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Wetting phenomena at the microscale govern critical interfacial behaviors, spanning natural self-cleaning surfaces and
engineered microfluidic devices. Classical thermodynamics, formulated in the Young, Wenzel, and Cassie—Baxter models,
forms the basis of static wettability. This review examines the transition from global interfacial tension minimization to
topological wetting. In this approach, localized energy barriers at the three-phase contact line (T'CL) largely determine
macroscopic behavior. We analyze the microscopic origins of contact angle hysteresis (CAH) and pinning, showing that
surface topology can outweigh intrinsic chemistry in defining apparent macroscopic wetting states. We highlight how
closed-loop micro/nano structures impose continuous pinning, enabling programmable control of droplet adhesion and
anisotropic transport independent of material chemistry. Furthermore, we discuss practical applications of these principles
in anti-icing, microdroplet reactors, and self-cleaning surfaces, emphasizing the role of structural optimization in overcom-
ing the durability—functionality trade-off. Finally, we outline future challenges in the field. We propose that integrating
artificial intelligence (AI)-driven inverse design and adaptive “4D” interfaces will advance wetting science from a descrip-
tive discipline into a precise engineering toolkit based on dynamic contact line energy.
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1. Introduction

Wetting phenomena govern critical interfacial behaviors
in both natural systems and engineering applications, rang-
ing from the directional transport of dewdrops on biological
surfaces to the precise manipulation of microdroplets in mi-
crofluidic chips.!'"# At its fundamental level, wetting repre-
sents a dynamic equilibrium of molecular forces at the vapor—
liquid—solid three-phase interface. As classically unified by de
Gennes, the comprehensive picture of wetting inherently cou-
ples the statics of physical chemistry with the complex fluid
dynamics of the spreading contact line.[’! Historically, the
theoretical framework of wetting was established by Thomas
Young in 1805, who defined the static contact angle Oy as
the result of a force balance among interfacial tensions.!®!
While Young’s equation provides the thermodynamic corner-
stone, it describes an idealized state on rigid, chemically ho-
mogeneous, and smooth surfaces. In practice, however, real-
world surfaces are usually inherently rough and chemically
heterogeneous, leading to the phenomenon of contact angle
hysteresis (CAH) — the discrepancy between the advancing
and receding contact angles. Although subsequent models by
Wenzel and Cassie—Baxter attempted to reconcile these devia-
tions by introducing roughness factors and area fractions, they
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remain global averaging methods that often do not fully ac-
count for local pinning events. For instance, the coexistence
of metastable states on re-entrant microstructures or the di-
rectional condensation on hydrophilic-hydrophobic patterns
reveals that wetting is not merely a state function of sur-
face energy, but a path-dependent process governed by energy
barriers.!”]
Consequently, the field is currently undergoing a
paradigm shift towards ‘topology-dominated’ wetting. In
the context of this review, ‘topological wetting’ is precisely
defined not merely as wetting influenced by general sur-
face roughness or arbitrary geometrical constraints, but as
macroscopic wetting behavior strictly governed by the global
connectivity and spatial continuity of surface structural fea-
tures. The classical view, which focuses on modifying in-
trinsic surface energy (e.g., surfactant adsorption or chemi-
cal coating), is being superseded by the concept of topologi-
cal wetting. Recent investigations utilizing high-speed atomic
force microscopy (AFM) and molecular dynamics (MD) sim-
ulations have demonstrated that the three-phase contact line
(TCL) is not a continuous boundary but a discrete entity
subject to “stick—slip” dynamics.®'?! Crucially, closed-loop
micro/nano structures (characterized by a topological genus
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g = 1) can impose continuous pinning independent of the ma-
terial’s intrinsic chemistry, enabling the rational design of sur-
faces with programmable adhesion and anisotropic transport
properties. This topological approach addresses the limita-
tions of traditional theories by treating the contact angle as a
variable constrained by local geometric energy barriers rather
than a fixed material constant. This interaction profoundly in-
fluences diverse technological processes: in the energy sec-
tor, the wettability of lithium-ion battery electrodes dictates
ion transport efficiency, where plasma-treated graphene net-
works optimize electrolyte permeability;!!3-13! similarly, in
biomimetic engineering, superhydrophobic surfaces rely on
hierarchical micro/nano structures to drastically reduce fluid
drag, emulating the water-repellency of xylem ducts or lotus
leaves.!16-18]

