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ABSTRACT
Interest in micropatterned surfaces with unidirectional wetting properties has grown significantly due to their unique ability to

enable controlled liquid manipulation. This property is essential for diverse applications, including microfluidics, water harvest-

ing, and self-cleaning systems, where directional droplet motion promotes efficient removal of contaminants and reduces surface

fouling. Despite extensive research on anisotropic wetting, a comprehensive framework encompassing design considerations,

fabrication methods, and practical challenges for unidirectional liquid transport remains underdeveloped. This review paper

addresses this gap by presenting a holistic overview of micropatterned anisotropic surfaces and their wetting behaviors in uni-

directional fluid handling. Key mechanisms of liquid transport, ranging from passive modes such as gravity and wettability gra-

dient to active modes involving external stimuli, are discussed. This review critically evaluates surface fabrication techniques,

highlighting their advantages and limitations. By critically analyzing recent advances and identifying key structure–function

relationships, this review offers design principles and emerging fabrication strategies that can accelerate the development of

next-generation micropatterned surfaces for directional liquid transport in microfluidics, diagnostics, and surface engineering.

1 | Introduction

Surface wetting, defined as the interaction between a liquid and a
solid surface, is a function of both chemical composition and
physical morphology of the surface [1]. Wetting is typically char-
acterized by the contact angle generated by a water droplet on a
surface. Surfaces with water contact angles less than 90° are cat-
egorized as hydrophilic, while those with contact angles greater
than 90° are hydrophobic. Another crucial parameter in wetting
is the sliding angle, which quantifies the stability of a droplet.
The sliding angle is defined as the inclination at which a droplet
begins to slide on the slope [2]. Surfaces with a contact angle

greater than 150° and a sliding angle less than 10° are referred
to as superhydrophobic and are highly effective in repelling
liquids [3, 4].

A surface exhibits isotropic wettability if a liquid droplet has the
same contact angle in all directions [5]. In contrast, anisotropic
wetting occurs when liquid distribution along the contact line
varies depending on the direction [6], leading to directional liq-
uid droplet spreading in wetting states and controlled movement
in nonwetting [5, 6]. Unlike isotropic surfaces, where liquid
moves randomly, anisotropic surfaces guide it in predetermined
directions. Anisotropic wetting arises from either asymmetrical
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surface morphology or chemical heterogeneity [7–9]. Structures
such as micropillars, grooves, or chemical gradients induce mac-
roscopic changes in droplet behavior, enabling precise control of
liquid motion [5, 10].

Controlled liquid transport, particularly through surface wetta-
bility manipulation, enables efficient handling of small liquid
volumes [11]. Directional wetting is highly advantageous for con-
trolled liquid manipulation in fields such as microfluidics
[12, 13], water collection [14], and anti-adhesion surfaces, where
such liquid motion helps prevent the accumulation of contami-
nants or biofouling agents [15, 16]. These surface innovations are
also driving progress in areas such as biosensing and energy
systems.

The initial design concept for these types of surfaces can originate
from either biological organisms or theoretical principles aimed
at achieving unidirectional wettability. Nature offers elegant sol-
utions, such as the hierarchical structures on rice leaves or the
legs of water striders, which enable droplet motion without the

need for external power [7, 17]. Engineers replicate these prin-
ciples or develop tailored designs using wettability gradients,
unique surface patterns, or stimuli-responsive materials [18, 19].

Liquid motion on these surfaces can occur either passively, e.g.,
via gravity and surface features or actively, using external triggers
like light, heat, or electric fields [20, 21]. The chosen strategy
directly influences the overall morphological and surface design
considerations.

Despite significant advancements, existing studies on anisotropic
surfaces primarily focus on isolated designs or specific applica-
tions. A recent review highlights bioinspired surfaces for interfa-
cial liquid manipulation and their innovative applications [22].
Our presented review, in contrast, emphasizes micropatterned
anisotropic wetting surfaces specifically designed for unidirec-
tional liquid transport. It furthermore in-depth examines the
interplay between morphological factors, material properties,
and their integration with physical characteristics to achieve tar-
geted anisotropic surface wettability. Particular attention is given

FIGURE 1 | Overview of key topics covered in this review on micropatterned anisotropic surfaces with unidirectional wetting properties. The dia-

gram highlights four major themes: (i) key applications in biomedical devices, microfluidics, and wearable sensors; (ii) types of anisotropic wetting

surfaces (bioinspired and principle-driven); (iii) fabrication methods, including laser micromachining and 3D printing; and (iv) design considerations,

categorized into active and passive mechanisms. Insets include representative examples from nature (e.g., beetle, butterfly, fish, and plant leaves) and

schematic illustrations of fabrication strategies such as laser machining and 3D printing. Insets of the biocreatures and the printing machine are created

in BioRender. https://BioRender.com/ y07z351.
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to how selecting specific micropatterns influences subsequent
preparation steps.

Figure 1 outlines the core themes addressed in this review, filling
the critical gap in the literature by systematically connecting
application-driven demands with the design and fabrication of
micropatterned anisotropic surfaces. As the need for directional
liquid handling continues to grow in emerging technologies,
ranging from biomedical diagnostics to water harvesting, there
is a clear demand for surfaces with tailored unidirectional wet-
ting behaviors. The building blocks of this review are organized
to provide a comprehensive and logical progression from moti-
vation to implementation. Following the introduction, we first
provide an overview of the different types of micropatterned
anisotropic surfaces, including both bioinspired and principle-
driven designs. We then present key design considerations that
influence the behavior and performance of liquids to support
next-generation liquid transport solutions. This is followed by
a detailed discussion of fabrication methods, categorized by
the type of anisotropy (geometrical or chemical), which serves
as the foundational framework for designing and fabricating
such surfaces. The review then examines current and emerging
applications of unidirectional wetting surfaces to highlight their
practical relevance, before concluding with a discussion of exist-
ing challenges and future research directions.

It should be noted that while this review addresses both droplet-
based and bulk liquid movement, the primary focus is on droplet
transport. This focus provides a more direct and widely applica-
ble framework for studying and designing micropatterned surfa-
ces with unidirectional wetting properties.

2 | Anisotropic Surfaces with Unidirectional
Wetting Properties

We have categorized the anisotropic surfaces based on their
underlying design origins into two categories: bioinspired and
principle-driven. This classification reflects the source of concep-
tual inspiration. Bioinspired anisotropic surfaces are derived
from observations of biological systems or natural organisms,
where morphological or functional features are mimicked and
engineered to achieve similar wetting behavior. Principle-driven
anisotropic surfaces are designed and fabricated based on funda-
mental physical, chemical, or material science principles.

2.1 | Bioinspired Anisotropic Surfaces

Nature has always served as a fundamental reference for the
design and development of structures across various scientific
disciplines [23–25]. Over millions of years, biological systems
have evolved micro- and nanoscale surface features that enhance
wetting properties [26]. Extensive research has been dedicated to
understanding these natural structures, particularly in those
exhibiting directional wetting behavior. Biologically anisotropic
wetting surfaces in plants and animals demonstrate the ability to
transport water droplets unidirectionally [27–30]. This direc-
tional liquid movement often serves critical functions, such as
enhancing water collection efficiency, reducing surface

contamination, or minimizing added weight, all of which con-
tribute to the organism’s survival and energy efficiency. These
natural surfaces typically feature hierarchically organized micro/
nanostructures and/or spatially varying material wettabilities,
which together guide liquid motion along preferred paths.

For instance, rice leaves display anisotropic droplet rolling
behavior due to their surface microgrooves [28]. Water droplets
can move only along directions parallel to the leaf edges, while
their perpendicular movement is restricted. Similarly, bamboo
leaves exhibit anisotropic wetting behavior, evident from the
elliptical shape of water droplets on their surfaces caused by
the alignment of leaf veins [31]. On butterfly wings, Zheng
et al. [32] demonstrated that water droplets move outward radi-
ally along specific patterns but are pinned when rolling in the
opposite direction.

Inspired by natural systems, researchers have designed and devel-
oped biomimetic anisotropic surfaces to control liquid behavior in
a direction-selective manner. For example, Cao et al. [33] created a
smart fluid-controlled surface combining the unidirectional wet-
tability of butterfly wings, the slippery surface of pitcher plants,
and the motile microcilia of microorganisms. This surface, featur-
ing magneto-responsive microstructures, facilitated continuous
directional droplet adhesion and sliding.

Similarly, Song et al. [34] utilized a cross-species bionic design
approach to develop an anisotropic wetting surface with an array
of micropillars for active, unidirectional droplet transport.
Inspired by the anisotropic wettability of rice leaves and the
directional movement of motile microcilia, the design incorpo-
rated a high-aspect-ratio magnetically responsive microcolumn
array (HAR-MRMA). This system allowed droplets to be direc-
tionally transported by an external magnetic field, enabling mul-
tifunctional droplet motion, including straight-line, circular, and
parallel movements. Notably, the HAR-MRMA structure allowed
horizontal droplet movement on inclined surfaces, overcoming
the limitations of other cilia-like structures.

Zhang et al. [35] developed an anisotropic slippery cilia surface
(ASCS) combining the flexible asymmetric microstructures of
butterfly wings (Morpho aega) and the slippery properties of
pitcher plants (Nepenthes alata). By adjusting the elastic modulus
of the surface, they achieved asymmetric bubble transport. In low
elastic modulus conditions (soft cilia), bubbles moved toward the
cilia tilt direction, whereas with high elastic modulus (hard cilia),
they moved against it. This behavior was attributed to differing
three-phase contact line (TCL) asymmetries and resistance
forces. The ASCS, doped with magneto-responsive cobalt par-
ticles, allowed for real-time, switchable bubble transport by
externally modulating the cilia’s structural properties.

Using materials with unique properties to mimic the functional
behaviors of natural organisms has brought artificial surfaces
closer to their biological counterparts. For example, Wang et al.
[36] designed a superhydrophobic surface with shape-memory
adhesion inspired by the back-scrolling/unfolding ability of gecko
toe pads (see Figure 2A). The structure, comprising hair-like pillars
with a superhydrophobic layer, was integrated with a shape-
memory polyurethane-cellulose nanofiber (PU-CNF) substrate
to simulate gecko muscle behavior. This system enabled the
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surface to memorize and repeatedly display different shapes and
contact modes.

Inspired by Crassula muscosa, two sets of C. muscosa-inspired
arrays (CMIAs) were fabricated for directional liquid transport
[37]. Referring to the re-entrant structures of this plant, two
modes of unidirectional liquid transport were observed, corre-
sponding to the different leaf morphologies of the plant shoots.
The key distinction lies in the tilting angles of the re-entrant
structures. CMIA I and CMIA II mimic the re-entrant leaves
but with different tilting re-entrant angles. Specifically, CMIA
I has re-entrant angles of ω1= 70° and ω2= 40°, while CMIA
II has ω1= 51° and ω2= 57°. Both types of CMIA share the same
geometric dimensions, including the upper height (H, measured
from the highest vertex to the base), the lower height (h, mea-
sured from the lower vertex to the bottom), and the interspacing
distance, as illustrated in Figure 2B. Ethanol was chosen as the
test liquid. On both CMIA types, ethanol exhibited the same

wetting properties, with a static contact angle of 11.5° and an
advancing angle of 21.5°. Despite these identical wetting behav-
iors, the two surfaces demonstrated selective unidirectional liq-
uid transport. On CMIA I, ethanol moved unidirectionally in the
negative direction and was pinned in the positive direction. In
contrast, on CMIA II, the liquid flowed toward the positive direc-
tion and was blocked in the negative direction.

