly.117 Wu et al.4 utilized a novel hydrophobic/superhydrophilic Janus

nanofibrous system to harvest water from moist air. A two-step electrospinning pro-

cess was employed to fabricate directional wicking fibrous microporous media using

polyacrylonitrile (PAN) as a substrate material. The Janus wicking media exhibited

much greater water-harvesting efficiency than those of the same fibrous structure

with the homogeneous wettability.

The working principles of water harvesting are generally based on surface wetta-

bility gradient and curvature gradient. For the wettability gradient surface, when

the fog contacts the outer surface of the hydrophobic layer, small water drops

will be spontaneously transported toward the hydrophilic region where they coa-

lesce and then are collected.61 For the curvature gradient, the presence of conical

structure arrays facilitates the directional transport of captured droplets, which

creates more free sites for the subsequent droplet condensation and water

harvesting.118
16 Cell Reports Physical Science 3, 100710, January 19, 2022



Figure 10. Inorganic DALT porous media for oil/water separation

(A) Oil/water separation by a curved stainless steel mesh with the gradient Janus wettability.39 Reproduced with permission.39 Copyright 2018,

American Chemical Society.

(B) Janus micro-holed aluminum foil that prevents the oil from leaking outside.68 Reproduced with permission.68 Copyright 2017, Royal Society of

Chemistry.

(C) Copper mesh substrate with Cu(OH)2 nanostructure and its separation process of light oil/water mixture.45 Reproduced with permission.45

Copyright 2017, John Wiley and Sons.

(D) Copper mesh with Cu(OH)2 nanoneedles/PVDF-HFP nanofiber that is used for directional penetration.42 Reproduced with permission.42 Copyright

2019, American Chemical Society.
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Selective liquid separation

Liquid separation is one of the emerging applications based on DALT porous media.

Vapor deposition,39 dip coating/floating at the interface,5,45,119–121 electrospin-

ning,42,71,85,122 anodic oxidation,72 and polymer grafting75,123 have been success-

fully applied to develop the DALT liquid separators. According to the substrate ma-

terials, the liquid separators can be classified into two types including inorganic and

organic systems as follows.

(1). Inorganic materials for purification and separation

The oil/water separation systems have been fabricated by inorganic materials, such

as copper mesh,42,45,72 stainless steel mesh39 (Figure 10A), glass fiber mats, and

aluminum foil68 (Figure 10B). The copper mesh is a common inorganic material for

DALT membranous systems of oil/water separation. Cheng et al.45 developed a Ja-

nus copper mesh medium for oil spill cleanup and wastewater treatment, as pre-

sented in Figure 10C. Hou et al.42 prepared a Janus medium with a novel interpene-

trating topology on copper mesh, which was reported to significantly enhance

directional liquid penetration. The interpenetrating topology was readily generated
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on one side of the fibrous microstructure, specifically in the valleys between the

coated nanoneedles in Figure 10D. Feng et al.72 presented an inspiring fabrication

approach of Janus copper mesh for directional liquid flow, in which the copper

meshes were treated with combined cathodic electrodeposition and anodic oxida-

tion. The copper meshes can also be applied for the separation of oily liquids in a

subaqueous environment.124

Inorganic DALT materials include stainless steel with a thin nanodendritic silica

layer39 and aluminum foil with tapered micro-hole arrays.68 Li et al.39 coated a

gradient nanodendritic silica layer on the surface of the stainless steel mesh using

chemical vapor deposition, as presented in Figure 10A. Unidirectional oil penetra-

tion through the medium was visualized by laser confocal microscopy. Zhang

et al.68 reported an efficient separation method of oil recovery, as presented in Fig-

ure 10B. The proposed system was fabricated with a Janus oil barrel and aluminum

foil with tapered micro-hole arrays, where the external side was treated with the flu-

oroalkylsilane for superhydrophobicity. The device can efficiently extract the oil out

of an oil/water mixture for oil spill remediation.