Despite these conceptual advances, the translation of
topological principles into functional applications faces sig-
nificant hurdles. The complexity of dynamic interfaces under
external perturbations — such as thermal gradients or mechan-
ical vibrations — requires non-equilibrium models that exceed
the scope of classical thermodynamics.!!?*! Furthermore,
the durability of superwetting surfaces remains a critical bot-
tleneck; high-aspect-ratio topological structures are suscepti-
ble to degradation in harsh environments, necessitating.novel
strategies for mechanical reinforcement and self-healing.[?%]
A paradigm-shifting solution to this fragility is the develop-
ment of bioinspired slippery liquid-infused porous surfaces
(SLIPS), which abandon the trapped-air mechanism-in favor
of a locked-in lubricating fluid, thereby creating a defect-free,
self-repairing interface capable of maintaining omniphobicity
even under extreme pressure.!?®! Addressing these challenges
requires a synergistic approach integrating multiscale struc-
tural regulation, stimuli-responsive materials, and intelligent
adaptive design.?"->8

This review provides a comprehensive synthesis of the
evolution of wetting science, moving from classical models
to the emerging framework of topological pinning. We first
revisit the thermodynamic foundations and critically analyze
the limitations of the Young, Wenzel, and Cassie-Baxter mod-
els in describing complex interfaces. Subsequently, we eluci-
date the mechanism of wetting hysteresis and contact line pin-
ning, highlighting how multi-scale substrate design — specif-
ically topological constraints — can precisely regulate wet-
ting behavior beyond the limits of surface chemistry. To
bridge theory and practice, we evaluate advanced characteri-
zation techniques, including axisymmetric droplet shape anal-
ysis (ADSA-P) and in situ multiscale imaging, which are es-
sential for resolving invisible contact line dynamics. Finally,
we discuss the transformative applications of these principles
in anti-icing, microdroplet reactors, and self-cleaning surfaces,
concluding with an outlook on the future challenges of envi-

ronmental stability and artificial intelligence (AI)-driven intel-
ligent design.

2. Classical wetting models and their thermody-
namic limits

Liquid—solid interactions govern critical interfacial phe-
nomena. While the classical Young, Wenzel, and Cassie—
Baxter models predict macroscopic wettability through global
free energy minimization, their validity range is heavily re-
stricted. Specifically, these frameworks frequently encounter
limitations on textured surfaces or within multiphase environ-

ments.

2.1. Ideal equilibrium: Young’s equation

The systematic theory of wetting quantifies the inter-
play between interfacial tensions and the equilibrium contact
angle.!?°1 Consider a liquid droplet on an ideal, chemically
homogeneous, and physically flat solid surface. By analyzing
the principle of minimization of surface free energy, one can
apply a virtual displacement d.x to the TCL along the solid sur-
face (Fig..1). The variation in the total interfacial free energy
per unit length is expressed as

0G = (%L — ¥5v)0x + YrvcosBy Ox,

where Ysv, JsL, and Yy represent the interfacial tensions of
solid—vapor, solid-liquid, and liquid—vapor. The first term rep-
resents the work done by replacing the solid—vapor interface
with the solid-liquid interface, and the second term accounts
for the projection of the liquid—vapor tension along the dis-
placement vector.[®! At thermodynamic equilibrium, §G = 0
for any dux; this yields the famous Young’s equation (often re-
ferred to as the Young—Gibbs relation3°l)

Ysv = YL + M cos By. (1

The equation implies that for a given set of materials, there ex-
ists a unique, intrinsic contact angle 8y determined solely by
the balance of interfacial tensions (¥sv, ¥sL, %v), as illustrated
in Fig. 11531 However, the applicability of Young’s equation
is strictly confined to ideal conditions. It presumes a feature-
less substrate, thereby ignoring the roles of surface roughness,
chemical heterogeneity, and body forces such as gravity and
viscosity.3>=*' A fundamental contradiction arises when ap-
plying this model to real surfaces: Young’s equation predicts
a single global energy minimum, whereas experimental ob-
servations universally demonstrate CAH. On microstructured

35,36

surfaces, this hysteresis often exceeds 40°,13>-] far beyond

the standard range (5°-20°) and the scope of Young’s static
prediction. 32341
This discrepancy highlights a critical theoretical limita-

tion: Young’s equation treats the contact line as a geometric
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singularity without energy barriers. It decouples the static con-
tact angle from the complex energy landscape created by sur-

31.33] As we will discuss, on real surfaces, the

face topography. !
wetting state is often trapped in metastable states governed by
local pinning forces, rather than the global area-averaged ten-
sions assumed in the classic thermodynamic framework.[6-34]
To address the fundamental limitations of Young’s equation
regarding surface topography, the early 20th-century advance-
ments focused on thermodynamic modifications based on
global area-averaging. Unlike Young’s model, which assumes

an ideal plane, these models posit that the apparent contact an-

gle is determined by the statistical average of surface energies
[37,38]

over the entire contact area.