Owing to the analogies between fluid flow and electrical trans-
port, several well-established concepts from electronics can be
adapted to micropatterned platforms for directional liquid
manipulation. By modifying design features, the concept of a cap-
illary transistor was envisioned through the structural patterning
of 3D re-entrant elements [38]. In electronics, a transistor is a
semiconductor device used for amplifying or switching electrical
currents. Similarly, bioinspired 3D-printed re-entrant structures
with long overhangs and interconnected forward/lateral micro-
channels have been proposed to enhance vertical capillary

FIGURE 2 | Examples of the bioinspired micropatterned surfaces with unidirectional wetting property. (A) Schematic illustration of the preparation

mechanism of the gecko toe pads inspired superhydrophobic shape memory film. (a) A superhydrophobic layer consisting of an array of pillar structures,

resembling hair-like gecko toe pads, was stuck onto a shape memory polyurethane-cellulose nanofiber (PU-CNF) substrate to simulate the muscle of

gecko toe pads. (b), (c) Through deforming the structure, reversible surface/droplet adhesion states (low and high) were generated. Modified from Ref.

[36], Copyright 2019, Royal Society of Chemistry (RSC). (B) Schematic of CMIA. Structural characteristics: upper height (H), lower height (h), bottom-to-

bottom spacing (d), upper tilting re-entrant angle (ω1), and lower tilting re-entrant angle (ω2). The positive (+) and negative (−) signs indicate the

direction of liquid movement. Modified from Ref. [37], Copyright 2024, American Association for the Advancement of Science (AAAS). (C) (a)

Schematic (top) and optical image (bottom) of the capillary transistor with re-entrant structures tilting toward the center, where the left side promotes

the liquid transport and the right side inhibits the flow. (b) Schematic (top) and optical image (bottom) of the capillary transistor with re-entrant

structures tilting opposite the center, the left side inhibits the fluid flow, and the right side promotes the flow. Reprinted with permission from

[38], Copyright 2024, Wiley-VCH (D) Schematic illustration of sunflower-inspired surfaces. (a) Optical picture of the sunflower. (b) State of the droplet

sitting on the core of the sunflower. (c) SEM image of the morphology of nanosecond laser-fabricated microcone array surface (MAS) and droplet contact

angle. (d) SEM image of the morphology of nanoneedle-modified microcone array surface (NMAS) and droplet state on the structure. (e) Bouncing

performance of droplet on the microcone structures with an inclination angle of 60°. Reprinted with permission from [39], Copyright 2024, Wiley-VCH.

4 of 30 Small Structures, 2026

 26884062, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202500492 by Scholarly R

esource Services, W
iley O

nline L
ibrary on [04/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



flow [38], see Figure 2C. Moreover, by introducing symmetry or
asymmetry into the bioinspired structural design, the device can
function as an amplifier or as a switch/valve to systematically
adjust capillary flow direction, width, and rate.

Recently, Yang et al. designed and fabricated a sunflower-
inspired superhydrophobic surface for liquid and ice droplet
manipulation [39]. Drawing inspiration from the microconical
structures in the sunflower core, which facilitate droplet collec-
tion, the researchers developed a nanoneedle-modified micro-
cone array surface (NMAS). This surface was fabricated using
a combination of nanosecond laser engraving and electroform-
ing, followed by fluorination. Figure 2D illustrates the schematic
design of the structure. The fabricated surface exhibited superhy-
drophobic properties, with a measured water contact angle of
152°. Droplet-bouncing experiments were conducted to evaluate
its performance. The general morphological characteristics of
the microstructures, including element dimensions and inclina-
tion angles, were tuned by adjusting the laser spot parameters.
These adjustments significantly influenced the droplet bouncing
behavior, with the longest recorded bouncing distance in the X
direction (−0.8 mm) observed for microcone structures with a 60°
inclination angle. Based on the results, droplets on the fabricated
surface demonstrated the ability to achieve various programmed
bouncing behaviors, including gravity-defying hopping and
directional transport. Additionally, the results highlighted the
surface’s property of delayed icing and anti-icing.

2.2 | Principle-Driven Anisotropic Surfaces

Biomimicry offers powerful design insights, but blindly copying
natural surfaces risks introducing unpredictable behavior,
manufacturing inefficiencies, and functionality conflicts.
Careful abstraction of the single intended function—stripping
away extraneous biological roles—is essential for successful,
application-specific industrial use. The term “principle-driven”
has been coined to describe a type of anisotropic wetting surface
that, from both general surface characteristics and functional
perspective, is fundamentally developed based on a mechanistic
understanding of key principles in chemistry, physics, and mate-
rials science. For instance, tunable wettability for droplet manip-
ulation can be achieved by leveraging the unique properties of
liquid crystal polymers (LCPs), whose surface functionality is
governed by precise control over phase transitions and molecular
alignment.

Engineered anisotropic wetting surfaces with tunable and revers-
ible wettability or adhesion properties have been extensively
explored for droplet manipulation in various practical applica-
tions [40, 41]. These approaches typically involve triggering
changes in chemical and/or morphological properties of the
surfaces using external stimuli. For instance, a light-controlled
adhesion-switching mechanism was developed using an array
of azobenzene liquid crystal polymer (LCP) superhydrophobic
films for rapid, precise, and noncontact droplet manipulation
[42]. The azobenzene LCP was chosen due to its photoisomeri-
zation and liquid crystallinity properties. Upon UV irradiation,
the azobenzene mesogens transition to the cis state, increasing
water droplet adhesion (pinning state) due to enhanced surface

polarity. Under visible light irradiation, the mesogens revert to
the trans-state, reducing surface adhesion.

Okada et al. fabricated paraffin-coated titanate nanorods that
transition from superhydrophobic to less hydrophobic as the
temperature increases [43]. This behavior arises from roughness
changes due to paraffin’s thermal expansion, enabling directional
droplet motion through localized heating (Figure 3A). Similarly,
Wang et al. developed a thermo-responsive liquid crystal
elastomer (LCE) surface featuring micropillar arrays that fully
collapse upon heating, converting a hydrophobic, rough surface
to a smooth, hydrophilic one [44], (Figure 3B). This approach
enables full reversibility, overcoming limitations in prior systems
where roughness changes were only partial. Magnetically
responsive surfaces also demonstrate rapid and reversible con-
trol. Hou et al. embedded iron powder within a soft PDMS film,
forming vertical microstructures under an applied magnetic field
that reduced droplet adhesion by minimizing contact area [47].
Removal of the field restored the flat, high-adhesion state within
milliseconds.

In contrast to these externally triggered strategies, chemically
patterned surfaces can induce unidirectional motion passively
through wettability gradients. For instance, Liu et al. created
superhydrophobic surfaces with uncoated triangular hydrophilic
regions [48]. The boundary angle between wetting regions gen-
erated asymmetric Laplace pressure, enabling droplets (8–50 μL)
to climb a 4° incline against gravity.

Despite their simplicity, chemically patterned surfaces often suf-
fer from droplet pinning, limiting mobility. This limitation can be
overcome using lubricated chemically heterogeneous (LCHet)
surfaces, where a thin oil film preferentially dewets from hydro-
philic to hydrophobic areas, creating anisotropic slippery chan-
nels [49]. As demonstrated by Sharma et al., such surfaces enable
smooth motion along parallel directions and stick-slip behavior
across stripes, with movement controlled by adjusting hydropho-
bic area fractions (Figure 3C) [45].

Expanding this concept, Rao et al. developed a near-infrared
(NIR)-responsive slippery surface (G/NPGS) by integrating a
graphene-embedded PDMS substrate with silicone oil infusion
[50]. Under NIR irradiation, silicone oil was locally released to
the targeted surface areas, generating dynamic wettability pat-
terns. These patterns could be reversed by cooling the surface,
enabling flexible control over wetting properties. This platform
allowed the formation of on-demand droplet guiding pathways
and spatiotemporal droplet manipulation within seconds, show-
casing its potential for advanced applications in programmable
liquid handling.

For applications where minimal disruption to background flow
fields is essential (e.g., biomedical systems), metamaterial-
inspired surfaces offer a novel solution [51]. These artificial mate-
rials possess unique properties, such as invisibility, field rotation,
and field concentration. Chen et al. integrated pillar arrays into a
microfluidic platform, simulating a porous cloak that redirected
flow while maintaining environmental stability [52]. Such
designs hold potential for next-generation fluidic cloaking and
stealth transport.

Small Structures, 2026 5 of 30
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A new platform of connected polyhedral frames (CPFs) was
designed to enable switchable fluid capture and release with spa-
tial and temporal control for precise liquid handling [46]. The dual
functionality of the structure, acting either as a liquid capturer or a
releaser, was achieved by defining two distinct platform geome-
tries: the single-rod frame and the double-rod frame. Figure 3D
shows the schematic illustration of the CPF platform and the dual
functionality of the structures. When lifted from water, the single-
rod frame demonstrated liquid capture. In this case, capillary
forces dominated gravitational forces, allowing water to rise
and be retained within the frame. In contrast, the double-rod
frame exhibited liquid release, where gravity prevailed and water
drained from the structure. The mechanism underlying the single-
rod capturing platform is attributed to capillary forces arising from
the interaction between the liquid and the hydrophilic frame sur-
faces. Here, the connecting rod served purely as a mechanical

linkage, without providing a drainage pathway for liquid between
frames. On the other hand, in the double-rod frame, a liquid film
formed between the two rods. This film facilitated a continuous
connection between the liquid retained in the structure and the
bulk liquid below, ultimately driving drainage.

3 | Design Considerations for Surfaces with
Unidirectional Wetting Properties

3.1 | Underlying Mechanism of Liquid Transport

A liquid droplet is stabilized by surface tension, its interaction
with a solid surface depends on the balance of interfacial energies
at the solid–liquid, liquid–air, and solid–air boundaries. This

FIGURE 3 | Schematics illustrating examples of engineered micropatterned surfaces with unidirectional wetting property. (A) (a) Wettability alter-

ations of a thermo-responsive paraffin-coated titanate nanorods surface structure induced by changes in surface roughness associated with thermal

expansion of paraffin. (b) Droplet motion by spatially heating the substrate. The droplet moves from cold to hot areas owing to the thermocapillary effect.

Reproduced with permission from [43], Copyright 2020, Royal Society of Chemistry (RSC). (B) A thermo-responsive micropillar-arrayed LCE surface

with reversible/switchable roughness between a high and a completely zero, smooth state. Redrawn with modification from [44], Copyright 2021,

Springer. (C) Schematic illustrations of droplet transport on LCHet (lubricated chemically heterogeneous) surface along (a) perpendicular and

(b) parallel directions. Moving droplets on the structure along (c) perpendicular and (d) parallel directions, demonstrating stick-slip and uniformmovement,

respectively. Reproduced with permission from [45], Copyright 2021, Wiley-VCH. (D) (a) Schematic view of two types of CPFs (capturer and releaser).