(2). Organic materials for separation and purification

DALT textiles made by organic materials offer promising solutions for oil/water

separation.6,37,75,123 The functional systems can be fabricated by various organic

materials, such as cotton,37 polyethylene terephthalate (PET) fabric,6 polydimethyl-

siloxane (PDMS)/ethylene Glycol glycol (EL) fabric,123 nanofiber,94,122 pristine cellu-

lose fiber,125 paper sheet,120 polyacrylonitrile,67 and graphene oxide,121 as pre-

sented in Figure 11, and the following details are provided:

(1) Polyethylene terephthalate (PET) and PET/polytetrafluoroethylene (PTFE)30 fab-

rics. Zhang et al.6 modified PET fabrics and proposed a multistep procedure to fabri-

cate the DALT textiles for oil/water separation. In this configuration, the liquid water

could rapidly penetrate the Janus media in the designed direction within seconds.

(2) Polyvinylidene difluoride (PVDF) and polyacrylonitrile (PAN)/ polystyrene (PS)

nanofibers. Miao et al.94 reported a facile approach to fabricate the DALT media

with PVDF nanofiber, as presented in Figure 11A. Liang et al.122 manufactured the

DALT membranes using an electrospinning technology, with a double-layer struc-

ture including hydrophobic PS and hydrophilic PAN nanofibrous layers. The demul-

sification, liquid unidirectional transport, and high flux properties have been found in

the electrospun DALT porous media.

(3) Pristine cellulose fibers. Yue et al.125 coated ZnO nanorods onto the pristine cel-

lulose fibers to enhance the surface roughness, where the efficient separation of

emulsions was obtained in the DALT porous media.

(4) Paper sheet. Recently, Nau et al.120 reported on a Janus-like hybrid system, in

which eucalyptus sulfate paper sheets were coated with tetraethoxysilane (TEOS)

through dipping and drying, as presented in Figure 11B. The directional penetration

of oil and water from opposing directions were readily accomplished.

(5) Polyacrylonitrile. Jiang et al.67 developed a polyacrylonitrile nanofiber system by

electrospinning. A significant increase in mechanical properties, separation effi-

ciency, and operational flux values was reported for the DALT electrospun media,

on which a minor amount of CNT was deposited below several milligrams per square

meter, as presented in Figure 11C.
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Figure 11. Organic DALT porous media for oil/water separation

(A) Separation filter by Janus PVDF media with Ag nanoparticle deposition (purple region) and Ag-free region (yellow region).94 Reproduced with

permission.94 Copyright 2019, American Chemical Society.

(B) Silica-coated paper sheet as Janus media, where water phase lays on the hydrophilic interface.120 Reproduced with permission.120 Copyright 2019,

John Wiley and Sons.

(C) Polyacrylonitrile nanofibrous media with high oil/water separation efficiency.67 Reproduced with permission.67 Copyright 2017, Elsevier.

(D) Janus fabric with polydimethysiloxane (PDMS) on one side and ethylene glycol on the other side for rapid oil separation from emulsions.123

Reproduced with permission.123 Copyright 2017, John Wiley and Sons.
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(6) Polypropylene (PP) and polyethylene (PE). A floating solar evaporator for

seawater desalination and purification126 was developed based on a DALT

nonwoven fabric composed of PP/PE core-sheath fibers. With different weight ratios

of hydrophilic and hydrophobic PP/PE fibers, the Janus solar evaporator has the con-

tact angles of 130.4� on the hydrophobic side and 35.6� on the hydrophilic side. The

unique unidirectional water transfer behavior was achieved due to the wettability dif-

ference, which pumped an adjustable amount of water for the interfacial solar evap-

oration balanced by the water supply.
Conclusions, challenges, and perspectives

We have summarized the recent progress in the unique DALT across porous media

and the underlying mechanisms. The main conclusions drawn are as follows: (1)

The mechanisms of DALT can be classified as being three types including wetta-

bility gradient, structural gradient, and a combination of both. (2) The modeling

and optimization of DALT focus on regulating the liquid absorbing time/velocity

and breakthrough pressure, which have been comprehensively discussed to better

understand the underlying mechanisms and to provide a guideline for the fabrica-

tion. (3) The main fabrication methods of the DALT porous materials and structures

include vapor deposition, photolithography, chemical treatment, UV irradiation,
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electro-spraying, and electrospinning. (4) The applications of DALT porous sys-

tems are concentrated on personal moisture management, water harvesting, and

liquid separation.