\ e
=Y,y Sin O

TCL (Triple Phase Contact Line)

Top View

Fig. 1. Schematic of a sessile droplet on a flat substrate. Key parameters
are defined: /i (droplet height), R (droplet radius of curvature), r; (con-
tact radius). The equilibrium is governed by the interfacial tensions:
Ysv (solid—vapor), %1y (liquid—vapor), and Y51, (solid-liquid).

2.2. Area-averaged approximations: Wenzel and Cassie—
Baxter models

2.2.1. The Wenzel state: roughness-induced amplifi-
cation

Starting from Young’s relation; for a rough surface, Wen-
zel assumed that the liquid completely penetrates the asperities
of the solid, thereby increasing the actual solid-liquid contact
area. If the roughness factor ris defined as the ratio of the true
solid-liquid interfacial area to its projected geometric area

r :Areal/Aproj > 1. 2

To derive the Wenzel equation, consider a virtual displacement
of the apparent contact line by a distance dx. The change in
free energy per unit width is

0G = r (%L — %sv) Ox + NycosBwOx.
At equilibrium, §G =0, so
r (151 — ¥sv) + YiveosOyw = 0.
Rearranging and substituting Young’s equation (cosGY =
(Ysv — %L)/ ) yields
cosBy = rcosBy. 3)

This is known as the Wenzel equation. The model reveals
the nonlinear regulation mechanism of roughness on the ap-
parent contact angle as shown in Fig. 2(a). When the static

contact angle 8y > 90°, the surface topology significantly en-
hances the hydrophobicity by increasing the effective contact
area. When 8y < 90°, roughness improves hydrophilicity (ap-
proaching 0°) by enhancing the liquid—solid interaction. For
example, when B8y = 120° and r = 3, theoretical calculations
show that the apparent contact angle can be increased to 163°,
and the exponential enhancement effect of hydrophobicity is
verified experimentally, such as laser etching of micro/nano
composite structures on the surface of aluminum. 3!
However, it is crucial to note that the Wenzel model
assumes thermodynamic equilibrium where the liquid com-
pletely wets the grooves. It remains unclear whether this
configuration corresponds to the.global minimum free-energy
state of the system, particularly for hydrophobic or chemically
heterogeneous surfaces.*°! Furthermore, the model cannot ac-
count for CAH or the significant increase in the rolling angle
often observed on superhydrophobic surfaces, ! necessitat-

ing the consideration of heterogeneous wetting states.

(a) Wenzel

(b) Cassie-Baxter

air pockets

Fig. 2. (a) Wenzel state: The liquid completely infiltrates the surface
grooves, resulting in a homogeneous solid—liquid interface without air
entrapment. (b) Cassie-Baxter state: The liquid sits atop the surface
asperities, forming a composite interface with trapped air pockets (indi-
cated by orange arrows) within the microgrooves. Note that the Cassie
state typically refers to chemical heterogeneity on flat surfaces, whereas
the Cassie—Baxter state involves topological roughness with air inclu-
sions.

2.2.2. The Cassie—Baxter state: composite interface
and air trapping

The limitations of the Wenzel model stem from

its neglect of air trapping effects and surface chemical

40411 Ty overcome these limitations, Cassie and

42,43

heterogeneity. |
Baxter proposed the “air pockets” model,*>*! as shown in
Fig. 2(b), which elucidated the non-uniform wetting behav-
ior of porous rough surfaces from a thermodynamic perspec-
tive for the first time. The model assumes that the liquid does
not completely infiltrate the micro/nano structure of the solid
surface, but traps the air between the solid-liquid interface
through the topological bumps formed by the surface rough-
ness, forming a composite interface composed of the solid—
liquid contact region (area fraction fsy ) and the liquid—vapor
contact region (area fraction fiy). From a thermodynamic
viewpoint, the apparent interfacial free energy per unit pro-
jected area can be written as

G = fsL (%L —¥sv) + fiviy + Ysv.