When they are lifted out of the liquid, the single-rod capturer retains the liquid, while the double-rod releaser releases the liquid. Optical images of the 3D

liquid array made from (b) capturer and (c) releaser structures. Scale bars, 2mm. Reproduced with permission from [46], Copyright 2024, Nature.
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relationship is commonly expressed through Young’s equation,
which relates the contact angle of the droplet to these interfacial
tensions. [53] Differences in contact angle across a droplet,
known as contact angle hysteresis, generate an unbalanced force.
[54] If this force surpasses the resistance caused by pinning, the
droplet begins to move. Such motion is linked to differences in
Laplace pressure across the curved droplet interface, which may
be induced by factors such as gradients in surface chemistry or
wettability, micro- or nanoscale surface features, or external
fields and stimuli. The driving force comes from the system’s ten-
dency to minimize its free energy. Liquid droplet on a patterned
surface adopts the configuration that minimizes the sum of solid–
liquid, liquid–vapor, and solid–vapor interfacial energies. [55]

3.2 | Surface Engineering for Unidirectional
Liquid Transport

To engineer anisotropic surfaces capable of unidirectional liq-
uid transport, several key design criteria must be considered. As
summarized in Figure 4, these considerations vary significantly
between active and passive transport strategies. The selected
approach influences not only the required fabrication techni-
ques and surface morphology but also impacts power require-
ments, response time, surface complexity, directional precision,
and scalability. In general, effective liquid manipulation
requires the following: 1) reliable and energy-efficient direc-
tional transport, 2) precise and responsive control over liquid
movement, 3) fabrication methods that are scalable and

cost-effective, and 4) minimal reliance on external equipment
or complex infrastructure.

Active transport systems, such as those actuated by magnetic
fields, electric fields, light, or mechanical stretching, offer high
directional precision and fast response times but typically
require external power sources. Representative examples include
ferrofluid-impregnated surfaces, photoresponsive organogels,
magnetic cilia, and stretchable pillars.

In contrast, passive transport strategies utilize intrinsic surface
features, such as chemical gradients, hierarchical roughness,
or asymmetric structures, to drive droplet movement without
external actuation. While passive surfaces are generally more
scalable and energy-efficient, they may offer lower responsive-
ness and directional control compared to active systems.

The following sections will explore these design considerations in
greater detail, highlighting how different surface architectures
and actuation mechanisms influence the performance and appli-
cability of unidirectional wetting surfaces.

3.2.1 | Active Transport Methods

Active liquid manipulation relies on external stimuli to achieve
precise, dynamic control over liquid transport. In recent years,
stimuli-responsive surfaces have become an effective means of
controlling liquid movement by combining microstructured fea-
tures with external stimuli. In this section, we focus on systems
where patterned surfaces, such as micropillars or artificial cilia,
are not just passive elements but are actively involved in guiding
droplets when triggered by light, magnetic fields, or electrical sig-
nals. Rather than looking at surface chemistry alone, we specifi-
cally highlight cases where surface patterning and responsiveness
work together to enable directional transport.

These methods typically use magnetic fields, light (NIR/UV),
electric fields (e.g., electrowetting-on-dielectric (EWOD) or
orbital electrowetting (OEW), or mechanical deformation (such
as stretching) to guide liquid behavior in real time. They enable
rapid response times, typically in the millisecond to second
range, and provide high directional precision, even under chal-
lenging conditions such as manipulating viscous liquids or
achieving rapid droplet switching [56, 57]. However, active meth-
ods have several limitations, as summarized in Figure 4. For
example, external power input is generally required to activate
the responsive elements, and scalability may be constrained
due to the complexity of materials, fabrication processes, or sys-
tem integration.

Based on their underlying mechanism, active strategies can be
grouped into two main design categories:

i Surface modification with stimuli-responsive materials,
where external triggers modulate wettability. Examples
include the following: ferrofluid-impregnated surfaces
(ImpS) that respond to magnetic fields [19], photoresponsive
organogels that guide droplets under NIR irradiation, ther-
mally responsive surfaces with poly(N-isopropylacrylamide)
(PNIPAM)-coated Janus silicon micropillars [58], and

FIGURE 4 | Comparison of active and passive liquid transport mech-

anisms based on key design considerations: external power, response

time, surface complexity, directional precision, and scalability. Full def-

initions of the abbreviated terms: NIR (Near InfraRed), UV (Ultra Violet),

EWOD (Electrowetting-on-Dielectric), OEW (Orbital Electrowetting),

ImpS (Impregnated Surface), SMPs (Shape Memory Polymers), WGS

(Wettability Gradient Surface), CIA (Curvature-Induced Anisotropy),

EDM (Evaporation-Driven Motion), USC (Unidirectional Surface

Chemistry), RMS (Ratchet-like Micropatterned Surface), HMNS

(Hierarchical Micro/Nanostructured Surface), and TAS (Topographic

Asymmetric Surface).

Small Structures, 2026 7 of 30

 26884062, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202500492 by Scholarly R

esource Services, W
iley O

nline L
ibrary on [04/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



light-responsive azobenzene liquid crystal polymer (LCP)
films [42].

ii Dynamically reconfigurable surface structures, where sur-
face morphology changes in response to external force
fields. These include the following: magnetic artificial cilia
for low-adhesion transport, OEW for programmable direc-
tional control, and stretchable pillars and shape memory
polymers (SMP)-based surfaces that switch between adhe-
sive and nonadhesive states [59, 60].

These categories are elaborated in the following subsections.

3.2.1.1 | Modified Micropatterned Surfaces with
Responsive Materials
3.2.1.1.1 | Magnetically Responsive Surfaces. Many
studies have focused on developing smart magnetic-responsive
surfaces for liquid manipulation. Magnetic fields offer several
advantages for droplet transport, including convenience, wireless
control, robustness, spontaneous response, and good biocompat-
ibility [61]. However, paramagnetic droplets require functional-
ization to becomemagnetic, and handling diamagnetic fluids like
water through a magnetic field is particularly challenging, as it
demands extremely strong magnetic fields, often requiring super-
conducting magnets.

To address this issue, Khalil et al. proposed a lubricant-
impregnated surface, where the solid texture was impregnated
with ferrofluid, a colloidal suspension of ferromagnetic nanopar-
ticles in an oil-based carrier fluid [19]. In the absence of a mag-
netic field, the nanoparticles were randomly oriented. When a
magnetic field was applied, the magnetic dipoles aligned with
the field, exhibiting strong magnetic interactions. This method
enabled the transport of various fluid types, including diamag-
netic liquids, with relatively small magnetic fields through cov-
ering the droplet with a thin ferrofluid layer, making the droplet
magnetic. The oil-based ferrofluid, being immiscible with water,
allowed water droplets to move stably on the surface.

In nature, many microorganisms use motile cilia to control their
movement [62–65]. Inspired by these structures, magnetically
driven artificial cilia have been developed to enable directional
droplet motion [66, 67]. Ben et al. designed a superhydrophobic
magnetic microcilia array (MMA) by combining the concepts of
motile cilia, the superhydrophobicity of lotus leaves, and the
migratory behavior of pigeons [68]. This low-adhesion surface
allowed for precise droplet manipulation in both air and under-
water environments. Droplets moved freely when an external
magnetic field was applied, with their transport speed adjustable
by altering the magnet’s speed. Results showed that droplet
transport depends on the microcilia characteristics and magnetic
field strength but not the droplet size.

Chen et al. developed a magnetically responsive superhydropho-
bic PDMS (MRS-PDMS) surface featuring an outermost layer of
microcilia structures [69]. These microcilia enhanced surface
strength, long-term stability, and superhydrophobicity. They
acted as support to minimize adhesion between the film and
water droplets and provided structural robustness through
in situ formation. Under an external magnetic field, the surface
deformed rapidly, enabling precise droplet manipulation. This

multifunctional surface facilitated parallel droplet manipulation
and serial dilution, demonstrating its versatility for advanced
applications (see Figure 5A).

Yang et al. introduced a smart magnetically responsive superhy-
drophobic surface featuring a dense array of magnetorheological
elastomeric micropillars embedded with dispersed iron particles
[70]. By applying and removing an external magnetic field, the
surface could reversibly transition between water-repellent and
water-adhesive states, as shown in Figure 5B. The adjustable stiff-
ness of the elastomer pillars enabled morphological changes
between collapsed and upright positions under the influence
of the magnetic field. In the absence of a magnetic field, the soft
micropillars bent under the droplet’s weight, creating a large con-
tact area, resulting in a hydrophobic adhesive state. When the
magnetic field was applied, the micropillars stiffened and
oriented vertically, reducing the droplet’s contact area to only
the pillar tips. This transition shifted the surface to a superhydro-
phobic, low-adhesion state. The surface’s adhesion and sliding
behavior were shown to depend on the magnitude of the mag-
netic force and the composition ratios of PDMS, iron particles,
and solvent used in the fabrication process.

Magnetically driven droplet manipulation offers several distinct
advantages, including noninvasiveness, independence from
droplet properties, rapid responsiveness, and excellent biocom-
patibility [74, 75]. However, challenges such as contamination
of magnetic particles, additional phase extraction processes,
and reagent storage and transport must be addressed in future
developments.

3.2.1.1.2 | Other External Stimuli-Responsive Surfaces.
In addition to magnetism, other external stimuli such as light,
temperature, and electricity can be used to control droplet
motion directionally. Among these, light holds significant prom-
ise for applications in physics, chemistry, and biology, due to its
noncontact manipulation capabilities, excellent spatial and tem-
poral resolution, and compatibility with biological systems [76].
Light-driven liquid transport can be achieved through various
methods, including modifying surfaces with photoswitchable
chemical compounds, incorporating light-responsive materials
into liquids, and using light-activated polymers [77]. For exam-
ple, Gao et al. developed a photoresponsive organogel surface
(POS) by embedding Fe3O4 nanoparticles into PDMS and infus-
ing it with lubricant [78]. Droplet manipulation was achieved by
triggering the surface with NIR (near-infrared) irradiation, which
created localized dynamic temperature gradients in the irradi-
ated areas. These gradients allowed droplet transport along
desired pathways with controllable velocity and direction.
Similarly, Shun et al. utilized light to control the configurations
of nanostructured surfaces, guiding both static and moving drop-
lets through channels [79]. Another approach involves photoin-
duced asymmetric deformation of photo-responsive materials in
tubular micro-actuators [80]. This technique allows liquid slugs
inside microchannels to move spontaneously due to the capillary
forces generated by the reorientation of the photo-responsive
material.

Despite the advantages of light-driven liquid transport, some
limitations still exist [81]. For instance, optical systems tend to
be bulky and complex, which hinders their integration into
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FIGURE 5 | Examples of micropatterned surfaces for active liquid manipulation. (A) (a) Magnetically driven droplet manipulation is enabled with mag-

netically responsive superhydrophobic PDMS (MRS-PDMS) surface covered with a layer of microcilia (b) Optical images of the flexible MRS-PDMS film, the

dye droplets maintain their spherical shape. Reproduced with permission from [69], Copyright 2021, American Chemical Society (ACS). (B) (a) Schematic

illustration of reversible switching of the adhesion and wettability of magnetically responsive superhydrophobic surface comprising of a dense array of mag-

netorheological elastomeric micropillars (b) Microscopic images indicating the reversible changes of the magnetorheological elastomeric micropillars affected

by an external magnetic field, from collapsed (adhesive state) to fully upright state (repelling state). Reproduced with permission from [70], Copyright 2018,

American Chemical Society (ACS). (C) Schematic illustration of a superhydrophobic shape memory adhesive surface, obtained by sticking a pillar arrayed

superhydrophobic polyurethane layer onto a shape memory polyurethane−cellulose nanofiber film. Reproduced with permission from [71], Copyright 2019,

American Chemical Society (ACS). (D) (a) Schematic of the structural design of the OEW. (b) State of droplets from different liquids on the surface of the

design. (c) SEM image of the dual-scale structure of the superhydrophobic surface. Reproduced with permission from [72], Copyright 2024, Wiley-VCH. (E) (a)

Design concept of TELD. (b) Scanning electron microscopy (SEM) image of the TELD with an array of ratchets. (c) Schematic of the fluid manipulation

capability of TELD. Reproduced with permission from [73], Copyright 2025, American Association for the Advancement of Science (AAAS).
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miniature systems. Additionally, the potential heating effect of
droplets caused by optical energy needs to be minimized.