Some fundamental challenges remain to be addressed for better implementations

of DALT porous systems. Those challenges include precise capturing the liquid

flow dynamics in the complex porous materials; functioning smoothly in the harsh

environmental conditions; overcoming the hysteresis resistance for increased and

regulated flow rates in the DALT processes; providing a facile and robust fabrica-

tion method to satisfy practical requirements, including durability, cost, and

environmental friendliness; and balancing the high liquid transport capacity in

the positive direction and the great breakthrough pressure in the negative

direction.

First, it is difficult to capture the dynamic transport behaviors precisely in themicroscale

regimes inside the complex porous structures, despite the advanced visualization tech-

niques. Accurate description of DALT phenomena and improved understanding of the

underlying mechanisms are critically significant. Besides, the dynamic liquid transport

phenomena in the porous systems can be affected by the various extreme environ-

mental conditions, such as high temperature, frequent abrasion, solar aging, and

high humidity—possibly leading to failure of the DALT performance.

Second, overcoming the dynamically increasing flow resistance that significantly re-

tards the liquid transport in the DALT porous systems is another challenge.

Increased and regulated flow rates are desired for different implementations such

as moisture management fabrics, which are regulated to transport excessive sweat

directionally and quickly. However, the hydrophobic region or the small-pore-size

layer will reduce the flow velocity: the hydrophobic region will hinder the capillary

flow due to the water repellence and the small pore size will reduce the fluid perme-

ability.127,128 As such, it is challenging but essential to increase the flow rates while

maintaining the DALT behaviors. External stimuli, such as electrical, thermal, mag-

netic, or optical energy, are applied to accelerate the liquid flow in the smartly

responsive devices.129,130 However, in addition to the imposed external driving po-

wer, the use of various chemicals may lead to an irreversible environmental impact

especially on aquatic mammals.

Third, it is extremely difficult to develop a versatile and programmable

manufacturing technique to satisfy various needs.131 Advanced fabrication tech-

niques such as 3D printing132,133 can be the potential candidates considering their

high efficiency of translating computer-aided design into a 3D architecture in the

desired manner. However, the 3D printing technology is unable to fabricate refined

surfaces or structures due to the limited resolution. Moreover, 3D printing technol-

ogy is limited to fewmaterials including elastomers, thermosets, thermoplastics, and

functional polymers.

Fourth, durability of the DALT porous media, including washability, abrasion dura-

bility, and chemical resistance, is critical to their long-term performance. In partic-

ular, it is highly challenging to realize robust hydrophobicity for DALT when the

porous media are treated with hydrophobic-hydrophilic gradient.134 Great efforts

have been made to effectively crosslink or bond the hydrophobic coating layer

onto the substrate, but the long-term durability remains a challenge.113,135 Chem-

ical methods have been widely applied to achieve the hydrophobicity of DALT, but

the use of organic solvents may lead to safety and environmental concerns. For
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example, fluorosilane or other fluorinated chemicals73,136 are the commonly used

coatings to attain durable liquid repellence. However, these chemicals including

the long-chain C8 based PFOA products are under restrictions in multiple countries

and regions including the United States and Europe. The fluoropolymers that

remain in the environment and ecosystems have induced severe environmental

issues.137,138

Lastly, balancing the breakthrough pressure in the negative direction and the liquid

transport capacity in the positive direction is still an imperative challenge. The break-

through pressure of the DALT porous media is often limited by the ability of liquid

transport in the positive direction. Penetration of water in one direction requires

larger capillary pores, which yet increases the breakthrough pressure in the other

direction.32

By addressing the challenges, the perspectives of promoting DALT porous systems

include (1) better understanding the fundamental mechanisms of DALT in the local

region in the dynamic process; (2) increasing the robustness of DALT properties by

structural optimization and scalable processing methods such as knitting, weaving,

and high-performance 3D printing; (3) creating innovative materials that replicate

nature creatures that have evolved superior configurations and features including

antifouling, self-cleaning, self-healing, and stimulus-based responses; (4) extending

the implementations based on the DALT porous systems, such as sweat sensing,

wound dressing, and solar evaporation, and integrating the smart DALT devices

with Internet of Things, Big Data, and Artificial Intelligence; (5) enhancing the

DALT technologies consistently with sustainability including energy saving, carbon

neutrality, green fabrication, and comfort and well-being of human beings; and (6)

exploring the innovative design concepts including prewetted liquid diodes, which

enable superfast liquid transport.
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