Minimizing this free energy with respect to apparent contact
angle Ocp yields the equilibrium condition

cosfcp = fsr.cosby—frv, 4
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where By is the static contact angle on a smooth surface. This
expression corresponds to the Cassie-Baxter equation, which
describes the apparent contact angle of a droplet resting on a
composite solid—air interface.*3**! When considering the mi-
croscopic roughness factor r, the Cassie—Baxter relation can
be rewritten as

cosOcp = rfcosOy+f—1. ®))

The physical connotation of this equation is reflected in two
aspects. First, the intervention of the air phase significantly
reduces the actual solid-liquid contact area (fsp < 1), result-
ing in a decrease in adhesion (i.e., Ocp approaches 180°). For
example, when f — 0 and r ~ 1, the theoretical contact angle
can be increased to approximately 180°. Second, the rough-
ness factor r further strengthens the hydrophobicity by am-
plifying the geometric effect of the surface topology, and this
dual mechanism successfully explains the anomalously high
apparent contact angle on biological surfaces.[*3! It should be
noted that the Cassie—Baxter model represents a special case
of Cassie’s general wetting model, where one of the surface
components is air (B,;; = 180°). In contrast, the original Cassie
model applies to heterogeneous but flat surfaces composed of
multiple solid materials without trapped air. This conceptual
distinction is crucial for accurately describing wetting states
and has often been a source of confusion in the literature. By
comparing the Wenzel and Cassie—Baxter relations. (cos Oy
and cos O¢cp), the critical static contact angle for the Cassie—
Wenzel transition can be derived as

f—1
—

cosf, = (6)
When the static contact angle 8y > 6., the air layer can re-
main stable, and the droplets show low adhesion and super-
hydrophobicity. . On the contrary, the Cassie—Wenzel wet-
ting transition occurs, and the CAH increases significantly.
This.theoretical framework not only bridges the Wenzel and
Cassie—Baxter regimes but also provides design guidance for
robust superhydrophobic surfaces.

It should be noted that the derivation of the critical contact
angle O; here is based on a direct comparison of the apparent
energies of the Cassie—Baxter and Wenzel states. This classi-
cal criterion assumes an idealized situation in which no energy
barrier exists between the two states. However, real textured
surfaces typically exhibit a finite energy barrier separating the
Cassie state from the Wenzel state, implying that the Cassie
state may remain metastable even when the Wenzel state has
a lower free energy. Therefore, the value of 6. obtained here
should be interpreted as a thermodynamic limit rather than an
actual transition point, which is additionally governed by the
magnitude of the energy barrier. Furthermore, comprehensive

thermodynamic analyses reveal that the existence of the het-
erogeneous Cassie regime requires strict geometrical condi-
tions; if these are violated, the droplet spontaneously collapses
into the homogeneous Wenzel state even when the Cassie—
Baxter equation appears mathematically satisfied.[*> This de-

29,32]

sign strategy has been widely used in self-cleaning,! anti-

icing surfaces (e.g., power grid insulators), and oil-water sep-
aration membranes. [46]

While these area-averaged models provide a foundational
framework, their reliance on global energy minimization of-
ten does not fully capture the complexity of real wetting sys-
tems, particularly CAH and pinning. As we will discuss in the
next section, these dynamic behaviors are fundamentally gov-
erned by the specific-interactions at the three-phase contact

line, rather than the average surface area.

2.3. Wetting transitions and metastability

The transition between the Wenzel and Cassie—Baxter
states represents a critical phenomenon that determines the
stability and durability of superhydrophobic surfaces. In real
systems, these two wetting regimes are not mutually exclusive
but rather coexist as metastable states separated by an energy
barrier governed by capillary forces, surface geometry, and the
intrinsic wettability of the substrate. When external pressure,
condensation, or mechanical impact overcomes this barrier,
the liquid—air interface penetrates the surface microcavities,
triggering a spontaneous Cassie-to-Wenzel transition. As elu-
cidated by Lafuma and Quéré, this transition is typically irre-
versible and is accompanied by a drastic shift in macroscopic
adhesive properties, transforming a slippery, anti-adhesive sur-
face into a highly pinned state. 7]

From a fundamental thermodynamic perspective, the shift
between partial and complete wetting regimes behaves as a
surface phase transition; the inherently first-order nature of
this transition is the fundamental physical origin of observed
metastable states and macroscopic hysteresis.[*3! From a the-
oretical standpoint, the transition can then be interpreted as a
free-energy barrier crossing process between two local min-
ima in the Gibbs free energy landscape. Combined contin-
uum theory and atomistic simulations have been used to cal-
culate the free energy and grand potential profiles associated
with this transition.[*°! Their results, as shown in Figs. 3(al)—
3(a3) and 3(b1)-3(b8), indicated that the Cassie—Baxter state
is inherently metastable, and nanoscale surface defects or ther-
mal fluctuations can induce local meniscus depinning, asym-
metric interface formation, and liquid finger propagation, ul-
timately collapsing the trapped air pocket inside the surface
roughness. Building on these insights, subsequent analyti-
cal models and in situ confocal microscopy observations have
shown that the critical transition pressure is governed by the
interplay between Laplace capillary pressure and micropillar
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topography,°%>11 as visualized in Figs. 3(c1)-3(c5). As evap-
oration proceeds, the water—air meniscus gradually sags, the
air cushion thickness decreases continuously, and the local
Laplace pressure increases accordingly. Once the destabiliz-
ing forces exceed the capillary restoring forces, the meniscus
touches the bottom substrate, the entrapped air pockets lose
stability abruptly, and liquid rapidly penetrates into the surface
textures to complete the Cassie-to-Wenzel transition.