Furthermore, electrowetting on dielectric surfaces (EWOD) has
proven to be an effective strategy for droplet manipulation in
lab-on-a-chip applications, supporting processes such as dispens-
ing, mixing, splitting, and transporting [82]. An electric field can
manipulate droplet motion on both air and water surfaces [83].
For example, droplet transport has been studied using a superhy-
drophobic surface as a counter electrode, with an applied
voltage [84]. The results revealed several advantages, including
a 30% reduction in applied voltage and a 30% increase in average
speed compared to classical systems, with a maximum instanta-
neous speed of 460 mm/s. This method allows for better control
of the droplet’s direction and movement path [77]. Electrowetting
also has the benefits of low energy consumption, fast response
time, and scalability. However, it requires the complex construc-
tion of electrical circuits, high-voltage sources, and electrodes
[85–87].

In a recent study by Tan et al., droplet manipulation was
achieved on superhydrophobic surfaces using orbital electrowet-
ting (OEW) [72]. The OEW structure follows a sandwich-style
configuration, comprising a superhydrophobic surface, an SU-
8 dielectric layer, a pair of indium tin oxide (ITO) electrodes,
and a substrate from top to bottom, as shown in Figure 5D.
The dual-scale properties of the superhydrophobic surface mini-
mize the contact area, enabling a low-resistance droplet transport
mode. Directional manipulation was achieved through an asym-
metric electrowetting force generated by the tapered orbit, allow-
ing precise control of droplet speed and direction. The platform
demonstrated high-speed droplet transport (−210 mm/s), includ-
ing the ability to climb upward against gravity on a surface with a
55° angle, with durable functionality. Furthermore, the tech-
nique proved effective for various types of liquid droplets, includ-
ing acids, bases, salts, organics (e.g., methyl blue), and artificial
blood, in a contaminant-free manner.

3.2.1.2 | Tunable Wettability under External Stretching
and Deformation. As mentioned above, surface wettability
and adhesion can be dynamically adjusted by stretching or
deforming the surface with external forces. As demonstrated
by Vu et al., the surface free energy and wettability of the
PDMS micropillar array structure could be tuned through
applied stretching and releasing cycles [88]. Their findings indi-
cated that stretching resulted in increased surface wettability,
thereby decreasing the measured water contact angle values.
Wu et al. reported a smart surface with reversibly switchable wet-
ting properties, transitioning from isotropic to anisotropic states
using a flexible cylindrical superhydrophobic pillar array [59].
The curvature of a thin cylinder beneath the surface enables tun-
ing of the wetting properties, switching from a pinned (high
adhesion) state to a moving mode (low adhesion).

Utilizing additives is a common strategy for on-demand droplet
manipulation. Seo et al. developed a stretchable superhydropho-
bic surface consisting of an array of micropillars [60]. Droplet
motion was precisely controlled by creating local dimples
on the surface. While the adhesive force between the droplet
and the superhydrophobic surface was uniform across the
as-prepared flat surface, positive and negative curvatures were

created by applying a vacuum beneath the surface. The local
deformation allowed the droplet to move toward the created dim-
ple. The team demonstrated that this technique could be used for
droplet motion, mixing, or merging.

Anisotropic wettability was also observed on wrinkled polymer
surfaces formed through mechanical instabilities such as stretch-
ing and releasing. Lee et al. reported a method to tune anisotropic
wetting properties by modifying the roughness of wrinkled surfa-
ces [28]. The PDMS substrate was stretched and then exposed to
ultraviolet-ozone treatment before being released. The mismatch
in elasticity between the soft PDMS substrate and the stiff silicate-
like top layer led to the formation of wavy microstructures on the
surface. Afterward, SiO2 nanoparticles and (tridecafluoro-1,1,2,2-
tetrahydrooctyl)dimethylchlorosilane were deposited to render
the surface hydrophobic. As a result, increasing surface roughness
led to a transition from anisotropic/pinned to anisotropic/rollable
to isotropic/rollable states.

Among the diverse materials used to fabricate directional wetting
surfaces, shape-memory polymers (SMPs) have shown excep-
tional potential for tuning surface properties. Once deformed,
SMPs can retain their surface structures and later return to their
original shape. This unique feature makes SMPs ideal for direc-
tional droplet manipulation under stretching and deformation
[89–91]. These substrates are versatile for various applications
[92, 93]. Wang et al. reported a superhydrophobic shape-memory
adhesive surface [71], as shown in Figure 5C. The surface was
fabricated by bonding a pillar-structured superhydrophobic poly-
urethane layer onto a shape-memory polyurethane−cellulose
nanofiber (PU-CNF) layer. Due to the excellent shape-memory
properties of the PU-CNF layer, these surface structures could
memorize and provide various microstructure patterns through-
out the stretching/releasing process. The team demonstrated
reversible adhesive states, switching from a high-adhesion
pinned state to a low-adhesion rolling state. These shape-
memory structures enable the surface to selectively capture
and release microdroplets.

A topological elastic liquid diode (TELD), combining an
Araucaria leaf–inspired ratchet array with the elasticity of sili-
cone rubber (Figure 5E a, b), was fabricated for flow-direction
manipulation [73]. On the unstretched TELD platform, ethanol
(used as the model liquid) predominantly spread in the Df and Lf
directions, with minimal lateral spreading along D1 and L1.
When tensile stress was applied, producing 50% elongation,
the flow direction shifted toward D1 (see Figure 5E c). Upon
release of the stress, the condition reverted to the initial state,
with flow redirected back to Df. Thus, reversible flow regulation
was successfully achieved through strain-induced manipulation
of the TELD’s supporting layer.

3.2.2 | Passive Transport Methods

Passive droplet manipulation involves controlling droplet behav-
ior without external actuation or controller interference. This
approach offers several advantages, such as precise control over
droplet shape, position, and the ability to manipulate multiple
droplets without external stimuli [87, 94]. Passive manipulation
is primarily achieved by creating wettability gradients through
heterogeneous chemical and/or physical modifications [95].
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Its effectiveness can be further enhanced by designing aniso-
tropic surface structures, such as liquid diodes with reentrant
microstructures. Depending on the geometry, gravitational or
capillary forces can trigger fluid motion. Similar principles are
also exploited in passive microfluidic systems, where geometric
asymmetry and inertial effects can guide cell or particle move-
ment without external actuation [96]. This section briefly reviews
the general design considerations of these techniques. A more
detailed discussion on the design principles and mechanics of
droplet transport based on wettability modulations is available
in a recent review paper [94].

3.2.2.1 | Micropatterned Surfaces with Wettability
Contrast Property. The simplest approach involves creating
wetting contrasts by fabricating alternating hydrophilic patterns
on a superhydrophobic substrate. Gravitational forces can then

induce directional droplet movement. Using this technique,
Chang et al. developed a gravity-induced droplet sliding
platform with hydrophilic/superhydrophobic patterned surfaces
for nanoliter-sized droplet deposition [97]. This system allowed
for the simultaneous deposition of multiple liquid drops. As shown
in Figure 6A, droplets of different liquids were initially placed on
the first row of hydrophilic pads. When the surface was tilted, grav-
ity caused the droplets to slide, with their rear edges repeatedly
experiencing pinning and depinning states during the sliding
process.

Similarly, Zhang et al. created a microscale fractal superhydro-
phobic surface patterned with hydrophilic microchannels [99].
The combination of physical groove structures and localized sur-
face energy differences between regions inside and outside the
grooves produced anisotropic sliding behavior. In the direction

FIGURE 6 | Examples of surfaces with wettability contrast property for passive liquid manipulation. (A) A gravity-induced droplet sliding

platform using hydrophilic pads on a superhydrophobic substrate: (a) Different types of liquid droplets are positioned on the first row of an array

of hydrophilic pads. (b) Magnified view of droplet sliding procedure. (c) Side view of a droplet sliding procedure. (d) Magnified view of the rear edge

of the droplet contact line pinned on the hydrophilic region. Reproduced with permission from [97], Copyright 2016, American Institute of Physics (AIP).

(B) Schematic of the design of the Namib desert beetle-inspired contrast wettability surface. Reproduced with permission from [98], Copyright 2023,

American Chemical Society (ACS).
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parallel to the hydrophilic channels, the droplet sliding angle was
less than 10°. However, droplets moving perpendicular to these
channels encountered relatively high sliding angles due to con-
tact line pinning. Once tilted, droplets moved steadily along pre-
defined stripe structures. These stripe-shaped structures could be
fabricated in various geometries, including straight, curved, or S-
shaped designs. Inspired by the Namib Desert beetle, a textured
surface was designed with alternating hydrophobic and hydro-
philic patterns to control droplet transport on an aluminum alloy
substrate, as shown in Figure 6B [98].

The hydrophobic regions were created using a durable fluorine-
based polymer powder coating, while the hydrophilic sections
were achieved through femtosecond laser texturing. Droplet trans-
port relies on two primary mechanisms: the transition of droplets
from hydrophobic to hydrophilic regions and capillary-driven out-
ward radial fluid flow along the hydrophilic tracks. By placing
droplets at the hydrophilic-hydrophobic junction, droplets with
volumes of up to 50 μL could be transported along a single hydro-
philic track, leaving the hydrophobic regions free of wetting traces.

3.2.2.2 | Surfaces with Distinctive Physical Structural
Shapes. Passive fluid manipulation can also be achieved by
designing unique geometries with wettability gradients that lever-
age capillary forces for transport. For instance, Soltani and Golovin
demonstrated the passive transportation of low surface tension
(LST) liquids over a long distance (over 150mm) [21]. The main
challenge, minimizing the contact line resistance, was overcome
by using two distinct liquid-like polymer brushes for the channel
and background substrate. Upon deposition of an LST droplet at
the channel entrance, its bulged shape and the asymmetrical
wedge geometry created Laplace pressure, enabling droplet
spreading. This design facilitated droplet splitting, merging, mix-
ing, and guided movement through curves, corners, and complex
patterns for various LST liquids.

Liu et al. developed a microanisotropic superhydrophobic surface
(MATS) featuring periodic isosceles triangle microarrays coated
with nanoporous alumina for superhydrophobicity [100]. This sur-
face allowed self-powered, long-distance, direction-controlled
droplet manipulation. The anisotropic liquid-solid adhesion drove
microdroplets to leap along the surface. Liquid diodes represent
another example of anisotropic surfaces tailored for unidirectional
liquid transport. Analogous to electronic diodes, liquid diodesmin-
imize resistance in one direction while creating high resistance in
the opposite direction [101]. As reported by Li et al., a liquid diode
with reentrant surface topography and U-shaped island arrays
enclosed by patterned fences facilitated fast, directional, long-
distance liquid transport [102]. The U-shaped cavities featured
reentrant structures to prevent backflow, making this design ideal
for efficient passive droplet manipulation. Figure 7A illustrates the
concept. Li et al. have extensively reviewed design parameters for
various liquid diode structures [105].

The unidirectional flow of liquids holds significant potential in
microfluidic devices, particularly in applications such as
micromixers. One notable innovation in this field is the intro-
duction of Tesla valve structures as micromixers [103]. Wang
et al. demonstrated that using a Tesla valve micromixer elim-
inates the need for additional equipment traditionally required
to impose one-way flow, which was a key component in

conventional designs [103]. As shown in Figure 7B, the unique
morphological structure of the Tesla valve facilitates unidirec-
tional fluid flow, enhancing mixing efficiency. Their findings
revealed that the 5-AAC (annular auxiliary channel and trunk
channel) Tesla valve micromixer significantly outperformed

FIGURE 7 | Examples of surfaces with distinctive physical structural

shapes for passive unidirectional liquid manipulation (A) (a) SEM image

of the designed liquid diode structure. (b) SEM image of U-shaped island

array with the re-entrant cavity on one side. As shown, L and D represent

the length and width of the island, l and d represent the length and width

of the cavity, and s is the opening width of the divergent side channel. (c)

Zoomed cross-sectional view of the re-entrant structure at the interior

wall of the cavity. α is the apex angle of the diverging side-channel.

Reproduced with permission from [102], Copyright 2017, American

Association for the Advancement of Science (AAAS). (B) Schematic of

the structural design of AAC. (a–d) Zoomed view of different sections

of the structure. Reproduced with permission from [103], Copyright

2022, American Chemical Society (ACS). (C) A Schematic illustration

of the design structure and preparation process of the flexible liquid-diode

microtube. B Schematic of unidirectional fluid transport into the flexible

liquid-diode microtube, Reproduced with permission from [104],

Copyright 2024, National Academy of Sciences.
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the common T-shaped planar channel, achieving a mixing effi-
ciency of up to 0.89 at a flow rate of 2 ml/min.

To date, research has predominantly focused on developing
diode-based unidirectional liquid handling platforms on open
surfaces. A major challenge persists in implementing diode-like
liquid handling strategies within enclosed platforms. Addressing
this, Yang et al. recently designed a flexible diode-like microtube
for unidirectional liquid transport within an enclosed chamber
[104]. The inner morphology of the microtube, as shown in
Figure 7C, features a series of truncated, overlapping cone-
shaped microcavities with sharp edges and corners along the
tube’s axis. This asymmetric morphology imparts diode-like
liquid transport properties, enabling unidirectional liquid motion
driven by a Laplace gradient and asymmetric pinning effects.
Furthermore, the structure’s exceptional flexibility, achieved
using a dual-network hydrogel composed of poly (ethylene
glycol) diacrylate (PEGDA) and calcium alginate materials,
makes it ideal for directional liquid manipulation along arbitrary
pathways.

4 | Fabrication Methods of Micropatterned
Anisotropic Surfaces with Unidirectional Wetting
Properties

In this section, various fabrication methods for anisotropic sur-
faces are presented. The surfaces are categorized based on the
type of anisotropy, divided into two main groups: one arising
from geometric structures and the other from the chemical prop-
erties of the surfaces. For each category, the relevant fabrication
techniques are outlined. This classification serves as a practical
guideline for identifying suitable fabrication approaches for
engineering surfaces with specific anisotropic characteristics.
A summary of these fabrication techniques, organized by the type
of anisotropy, is shown in Figure 8.

4.1 | Geometrical Anisotropy

In this type of anisotropy, surfaces consist of organized arrays of
micro- or nanoscale patterns with geometric features designed to
create direction-dependent wetting or adhesion. Various fabrica-
tion methods have been used to develop these surfaces for appli-
cations requiring direction-regulated droplet manipulation.

4.1.1 | Replica Molding Method

In this strategy, anisotropic micro/nanopatterned wetting surfaces
are prepared by replicating the template or mold shape onto target
materials. For instance, Zhang et al. used a natural stamp, using
PDMS replica molding from the surface of grasshopper wings, to
create an anisotropic wetting surface with similar geometric pat-
terns [106]. This approach provides a simple and cost-effective prep-
arationmethod without requiring expensive or complex equipment.

Li et al. developed a triangular micropillar array surface (TMAS)
for droplet manipulation [107]. TMAS consists of a PDMS back-
ing layer and an array of triangular micropillar structures. The
fabrication process, illustrated in Figure 9A, involves casting a
PDMS precursor into a PDMS mold containing triangular micro-
holes. The mold, filled with the PDMS precursor, is then placed
in contact with a prestretched PDMS layer and baked at 90°C for
1 h. Once cured, the triangular micropillar array is obtained by
peeling it off the mold, followed by releasing the mechanical
stress from the PDMS backing layer.

Another study describes the fabrication of a superhydrophobic
shape-memory adhesive surface capable of fixing and memorizing
various shape arrangements induced by stretching and releasing
processes [71]. This surface consists of two layers: a pillar array
of superhydrophobic polyurethane (s-PU) created using a double-
casting technique and a shape-memory polyurethane–cellulose
nanofiber (PU–CNF) substrate synthesized through solvent casting.
The detailed fabrication process is depicted in Figure 9B.

FIGURE 8 | Summary of the fabrication techniques based on the surface’s type of anisotropy.
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4.1.2 | Magnetic-Assisted Preparation Strategy

The magnetic-assisted fabrication method has proven effective
for creating responsive micro/nanostructured wetting surfaces.
During the fabrication process, a magnetic field is applied to con-
trol the morphology of the micro/nanostructures, which can be
tuned dynamically under an external magnetic force. For exam-
ple, Huang et al. introduced a ferrofluid-molding technique to

produce cone-shaped structures with adjustable inclination
angles, enabling the anisotropic wetting behavior of microdrop-
lets [108]. In this method, ferrofluid microdroplets served as
master molds to form various microstructures, followed by
double-casting techniques. The fabrication process, illustrated
in Figure 10A, demonstrates the method’s versatility, allowing
the creation of complex, asymmetrical micropillars by altering
the direction of the external magnetic field.

FIGURE 9 | Examples of available fabrication methods for creating micro/nanoscale physically patterned surfaces. (A) Fabrication process of

triangular micropillar array surface (TMAS) structure. (a) PDMS mold containing triangular microholes (b). PDMS precursor was cast into the PDMS

mold. (c-d) PDMS layer was prestretched in the x or y direction to a specific strain, ϵ strain. (e) The PDMS precursor-filled mold was placed in contact

with a prestretched PDMS layer and then baked at 90°C for an hour. (f ) The triangular micropillar array surface became ready to use after peeling off

from the PDMS mold and stress relaxation in the backing layer of PDMS. (g) As demonstrated, h and l are the triangular micropillar height and the

side length of the triangular tip, respectively. And Px and Py represent the periods in the x and y directions, respectively. (h) A typical 3D image of

TMAS with ϵstrain = 0. Reproduced with permission from [107], Copyright 2020, Wiley-VCH. (B) Detailed fabrication of a superhydrophobic shape

memory adhesive surface. (a–d) The processes of solvent casting to fabricate the shape memory substrate (PU-CNF). (e-h) The preparation of the s-PU

top layer using the molding method. (i-l) The bonding processes of the two layers. Redrawn with some changes from [71], Copyright 2019, American

Chemical Society (ACS).
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In another study, researchers developed a smart magnetic-respon-
sive superhydrophobic surface with tunable wettability [70]. These
surfaces were fabricated by spray-coating a self-assembled solution
of PDMS and carbonyl iron particles, as shown in Figure 10B. The
wettability of the surface could be adjusted in real time by simply
turning the external magnetic field on or off.

4.1.3 | Femtosecond Laser Micromachining

The femtosecond laser micromachining method provides a fast,
mask-free, and efficient approach for fabricating micro/nanopat-
terned surface structures on various materials without requiring
clean room facilities [109, 110]. It is also recognized as an emerg-
ing tool for creating anisotropic micropatterned surfaces. For
instance, Schnell et al. used femtosecond laser micromachining
to directly fabricate groove structures on metallic surfaces [111].
These grooves featured a fixed shape with a constant gap width
(20 μm) and depth (10 μm), while the strut width varied from 1 to
300 μm. The contact angles in the parallel and perpendicular
directions were influenced by the strut width. Furthermore,
the ratio of contact angles in these directions decreased with
increased hydrophobicity of the groove gap.

In another study, Song et al. combined femtosecond microma-
chining with a magnetic-assisted preparation technique to fabri-
cate a heterogeneous, high-aspect-ratio, magnetically responsive
microcolumn array [34]. The detailed fabrication process is illus-
trated in Figure 11A.

4.1.4 | Photolithography and Etching

Photolithography and etching are among the most common tech-
niques for fabricating micro/nanopatterned structures. These
methods utilize light to transfer the desired pattern from a mask
onto a substrate, followed by etching to remove the unprotected
areas [113]. Lee et al. introduced a fabrication technique for cre-
ating asymmetric grooved structures using photolithography,
anisotropic KOH etching, and transfer molding [7]. Initially,
two silicon (Si) wafers were patterned using photolithography
and anisotropic wet etching with KOH. A PDMS replica
was molded on one wafer and then reversibly bonded to the
other silicon wafer containing complementary patterns. The
microchannel arrays were filled with SU-8 using capillary forces.
Finally, the PDMS mold was detached by bonding the SU-8
channels to an adhesive polymer film. This method produced
SU-8 asymmetric surface structures with anisotropic wetting
properties.

In another study, researchers developed a thin, stretchable,
superhydrophobic PDMS surface structure featuring micropil-
lar arrays using lithography, dry etching, and casting [60].
The fabrication began with a Si master mold containing an
array of microholes created by photolithography and
plasma etching. The Si mold surface was then treated with
a superhydrophobic self-assembled monolayer. The micropat-
terns were transferred onto a PDMS substrate using a casting
technique.

FIGURE 10 | Examples of available fabrication methods for creating micro/nanoscale physically patterned surfaces. (A) An overview of the prepa-

ration procedure of cone-shaped PDMS structures based on the magnetic-assisted (Ferrofluid-Molding) method. Ferrofluid microdroplets were created

by applying an external magnetic field. Next, UV-curable tri (propylene glycol) diacrylate was cast on the microdroplets to generate the negative mold.

Finally, PDMS microcones with various inclination angles, affected by a tilted magnetic field, were created by PDMS casting. Reproduced with per-

mission from [108], Copyright 2015, Wiley-VCH . (B) Schematic view of the preparation mechanism of a smart magnetic-responsive superhydrophobic

surface, consisting of an array of magnetorheological elastomer micropillars, through spray-coating and magnetic-field-directed self-assembly. First, a

mixture containing toluene solution, PDMS prepolymer, and carbonyl iron particles was prepared. The obtained homogeneous mixture was sprayed

onto a structure that was put on a magnet using an airbrush. The mixture instantly oriented along the direction of the magnetic field and generated an

array of micropillar structures. After the PDMS is cured, the micropillars’ shape and orientations will be fixed. Reproduced with permission from [70],

Copyright 2018, American Chemical Society (ACS).
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A stretchable branch-shaped asymmetric microstructured sur-
face (BAMS) was fabricated on PDMS for unidirectional oil drop-
let spreading control [112]. As the first stage of the preparation
procedure, the silicon mold was fabricated via photolithography
technique. The fabrication steps are illustrated in Figure 11B.
To ease mold removal, the substrate was coated with 1H,
1H,2H, 2H-perfluorodecyltriethoxysilane. In the final step,
PDMS was cast onto the mold and cured in an oven at 120ºC
for 2 h. After demolding the PDMS from the master silicon mold,
the flexible branch-shaped microstructured surface was success-
fully obtained.

4.1.5 | 3D Printing

3D printing is an additive manufacturing technique that fabri-
cates 3D prototypes by translating computer-aided design
(CAD) inputs into physical objects through layer-by-layer resin
deposition. This method provides several advantages over con-
ventional strategies, including cost-effectiveness, achieving
simultaneous production of multiple samples, and the capability
to create intricate and complex structures [113]. This method has
demonstrated significant potential in the development of wetting
surfaces in diverse shapes.