To quantify the magnitude of this barrier, the free-energy
landscape of the transition pathway has been resolved, show-

| = Continuum theory
=% NPT simulation
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Fig. 3. Mechanism of the Cassie-Baxter to Wenzel transition from theoretical and experimental perspectives.

ing that it can reach tens to hundreds of nanojoules for
millimetric droplets.[’? Similarly, analytical calculations for
canonical surface geometries have confirmed that the Cassie
state can persist as a metastable configuration even when the
Wenzel state is thermodynamically more favorable.>3 These
findings collectively reinforce that the “critical angle” derived
in previous sections serves only as an equilibrium threshold,
whereas the actual wetting transition is dynamically governed

by the height of this energy barrier.
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(al)—(a3) Free energy pro-

files from continuum theory (red) and NPT simulations (black) at Ap = 0.01, 0.17, 3.0. (bl)—(b8) Corresponding atomic configurations of
liquid—vapor (b1)—(b4) and solid-liquid (b5)—(b8) interface evolution. (c1)—(c5) In situ confocal observation of air cushion sagging: (c1) top
view, (c2) 3D reconstruction, (c3) thickness contour, (c4) meniscus schematic, (c5) evolution of height, contact angle and Laplace pressure.
(d1)—(d4) Two-step wetting transition mechanism: (d1) Cassie state, (d2) contact line depinning, (d3) meniscus breakthrough, (d4) Wenzel
state. 49154 (Panels (al)-(a3) and (b1)—(b8) reproduced with permission from Ref. [49] Copyright 2012, American Physical Society. Panels
(c1)—(c5) reproduced with permission from Ref. [51] Copyright 2013, Proceedings of the National Academy of Sciences USA. Panels (d1)—(d4)
reproduced from Ref. [54] under the ACS Author Choice License. Copyright 2014, American Chemical Society.)

Experimental evidence supports these theoretical in-
sights, highlighting the role of surface topology in control-
ling contact line dynamics. In situ dark-field optical mi-
croscopy experiments on microstructured PFPEdma surfaces
with well-defined cavity sidewall profiles have demonstrated

that the sidewall geometry of surface microcavities governs

both the breakthrough pressure and the wetting propagation
pathway,>* as illustrated in Figs. 3(d1)-3(d4). Straight ver-
tical sidewalls allow early contact line depinning and uni-
form liquid infiltration, whereas re-entrant or overhanging
sidewall features impose strong meniscus pinning, which el-
evates the transition pressure and significantly delays the col-
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lapse of entrapped air pockets. Further in situ confocal stud-
ies on submerged micropore structures have confirmed that
metastable intermediate states commonly appear between the
ideal Cassie—Baxter and Wenzel regimes during the wetting
transition, ! with gradual meniscus sagging, contact line de-
pinning, and dynamic partial infiltration driven by hydrostatic
pressure and air diffusion, rather than an abrupt switch be-
tween the two states. Likewise, reversible Wenzel-Cassie
restoration has also been observed under pressure release and
bubble nucleation, emphasizing that the transition is not nec-
essarily irreversible when trapped air re-emerges beneath the
droplet. 3%

Recent investigations using molecular dynamics (MD)
and lattice Boltzmann (LBM) simulations have further re-
vealed the microscopic mechanisms underlying the transition.
It has been summarized that the apparent contact angle hys-
teresis (CAH) in superhydrophobic systems originates from
the coexistence of multiple metastable states and local menis-
cus pinning.l>’! These studies collectively highlight that the
CB-W transition is a dynamic and stochastic process rather
than a single deterministic event.[#%-34]

In summary, the Wenzel-Cassie transition represents the
key to understanding the stability of superhydrophobicity.
Crucially, the ability of a surface to maintain the metastable
Cassie state depends on its capacity to “pin”.the three-phase
contact line against external disturbances. This. realization
shifts the focus from global area-averaged thermodynamics to
the local mechanics of the contact line. As we will discuss in
the next section, understanding these pinning forces requires a

unified framework incorporating scale effects and line tension.

2.4. Limitations of global models: the role of contact line
pinning
While the area-averaged Wenzel and Cassie—Baxter mod-
els have provided a foundational framework for macroscopic
wetting,-a growing body of experimental evidence indicates
This limita-

tion stems from the fact that these models treat wetting as a

their-limitations at the micro- and nanoscale.

state function of the total interfacial area, whereas real wetting
behavior is often governed by the specific interactions at the
TCL.

Early studies first argued that the work of adhesion can-
not be calculated simply by averaging the contact area, as local
chemical differences along the contact line dictate the equi-

1381 Pioneering theoretical models further estab-

librium state.
lished that while weak chemical heterogeneities merely dis-
tort the contact line, defects exceeding a critical strength trap
the line in multiple stable positions, fundamentally generat-
ing the macroscopic advancing and receding angles.!>®! This
classical theory has since been elegantly validated on superhy-

drophobic models, demonstrating that even when the droplet

rests on a perfectly slippery air cushion (the fakir state), the
sharp edges of dilute micro-defects act as strong pinning sites
that strictly dictate the macroscopic contact angle hysteresis
as a function of defect density.[°") Subsequent experiments
further confirmed this, showing that glycerol contact angles
on rough paraffin surfaces (148°) differed significantly from
smooth ones (98°), yet were governed by the contact line po-
sition rather than the wetted area.[*!:°!1 More recent studies
provided conclusive evidence.[%%31 As shown in Fig. 4, sur-
faces with concentric hydrophilic/hydrophobic zones were de-
signed. It was found that when the droplet contact line was
pinned at the outer edge of a hydrophobic ring, the contact an-
gle was determined solely by the properties of that outer ring,
independent of the hydrophilic area beneath the droplet. This
result directly challenges the core assumption of the Cassie
equation — that the contact angle is an area-weighted average
— and confirms that the local interaction at the TCL is the
dominant order parameter.

(a) (b)

- D ——|
Fig. 4. Experiments designed by Gao—McCarthy. (a) The combined structure
of the annular hydrophilic zone (diameter d) and the hydrophobic substrate
(area width D — d); (b) annular rough areas on smooth substrates; (c) annular
smooth area on rough substrate; (d) SEM image of the micropillar array in (b)
and (c) (pillar diameter ~ 5 pm, aspect ratio ~ 3). The core conclusion is that
when the droplet contact line is located at the outer edge of the annular region
(region (2)), the wetting behavior is dominated by the substrate properties of
the outer ring and is independent of the inner region.3>#!! (Reproduced with
permission from Ref. [32] Copyright 2014, Elsevier.)

Statistical analysis further reinforces this conclusion. Sta-
tistical analysis of 166 micropatterned samples showed that
the Cassie equation had a prediction error rate of 65% in cylin-
drical arrays and 44% in square cylindrical arrays.[®*! Simi-
larly, studies on closed-loop microstructures revealed contact
angles exceeding 130° on surfaces where classical theory pre-
dicted 90°, proving that the TCL is pinned to the outer edge
of the microwall structure.®3] Molecular dynamics simula-
tions also show that for nanodroplets (R < 10 nm), the criti-
cal contact angle can fluctuate between 0° and 102.9°, deviat-
ing significantly from Young’s prediction due to edge atomic

5.165] Indeed, early theoretical evaluations recog-

interaction
nized these discrepancies, proposing that macroscopic wetting
states and hysteresis are more accurately modeled by a linear

average of the contact angle along the three-phase perimeter
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— governed by contact line density — rather than the tradi-
tional area-averaged cosine. (%%

It is also crucial to note that classical models generally do
not account for external body forces. When the droplet size
approaches the millimeter scale or the liquid density is high,
gravitational effects become comparable to capillary forces.
This coupling induces asymmetric pressure fields and menis-
cus deformation, reducing the stability of the Cassie state and
promoting gravity-assisted transitions.[67-%8] Recent analyses
reveal that gravity alters the critical transition threshold on
microstructured substrates, [*%79 suggesting that the applica-
bility of classical models should be carefully considered un-
der realistic conditions where gravitational and interfacial ef-
fects coexist. Conversely, when the droplet size is compara-
ble to the characteristic dimensions of the surface roughness,
the breakdown of scale separation renders Wenzel and Cassie

71721 In this intermediate regime, wet-

models less applicable. !
ting is primarily influenced by discrete contact-line pinning
rather than macroscopic area fractions. 3]