FIGURE 11 | Examples of available fabrication methods for creating micro/nanoscale physically patterned surfaces. (A) Schematic illustration

of the fabrication procedure of the high-aspect-ratio magnetically responsive microcolumn array surface structure. (I) First, femtosecond laser

micromachining was used to generate high-aspect-ratio microholes on a shape memory polymer (SMP). (II) The SMP surface containing micro-

holes was heated to be shrunk. (III) Next, the PDMS with carbonyl iron powder was poured into the shrunk polystyrene substrate to achieve the

microcolumn structure. The double-sided tape was attached to one side of the polystyrene sheet. (IV) A piece of magnet was put under the substrate

for a short time to organize the iron particles into chains. After curing the sample, the double-sided tape was removed. (V) Then, the high-adhesive

superhydrophobic surface structure was peeled off the mold. (VI) In the end, femtosecond laser modification changed the surface into a

low-adhesion superhydrophobic sample. Redrawn with some changes from [34], Copyright 2020, American Chemical Society (ACS).

(B) Schematic of the preparation steps of BAMS via the photolithography method followed by PDMS casting. Reproduced with permission

from [112], Copyright 2024, American Chemical Society (ACS).
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A series of anisotropic, bioinspired dart-shaped groove micropat-
terns for self-driven unidirectional water transport was prepared
using a fused deposition modeling 3D printing technique,
followed by surface modification; see Figure 12A [114]. The
dart-shaped design induces capillary fluid flow through the main
wedge-like structures, while the morphology of the two wedge-
like features near the groove’s tail obstructs flow in the opposite
direction. The design was first created using the CAD software
and then imported into the printer. The printing mechanism
involved the layer-by-layer deposition of melted solid plastic fil-
aments to create the prototype.

In a recent study by Jiao et al., a rapid 3D printing method was
proposed for fabricating soft, ridged-slippery surfaces (SRSSs)
with a broad range of anisotropic wettability for droplet manip-
ulation [116]. Initially, an epoxy resin mold was fabricated using
a photopolymerization 3D printer. A PDMS mixture was then
cast onto the prepared master mold. After thermal curing, the
ridged structure was achieved by demolding the PDMS from

the 3D-printed master mold. To impart slippery properties, the
substrate was immersed in silicone oil, resulting in a 35 μm-thick
oil coating on the structure.

4.1.6 | Other Methods

In addition to the mentioned techniques, several strategies have
been explored for fabricating micro/nanopatterned anisotropic
wetting surfaces. For instance, an anisotropic superhydrophobic
surface was fabricated using a homemade melt hot-pressing
machine [115]. As shown in Figure 12B, a high-density polyeth-
ylene substrate was processed with roll-to-roll hot pressing to
produce an organized micropatterned surface. The resulting
structure demonstrated low adhesion and exceptional mechani-
cal stability.

Another innovative approach involved creating magnetic
soft composite films capable of responding to magnetic
fields for reversible control of water droplet adhesion between

FIGURE 12 | Schematics illustrating examples of available fabrication methods for creating micro/nanoscale physically patterned surfaces. (A) (a)

Schematic of dart-shaped patterns. (b) Illustration of the 3D printer machine. (c) Unidirectional fluid flow into microchannel. Reproduced with per-

mission from [114], Copyright 2022, Multidisciplinary Digital Publishing Institute (MDPI). (B) (a) Scheme of development of an organized micropat-

terned surface on a high-density polyethylene substrate by the roll-to-roll, hot-pressing method. (b) Digital photograph of a roll of H-125 with

microdroplets on the micropatterned superhydrophobic surface. (c) SEM image of the micropatterned H-125 morphology. Reproduced with permission

from [115], Copyright 2020, Elsevier.
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rolling and pinning states [47]. The preparation involved coat-
ing a mixture of PDMS and carbonyl iron powder onto a cov-
erslip using the doctor-blade method. The film was cured and
then soaked in chloroform to dissolve the outermost layer.
Before treatment, the surface of the iron-PDMS composite

appeared smooth and defect-free. After chloroform treatment,
the surface became rough, enhancing its functionality. Table 1
summarizes various studies on fabricating anisotropic surfaces
with micro/nanostructures, highlighting the techniques, mate-
rials, and key findings.

TABLE 1 | Summary of the studies dedicated to fabricating anisotropic surfaces with micro/nanostructures that can be used for liquid transport.

Structural feature Control avenue
Fabrication
method Advantages

Slippery and magnetically
responsive micropillar array
surfaces [117]

External magnetic field Photolithography
and deep reactive

ion etching,
magnetic-assisted

preparation
strategy

Presenting quick response and
cilia-like beating, which provided

directional and continuous small size
droplet transport in silicone oil.

Polyethylene microbeads
transportation in isopropanol
through using this platform

A soft magnetic carpet consisting
of a set of magnetic-responsive soft
hairs, with tunable wettability
induced by liquid infusion [118]

External magnetic field Magnetic-assisted
preparation
strategy

Providing a platform for sorting and
separation of different droplets.

Temporal and spatial droplet control
result in conducting droplet reactions

A magneto-responsive shutter
(MRS) structure composed of an
array of microblades fixed on a
frame [119]

Magnetic actuation Laser kirigami
and surface
modification

Performing two dynamical
transforming operations, reversible
oscillation and rotation. Providing

directional droplet bouncing,
distribution, merging, and continuous

transportation along straight or
curved pathways.

Anisotropic V-shaped prism
microarray (VPM) [120]

Thermal stimuli Photoetching
method

Flow direction changing among
unidirectional, bidirectional, and

reverse unidirectional transportation
accomplished by thermal stimuli for
on-demand droplet manipulation

purposes

A micromechanical device with
integrated meshes with double
different superwettability tracks
(IMDDS) [121]

The wettability can be
mechanically adjusted by
rotating of a layer of

superhydrophilic track and a
layer of superhydrophobic track

Etching method Release and transfer of single or
multiple tiny droplets simultaneously
in situ. Fast response, low preparation

cost, and convenient operation
methods

Groove-structured shape-memory
polymer (SMP) surface [122]

Alternant pressing and
heating treatments

Femtosecond
laser direct
writing

Repeated switching of surface
wettability arising from the inherent
properties of shape memory polymer

A digital microfluidic platform
based on a shape memory
micropillar array [123]

Near-infrared (NIR)
light irradiation

Soft lithography
and molding

method

Capability of the Poly (ethylene-vinyl
acetate) (EVA) micropillar array chip
in controlled droplet manipulation

and detection of ascorbic acid on the
chip were demonstrated.

Micro/nanoporous
superhydrophobic
polytetrafluoroethylene
(PTFE) surface [124]

Surface electrical charge-driven
droplet manipulation

Carbon dioxide
nanosecond
pulsed laser
ablation

Diverse forms of droplet manipulation
such ad fast droplet transportation on
the surface with the surface charge
density gradient, seeding of the

droplet array, and dynamic droplet
mixing on designated spots with high

surface charge density
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4.2 | Chemical Anisotropy

This type of anisotropy arises from direction-dependent chemical
characteristics on the surface. A common example includes sur-
faces with wettability gradient patterns, comprising regions of
varying hydrophobicity and hydrophilicity. On such surfaces,
unidirectional droplet motion can occur as droplets naturally
migrate toward areas with higher wettability. Janus structures,
which exhibit dual wetting properties on different sides of a
membrane, also represent a prominent example of this type of
anisotropy. Various fabrication techniques have been developed
to engineer these chemically anisotropic wetting surfaces.

4.2.1 | Photolithography and Etching

Microscale hydrophilic-hydrophobic patterns/structures can be eas-
ily fabricated using a one-step photolithography method. Wu et al.
used this technique to create highly adherent wettability patterns
on substrate-independent superhydrophobic surfaces composed
of trimethoxyoctadecylsilane (TMOS)-modified titanium dioxide
(TiO2) coatings [125]. By exposing these coatings to UV light
through a patterned photomask, three unidirectional channel-
shaped gradient wettability patterns were formed. UV exposure
selectively transformed the exposed regions into superhydrophilic
areas, while the unexposed parts retained their superhydrophobic
properties.

Similarly, wedge-shaped wettability gradient structures were fab-
ricated using photolithography and SiO2 deposition on hydropho-
bic cyclo olefin polymer (COP) substrates [126]. Droplets placed on
the hydrophobic COP regions migrated toward the hydrophilic
SiO2 regions, demonstrating effective transport of droplets.

However, surfaces fabricated solely through photolithography
exhibit limited droplet transport distances and low speeds, primar-
ily due to weak wettability gradients. To address this limitation
and enable long-range droplet transportation, photolithography
can be combined with etching. For instance, Liu et al. developed
gradient structures featuring hydrophilic SiO2 stripes with varying
densities interspersed with hydrophobically modified nanowires
by integrating photolithography and etching techniques [127].
These gradient surfaces facilitated the transportation of droplets
over extended distances (up to 37.5 mm) from superhydrophobic
nanowire regions to hydrophilic SiO2 stripe-patterned areas.

4.2.2 | Selective Depositions

Patterned gradient wetting surfaces can be created by selectively
depositing specific materials onto target surfaces. For instance,
superhydrophilic-superhydrophobic patterned surface structures
have been fabricated using a pulsed laser deposition technique
[128]. The process begins by spraying the substrate with
silica-PDMS aerogel to achieve a superhydrophobic base.

FIGURE 13 | Schematics illustrating examples of available fabrication methods for creating surfaces with wettability contrast property. (A)

Fabrication process of the superhydrophobic/hydrophilic hybrid textured surface. First, laser micromachining is used to fabricate microtextures on

an aluminum alloy (Al-Zn-Mg-Cu) surface by controlling the scanning path. Second, SiO2 nanoparticles, 1H, 1H,2H, 2H-perfluorodecyltriethoxysilane

and ethyl alcohol are mixed and sprayed on prefabricated textured surface structure. After drying at room temperature, the micro-nano fractal super-

hydrophobic surface is prepared. Third, laser ablating is used to create hydrophilic microchannels on the convex stripes. Reproduced with permission

from [99], Copyright 2021, Elsevier. (B) Schematic illustration of the fabrication process of hydrophilic designs (micro dots, line, and circle grooves) on a

superhydrophobic surface using the micromilling technique. Reproduced with permission from [130], Copyright 2016, American Chemical Society

(ACS). (C) Schematic view of the fabrication process of a WG-aligned PET/CHI fibrous surface. (a) Electrospinning machine with a high-speed-rotated

collector for preparing aligned PET/CHI fiber. (b) Lifting dissolution strategy for CHI-composition gradient formation. Reproduced with permission

from [131], Copyright 2015, Wiley-VCH.
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Subsequently, superhydrophilic platinum nanoparticles are
deposited onto the superhydrophobic surface through a patterned
stainless-steel mask. The extent of nanoparticle-coated areas can be
controlled by adjusting the parameters of the mask.

4.2.3 | Laser Micromachining

Laser-based techniques are widely recognized for their fast, pre-
cise, and efficient capabilities in fabricating wettability contrast
surfaces [129]. For instance, Zhang et al. successfully fabricated a
microscale fractal superhydrophobic surface with hydrophilic
patterned microchannels using a direct laser writing method.
The detailed fabrication process is illustrated in Figure 13A [99].

Furthermore, laser technology itself has a decisive role in control-
ling liquid transport performance. A recent study by Zoudani
et al. showcased the fabrication of a microchannel structure
on a chemically modified prelaser textured hydrophobic square
background on silicon wafer [132]. The fabricated pattern dis-
played contrasting wetting properties: the prelaser-machined
square background retained hydrophobic characteristics, while
the laser-textured microchannel exhibited efficient wicking

behavior. The study revealed that the wicking flow rate is
strongly influenced by the specific roughness features generated
by the laser, emphasizing the importance of laser-induced sur-
face modifications in optimizing liquid transport performance.

4.2.4 | Micromilling Method

Micromilling method has also been demonstrated as a fast, effi-
cient, and flexible technique for preparing surfaces with wetta-
bility contrasts. This approach enables the creation of various
linear patterns on different substrates through its mechanical
material removal mechanism [130]. For instance, Yang et al. uti-
lized micromilling to fabricate hydrophilic designs, including
microdots, line grooves, and circular grooves, on a superhydro-
phobic surface [130], as illustrated in Figure 13B.

4.2.5 | Other Methods

In addition to the methods mentioned earlier, other techniques
can be used to prepare surfaces with wettability contrasts.
Zhang et al. reported the fabrication of a wettability gradient-
aligned polyester (PET)/chitosan (CHI) fibrous surface [131].

TABLE 2 | Summary of the studies dedicated to the fabrication of anisotropic surfaces with wettability contrasts.

Structural feature Control avenue Fabrication method Advantages

Micro- and nano-fractal
superhydrophobic surfaces patterned
with micro hydrophilic stripe-type
channels [99]

Affinity and
prewetting effect of
hydrophilic channels

Laser direct writing
method

Droplet sliding along different shapes
(straight, curved or S-shaped) of
designed pathways. These moving

actions can be continued even if the
surface gets completely inverted.

Wettability-patterned gradient on
substrate-Independent
trimethoxyoctadecylsilane modified
titanium dioxide (TiO2)-based coated
superhydrophobic surfaces [125]

Passive droplet
transportation

resulted from surface
wettability gradient

patterns

Photolithography Realization of droplet metering,
merging or reaction and rapid

transportation with no need for any
external stimuli, or additives.

Potential of using as a pump-free
microfluidic device for droplet

merging with accurate volume for
specific interactions

Desert beetle-inspired
superhydrophilic/superhydrophobic
patterned surfaces fabricated on the
silica PDMS- coated superhydrophobic
surfaces [128]

Passive droplet
transportation

resulted from Surface
wettability gradient

The pulsed laser
deposition (PLD)

Great capability of water-harvesting,
suitable for both night-time humid
desert areas and high-level steam, e.
g., thermal desalination plants and

waste steam in steel plants and steam
engines. Efficient fabrication

technique for superwettable patterned
surfaces for large-scale water

harvesting application, making it a
relief to growing global water crisis.

Superhydrophobic Al alloy surface with
hydrophilic milled patterns [130]

Surface wettability
gradient results in
passive droplet

transportation on
micromilled
structures

Micromilling
technology

Micromilling technology is a direct,
environmental-friendly, easy-to
operate technique based on its
mechanical material-removal

capability. Through controlling the
size of the milled structures, the
adhesion force towards droplet is

regulated.
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The surface structure was created by combining electrospin-
ning and lifting-dissolution techniques, with wettability con-
trolled by adjusting PET-CHI composition, acetic acid
concentration, and lifting rate. The fabrication process is illus-
trated in Figure 13C.

Lee et al. proposed a straightforward and mendable approach for
generating various hydrophilic patterns on superhydrophobic
surfaces [133]. This process involved creating a uniform super-
hydrophobic layer using atmospheric radio frequency (RF)
plasma and selectively printing hydrophilic patterns with polar
alcohols using the electro-hydrodynamic (EHD) jet printing
technique.

Additionally, Liu et al. introduced a versatile electro-spraying
method to fabricate a patterned PDMS/PMMA coating with
asymmetrical wettability [134]. These tunable superwetting pat-
terns offer significant functional versatility. For instance, super-
hydrophobic fabric serves as an efficient separation filter with
cycling capabilities. The wettability differences in these pat-
terned surfaces enable control over the successive motions of
droplets.

Table 2 summarizes the studies discussed in Section 4 regarding
the fabrication of surfaces with wettability contrasts.

4.2.6 | Fabrication Methods for Janus Micropillars

Janus surfaces, defined by their asymmetric molecular modifica-
tions with distinct surface energies, demonstrate remarkable aniso-
tropic wettability and are highly effective for droplet manipulation
applications. The directional movement of droplets on Janus het-
erogeneous surfaces is driven by surface tension differences, caus-
ing transportation toward regions of higher surface energy [5].

For instance, a thermally responsive Janus Si micropillar array
with anisotropic wettability was fabricated using thermal-
responsive poly(N-isopropylacrylamide) (PNIPAM) brushes
coated onto a Janus Si pillar array [58]. These surfaces switch
between isotropic and anisotropic wetting properties depending
on the PNIPAM molecule’s transition between hydrophilic and
hydrophobic states at temperatures below or above its lower crit-
ical solution temperature (LCST). The elliptical morphology of
the micropillar structure enhanced anisotropic wettability, and
the fabrication process is depicted in Figure 14A. The final sur-
face featured Janus-modified Si micropillars coated on one side
with PNIPAM brushes and on the other with a mercaptohexade-
canoic acid (MHA) layer.

In another study, researchers fabricated a multi-bioinspired
Janus structure that incorporated asymmetric features inspired

FIGURE 14 | Examples of available fabrication methods for creating Janus surfaces. (A) Preparation mechanism of PNIPAM/MHA Janus Si micro-

pillar array. The Si micropillar structure with elliptical geometry was first fabricated by the etching method. Micropillar array surface modification was

performed with a layer of poly(N-isopropylacrylamide) (PNIPAM) brush. After that, the oblique Au deposition process was done. After the deposition of

Au layer, surface modification was performed via self-assembled monolayer of hydrophilic 16-mercaptohexadecanoic acid (MHA) molecules.

Reproduced with permission from [58], Copyright 2015, American Chemical Society (ACS). (B) Preparation procedure of the multibioinspired hybrid

Janus membrane. First, ZnO-tetrapod layer was sputtered onto a pristine smooth Cu grid, Cu(OH)2 nanofibers were created from the Cu mesh surface,

then passed through the ZnO-tetrapod network through etching, forming an interpenetrating lyophobic/lyophilic Janus membrane. Dewetting was

performed to prepare multiple superwettable Janus membranes. Reproduced with permission from [135], Copyright 2021, Elsevier. (C) (a−d)
Fabrication process of the Janus membrane with wettability gradient conical arrays. First, the oxide on the copper mesh surface was removed by

ultrasonic cleaning. After natural drying, the conical array structure was formed by a modified particle-assisted molding (MPAM) method. Finally,

wettability gradients on micropillars were created through laser etching of the conical array structure under a copper mesh mask. Reproduced with

permission from [136], Copyright 2021, American Chemical Society (ACS).
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by the cactus spines, lyophilic/lyophobic micropatterns of beetle
backs, edge-shaped microgrooves of Nepenthes peristome, and
aquatic plant pumping strategies [135]. The Janus membrane,
combining spraying and etching fabrication methods, featured
an interpenetrating structure with heterogeneous wetting
properties, as illustrated in Figure 14B. The structure included
Cu(OH)2 nanofibers and ZnO-tetrapods with lyophilic and lyo-
phobic regions, achieved by tuning the deposition of low-energy
silicone oil during a dewetting procedure. This design enabled
droplets to converge at micropores, moving by capillary forces
and slippery features provided by the Janus membrane.

Additionally, a Janus membrane with wettability gradient coni-
cal arrays was fabricated using magnetic control and laser etch-
ing on a copper mesh [136], as shown in Figure 14C. The process
involved clearing surface oxides from the copper mesh, followed
by forming conical arrays through a modified particle-assisted
molding (MPAM) method. Laser etching was then used to create
wettability gradient regions. The hydrophilic copper mesh sur-
face exhibited hydrophobic behavior in masked areas and super-
hydrophobic properties at the apexes of conical micropillars
above the mask.

Table 3 provides a concise summary of the studies discussed in
this section.

5 | Applications of Unidirectional Wetting
Surfaces

Applications currently focus mainly on three main sectors: (1)
Organ-on-chip channel, (2) through-thickness membrane, and
(3) surface designs.

Most of the fluid flows in the human body, including blood cir-
culation, the lymphatic system, the urinary system, and the diges-
tive system, are unidirectional [137–140]. These systems contain
active or passive valve-like structures to produce and maintain
the unidirectional flow. Thus, organ-on-chip designs specifically
utilize unidirectional flows to more accurately mimic microphy-
siological systems [52, 141–143].

Although a significant number of research studies have been
focused on the development of unidirectional wetting surfaces,
most of the developed devices remain restricted to research set-
tings. These surfaces or structures are predominantly found in
microfluidic devices for passive flow control [144]. These surfaces
can replace the valves in microfluidic devices, reducing the
mechanical complexity and improving the durability. They uti-
lize special surface structures that create different fluid resistan-
ces in different directions, making flow in one direction easier
than in the other [145]. For example, Tesla valves are a unique
structural design that is commonly seen in microfluidic devices
as a passive valve. However, these passive devices cannot fully
restrict the flow in the opposite direction.

Membranes with unidirectional fluid transport ability are also
unique devices based on wettability gradient across the mem-
brane, which shows potential for several practical applications,
such as unidirectional drug delivery [146]. Moisture-wicking fab-
rics are a commercially available application of unidirectional
wetting membranes, utilizing capillary action and the wettability
gradient between two fabric layers. The inner layer of these fab-
rics is hydrophilic to absorb and transport sweat unidirectionally
from the skin to the outer layer, which in turn promotes evapo-
ration, keeping the skin surface dry [147]. Additionally, Janus
fabrics with differing wetting properties on each side represent
a new approach to moisture-wicking fabric design [148, 149].
These fabrics feature an array of conical microchannels with a
larger diameter on the skin-contacting surface, inspired by the
shorebird’s beak mechanism, which facilitates directional liquid
transport away from the skin [150]. Dong et al. proposed the use
of a similar film to enable self-sweat pumping, enhancing the
comfort of wearable sensors for extended use [151]. They fabri-
cated this film by stacking several layers of fabrics with different
porosities to induce a wettability gradient. Also, where direct
contact with skin is not required, biosensors can be mounted
on the fabric, as the fabric effectively transports sweat from
the skin to the sensor.

Janus wound dressings are a novel application of unidirectional
wetting fabrics [152, 153]. These dressings show hydrophobic

TABLE 3 | Summary of the studies dedicated to fabrication of anisotropic surfaces with Janus structures for unidirectional liquid transport.

Structural feature Control avenue Fabrication method Advantages

Janus micropillar array (MPA)
with wettability-switchable
polymer brush
on one side and hydrophilic self-
assembled monolayer
on the other [58]

External heat source Etching and
deposition methods

Ability of liquid droplet
manipulation, potency of using
as a smart thermo-valve in

microfluidic system

Multibioinspired Janus
membrane with heterogeneous
wetting and interpenetrating
structure [135]

Surface energy gradient and
Laplace pressure difference
resulted from hydrophobic/

hydrophilic patterns

Spraying and etching
method

Ability to recycle the fog
droplets absorption, growth,
directional pumping and

penetration.