The physical origin of the “contact line dominance” lies
in the molecular force imbalance at the TCL. As a one-
dimensional boundary where vapor, liquid, and solid phases
intersect, molecules at the contact line experience a highly
asymmetric force environment, resulting in an additional en-
ergy contribution known as line tension.!”*73 The. physical
nature of this energy can be understood as a loss of confor-
mational entropy of molecules in a confined space. 7]

The effect of line tension is scale-dependent and is quan-

tified by the modified Young’s equationP%- 77781
T
cos6 :coseyfm, @)

where R is the local radius of curvature of the contact line.
Line tension typically ranges from 10~'' N to 107® N. As
comprehensively reviewed, this wide variability in magni-
tude and sign reflects not only the diversity of solid—liquid—
vapor systems but also.the extreme sensitivity of experimen-
tal measurements to non-equilibrium conditions and theoreti-

cal oversimplifications.!””! For macroscopic droplets (R — ),
T
TR

or when the contact line is highly curved due to surface tex-
80,81

the term vanishes. However, for micro- or nanodroplets,

ture, this term becomes significant.[8%3!] For example, on
nanogrooved surfaces, a positive line tension forms a signif-
icant energy barrier, hindering contact line movement and be-
coming a central mechanism of CAH.!”-3%]

Recognizing the limitations of area-based models, the
theoretical basis of wetting is undergoing a theoretical transi-
tion to Gibbsian line thermodynamics. In this framework, the
Gibbs adsorption equation!’®! relates variations in interfacial
tension to chemical potential changes along the contact line:

dy=-Y Ldy;. (8)

Building on this, the Shardt—Elliott model reformulates the
equilibrium contact angle in terms of the line fraction (fjine)
of different components rather than the areal fraction, yielding

a modified relation 33-84]

c0S0A = f11ineCOSOA 1 + f2,1ineCOSOA 2. )

This model has been shown to reduce prediction errors sig-
nificantly. For instance, on striped surfaces where the Cassie
equation error exceeded 15°, the Shardt—Elliott model predic-
tion (65°) matched experimental data perfectly.!! This con-
firms that the contact line fraction, rather than the area fraction,
is the true governing parameter:

(a) @ e
Initial equilibrium Initial equilibrium
Vapor Vapor
Adsorbed Film
— Solid
et -

Advancing interface  Advancing film

Advancing (growing) droplet

Liquid Vapor
(b)
eA
rerery
u Tt
(8) Receding interface  Receding film

Receding (contracting) droplet

ha>h

| =R
iquid ®
fmrmin - pARAK

Fig. 5. Schematic diagram of droplets on a solid with different surface
properties and CAH. (a) Droplets at rest on a flat solid surface: elastic
and/or plastic deformation under the TCL caused by normal liquid stress
and balanced by local stresses on the solid. (b) and (c) CAH caused by
solid surface roughness (left) and inhomogeneity (right). (d) The differ-
ence in affinity of solid chemistry for non-polar gases and polar liquid
phases is a cause of CAH. (e) The thin liquid film formed during the re-
treat of the liquid may be thicker than the precursor film formed during
the spreading process. CAH is caused by different separation pressures.
(f) Roughening of a smooth and uniform surface by swelling. Symbols
include: H — liquid film thickness, 6 — contact angle, 6o — advanc-
ing contact angle, Og — receding contact angle.!®8! (Reproduced with
permission from Ref. [88] Copyright 2019, Elsevier.)

Finally, the magnitude of the line energy is pre-
cisely regulated by the geometric topology of the substrate.
Abrupt changes in surface curvature, such as sharp edges or
nanogrooves, create localized energy barriers that “pin” the
contact line. This can be quantitatively described by the Huang
equation!’6!

Nv ¥sL
cosp = ——— — ——cosby, 10
¢ BvKm v O (10

where « is the local mean curvature. As shown in Fig. 5, high-
density micropillar arrays induce a high degree of tortuosity in
the contact line. Experiments show that reducing pillar spac-
ing from 15 wm to 5 um can triple the pinning energy barrier,
raising CAH from 10° to 35°.141 In situ AFM observations
confirm that the pinning force at the edge of a nanogroove can

require significant additional energy to overcome. 36871
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The transition from area-averaged models to line-tension
theories marks a critical maturation in wetting science. It re-
veals that the “super” properties of structured surfaces are not
merely due to increased area, but are the result of engineering
specific topological features — such as sharp edges and closed
loops — that maximize contact line pinning. This understand-
ing lays the physical foundation for the topological wetting
strategies we will explore in the next section.