Janus membrane with conical
arrays of the wettability
gradient [136]

Passive droplet transportation
assisted by wettability gradient
from the surface tension of the
droplets and the capillary force

Magnetic control
and laser etching

Enhanced fog collection rate
of about 7.05 g/cm2/h.
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properties on the outside surface, which will prevent the absorption
of liquids and the entrance of any contaminants. The hydrophilic
inside layer absorbs any exudates from the wound and pumps them
to the outside through the wettability gradient [154]. This technique
can reduce the risk of infections in wounds while maintaining the
dryness and breathability of the dressing. Lin et al. showed that
these Janus dressings can improve the wound healing rate from
87.65% to 100% while showing the ability to unidirectionally trans-
port loaded drugs to the wound. Similarly, Cheng et al. propose the
use of Janus-like fabrics for the fabrication of facemasks, whichwill
prevent the droplets from wetting the outside surface, which could
potentially contain any infectious materials [155].

Water/oil separation is another application of Janus substrates
with a wettability gradient. These membranes have two sides,
such that one side is hydrophilic/oleophobic while the other is
hydrophobic/oleophilic. Thus, one side of the substrates can
selectively absorb and drive one liquid with particular wettability
properties in one direction, separating it from the other
[156, 157]. Similar membranes are also used in solar absorbers
for saltwater desalination [158]. These substrates effectively
transport water from the underlying reservoir to the heated sur-
face, promoting evaporation [159].

Inspired by the natural fog collection mechanism of the desert
beetle and cactus spines, unidirectional surfaces have been used
on fog collection devices [160]. These surfaces provide hydro-
philic regions that promote droplet condensation through a
low-energy barrier, and condensed droplets are transported uni-
directionally to hydrophobic areas for collection [147]. Ding et al.
showed the utilization of a Janus membrane made with modified
natural wood to capture fog and transport them into a reservoir.
They could capture 2.92 kgm−2 in an hour from saturated fog
compared to only 1.16 kgm−2 water condensation with native
wood without Janus modification.

Leveraging the uniquemorphological elements andmaterial prop-
erties, the generated designs can be tailored to specific applica-
tions. For instance, biomimetic ribbon-like structures composed
of liquid crystal elastomers (LCEs) were engineered for water col-
lection [161]. By tuning the director orientation within the LCEs,
diverse morphological evolutions, including bending, twisting,
and spiraling, were achieved. Under external stimuli, the twisting
configuration not only facilitated efficient water droplet transport
but also exhibited enhanced resistance to wind and rainfall.

These surfaces, with their unique capability for directional water
transport, can also be extended to liquid–liquid chemical reac-
tions. On such micropatterned substrates, directional droplet
transport enables controlled movement, coalescence, and subse-
quent reactions between droplets. This property allows droplets
to freely migrate, merge, and react in a programmable manner,
thereby offering a powerful strategy for conducting chemical
microreactions. Such an approach holds great potential for the
development of lab-on-a-chip platforms, where directional drop-
let manipulation can facilitate efficient reaction control and
downstream analytical processes [162].

Surfaces with unidirectional wetting properties are also evident as
a drag reduction mechanism of swimming suits and aquatic sur-
faces. Especially sharkskin-like riblet patterns can reduce the

directional fluid drag by controlling the vortices on the surfaces,
reducing the momentum transfer and shear stress [163, 164].

6 | Challenges and Limitations

Designing and developing anisotropic surfaces with unidirec-
tional wetting properties remains a challenging yet rapidly
advancing area of research. Despite numerous breakthroughs,
achieving an ideal surface that meets all key design criteria, such
as fast response time, precise directional control, high durability,
low energy consumption, and scalable fabrication, remains elu-
sive. These criteria, discussed throughout this review, are often
interdependent and subject to trade-offs. For instance, increasing
structural complexity may enhance directional precision but
compromise scalability or fabrication cost. Therefore, the suc-
cessful implementation of these surfaces requires a holistic
approach that addresses both fundamental material limitations
and practical engineering constraints. This section highlights
the most pressing technical and conceptual challenges that must
be overcome to advance the field toward real-world applications.

Various interrelated factors must be considered when designing
anisotropic surfaces with unidirectional wetting properties.
These include selecting appropriate materials, choosing fabrica-
tion methods, and determining parameters that govern liquid
behavior, such as droplet size, viscosity, surface energy gradients,
and responsiveness to external stimuli. Often, enhancing one
functional aspect, such as directional precision or responsiveness,
comes at the cost of others, including scalability, mechanical
robustness, or fabrication complexity. As a result, designing an
optimal surface requires a careful balancing of trade-offs, guided
by the specific requirements of the intended application. The fol-
lowing discussion highlights the key technical and conceptual
challenges that continue to limit the widespread adoption and
performance of these surfaces.

The versatility, cost-effectiveness, equipment accessibility, and
flexibility of the fabrication method are critical in determining
the feasibility and scalability of unidirectional wetting surface
designs. Equally important is the careful selection of target mate-
rials, which directly influence the surface’s chemical compatibil-
ity, wettability range, and long-term performance. For example,
PDMS is widely used due to its low cost, optical transparency,
biocompatibility, and ease of replication through molding.
These features make it ideal for applications such as microflui-
dics and lab-on-a-chip systems. However, PDMS’s inherent
hydrophobicity and chemical inertness can hinder applications
in cell biology and make surface functionalization for anisotropic
wettability difficult. It is also known to absorb small hydrophobic
molecules, potentially interfering with bioanalytical assays [165].

Other materials offer alternative benefits and limitations. PTFE,
for instance, exhibits excellent chemical resistance and a low sur-
face energy, making it suitable for robust, passive anisotropic
wetting surfaces; however, its low adhesion and poor processabil-
ity limit high-resolution patterning. Metallic substrates such as
aluminum and copper are often used in laser-based fabrication
due to their mechanical rigidity and thermal conductivity, yet
they typically require additional surface modifications to achieve
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the necessary wetting contrasts. Thus, material choice must be
tailored to the specific application, fabrication method, and target
performance metrics.

As previously elaborated, from the perspective of directional fluid
transport, anisotropic wetting surfaces function through two
primary mechanisms: active and passive. Each mechanism has
distinct advantages and limitations. While active approaches
allow for dynamic control, they are not without drawbacks.
For instance, using heat for droplet manipulation can lead to
unintended droplet evaporation [42], undermining the goal of
lossless droplet transport. Similarly, external fields can alter
droplet composition, making them unsuitable for biological
applications. Additionally, the reliance on external equipment,
increased costs, and dependency on external fields throughout
the whole process reduce the practicality of active mechanisms
in certain scenarios.

In contrast, passive mechanisms achieve droplet transportation
solely through the inherent properties of wetting surfaces, elimi-
nating the need for external stimuli. However, passive
approaches face challenges such as slower droplet motion, lim-
ited directional control, and reduced transport distances due to
energy loss on wettability-patterned surfaces [166].

To move toward optimal designs, a balanced evaluation of these
factors is required to identify the most suitable platform that
effectively meets primary requirements. A deeper examination
of these structures reveals that their wettability, whether
superhydrophobic for droplet transport or superhydrophilic for
continuous fluid transport, can be achieved through two main
strategies.

The first strategy involves engineering microstructures, a physi-
cal approach that creates specific surface morphologies to induce
desired wetting properties. However, this method presents chal-
lenges, such as the availability of suitable fabrication equipment,
the feasibility of the methods, and the precision required for pro-
ducing microscale structures.

The second strategy relies on chemical modifications, where sur-
faces are coated with chemical layers to alter their surface chem-
istry and achieve specific wettability. While this approach is
relatively simpler, it comes with limitations, including the deg-
radation of coatings under environmental conditions. Stability,
durability, and biosafety are critical concerns, particularly for
applications in healthcare and biomedical fields.

Moreover, while chemical modifications are straightforward,
microstructured surfaces offer better maneuverability over liquid
behavior. They provide superior manipulation of droplet mor-
phology, transport rate, andmovement direction. Such character-
istics are difficult to achieve with chemical coatings alone.

Despite significant advancements in experimental techniques,
the theoretical modeling and numerical simulation of anisotropic
wetting remain in the early stages of development [167]. While
thermodynamic analyses have provided foundational insights,
they often fall short in capturing the complexities of dynamic
wetting behaviors on structured surfaces. Numerical methods,
such as the Lattice Boltzmann method and Surface Evolver

simulations, have been used to study droplet behavior on aniso-
tropic surfaces. However, existing models often struggle to
accurately capture complex phenomena such as contact line
dynamics, wetting hysteresis, and energy dissipation during
droplet impact. For instance, Jiang et al. conducted an experi-
mental study on the dynamic characteristics and energy variation
of droplets impacting quartz surfaces, revealing four distinct
stages of droplet behavior and highlighting the intricate energy
transformations involved [168]. However, translating such
detailed experimental observations into predictive models is chal-
lenging. The development of robust computational frameworks
that can simulate these complex interactions is essential for
advancing the design and optimization of anisotropic wetting
surfaces.

7 | Conclusions and Future Directions

The development of micropatterned surfaces with unidirectional
wetting properties has significantly improved our ability to con-
trol fluid dynamics in various applications. These surfaces have
shown great promise in applications such as microfluidics, water
harvesting, and biomedicine. However, some intrinsic challenges
remain, mainly related to scalability, reproducibility, and dura-
bility under realistic conditions.

A promising outlook for future research lies in integrating these
surfaces with microfluidic systems, using their synergistic prop-
erties to reveal new possibilities. Combining the precision of
microfluidics with the advanced liquid manipulation capabilities
of unidirectional wetting surfaces makes it possible to create flex-
ible and efficient platforms for liquid transportation, diagnostic
applications, and chemical processing.

Second, the new discipline related to hydrodynamic metamate-
rials offers vast prospects for creating novel, next-generation
unidirectional wetting surfaces. Artificially synthesized mate-
rials possess certain features that effectively control fluid dynam-
ics through purposefully engineered anisotropic properties,
possibly evading various complexities in surface engineering.
Hydrodynamic metamaterials can provide functionalities such
as cloaking, concentrating, or guiding flows in highly controlled
manners. Integration with unidirectional surfaces may ulti-
mately lead to adaptive, multifunctional platforms that can
dynamically respond to environmental stimuli or application-
specific requirements.

Finally, future progress will also depend on advances in theoret-
ical modeling and numerical simulations, which can provide
deeper insights into the underlying mechanisms of unidirectional
fluid transport. The integration of artificial intelligence (AI) and
machine learning (ML) will further accelerate this field by
enabling the optimization of micro/nanostructures for specific
flow regimes. Such predictive design frameworks hold great
promise for rapidly identifying novel geometries and unlocking
unique functionalities, thereby expanding the potential applica-
tions of micropatterned surfaces in fluid manipulation.

Further work should focus on developing scalable processing
methods and durable materials that can maintain their one-sided
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wetting features over a spectrum of operating environments.
Interdisciplinary contributions from the material science, fluid
mechanics, and bioengineering communities are going to be
imperative to meet the challenges head-on and also to enlarge
the possible fields of application for such surfaces.

More studies are required to rigorously establish the relative mer-
its of different wetting-imposition strategies, chemical gradients
versus purely physical structuring, particularly from the perspec-
tives of scalability, translational potential, and application-
specific performance. Systematic comparisons should evaluate
not only directional transport efficiency but also manufacturabil-
ity at scale, material cost and availability, long-term durability,
and compatibility with downstream commercial processes.
Such evidence will be critical to determine which approach is
most practical for translating micropatterned surfaces from
benchtop demonstrations to real-world devices.

In summary, while the search for optimal designs of unidirec-
tional wetting surfaces is an ongoing activity, integrating such
designs into microfluidic systems and exploring configurations
inspired by metamaterials presents exciting opportunities.
Such advances will reveal new directions in liquid transport, pro-
viding innovative solutions for sustainable water management,
enhanced diagnostic methods, and more.
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