3. Engineering contact line pinning via surface
topology

3.1. Stochastic roughness: random pinning networks

The most fundamental strategy to manipulate wetting is
the introduction of stochastic surface roughness. Unlike or-
dered patterns, stochastic roughness — fabricated via methods
such as chemical etching, deposition, or spraying — creates a
disordered network of topological defects. These random as-
perities act as dense pinning sites that modify the global wet-
ting behavior by altering the effective energy barriers at the
TCL.

On intrinsically hydrophilic substrates, stochastic rough-
ness creates a dense capillary network that amplifies wetting
forces, driving the system deeply into the Wenzel regime. Ex-
perimental evidence demonstrates this through the deposition
of nanoparticle films. For instance, a film with:a roughness
factor of r =~ 2.49-2.77 can induce a superhydrophilic state
with contact angles as low as 15°-24°.129-8% The underlying
mechanism involves a synergy of geometric and chemical ef-
fects: First, the nanoscale pores (< 10 nm) within the stochas-
tic network generate massive capillary pressures exceeding
10 MPa, which overcome local pinning barriers and drive the

190 Second, surface de-

precursor liquid film to spread rapidly.
fects play a critical role. For example, unsaturated bonds at the
nanoparticle edges (e.g., Cd>* dangling bonds) create a sur-
face energy gradient that enhances the directional adsorption
of water molecules. Studies indicate this can reduce the solid—
liquid. interfacial energy by approximately 38%.°!1 Further-
more, under UV irradiation, photogenerated holes can oxidize
surface hydroxyl groups, further reducing the contact angle to
~ 9° and enhancing functional performance, such as achieving
a 95% degradation rate for methyl orange.[®?]

Conversely, on hydrophobic substrates, the random pin-
ning network stabilizes the metastable Cassie—Baxter state
by creating a high-density energy barrier against liquid in-
trusion. A prime example is the fluorinated graphene oxide
(FGO)/polydimethylsiloxane (PDMS) nanocomposite coat-
ing. Here, the micron-scale average roughness (R, ~ 1.2 um)
acts as primary anchor points for the contact line, providing a
pinning energy barrier exceeding 100k 73! Simultaneously,
the nanostructure of FGO sheets compresses the local radius

of curvature of the liquid meniscus to ~ 10 nm. This extreme
curvature invokes significant line tension effects, which funda-
mentally suppress the collapse of the air cushion by enhancing
the depinning energy barrier.[°* This multi-scale stochastic
pinning enables the surface to achieve a water contact angle of
173.7°, approaching the theoretical limit of 175°.1°31 Molec-
ular dynamics simulations further reveal that the stability of
this state is sensitive to molecular orientation; for instance, a
perfluoroalkyl chain inclination angle of ~-12° creates an opti-
mal thermodynamic barrier of 25 kJ/mol, effectively prevent-
ing the transition to the Wenzel state.[**-93]

Fig. 6. The petal effect on stochastic hierarchical rough surfaces.
(a), (b) SEM images of a red rose petal surface showing periodic mi-
cropapillae with nanofolds on each top. (c) A spherical water droplet
on the petal surface with a contact angle of 152.4°, demonstrating super-
hydrophobicity. (d) A water droplet adheres firmly to the petal surface
even when inverted, showing the high adhesive force characteristic of
the petal effect. 195] (Reproduced from Ref. [95] under the ACS Author-
Choice License. Copyright 2008, American Chemical Society).

While stochastic roughness can stabilize the Cassie state,
the lack of deterministic control over the contact line of-
ten leads to an intermediate regime known as the “petal
effect”.[%31 Unlike the low-adhesion “lotus effect.” surfaces
like rose petals exhibit large apparent contact angles (> 150°)
but strong droplet adhesion, allowing water droplets to hang
upside down.[”® This phenomenon is vividly demonstrated
by the red rose petal surface, which features periodic mi-
cropapillae decorated with nanoscale folds (Figs. 6(a) and
6(b)), achieving a superhydrophobic contact angle of 152.4°
(Fig. 6(c)) while firmly adhering to water droplets even when
inverted (Fig. 6(d)). Mechanistically, this state arises from
partial liquid penetration into the random micro-voids (a tran-
sitional Cassie-impregnating state). The stochastic distribu-
tion of pinning sites creates a discrete but dense pinning net-
work, which generates massive CAH.!”®! Experimental anal-
ysis confirms that increasing substrate roughness significantly
increases the advancing contact angle while the receding angle
remains stable, resulting in a sharp surge in hysteresis. The ad-
hesion strength is strictly dictated by the density of these ran-

(971 This phenomenon highlights the lim-

dom pinning points.
itation of stochastic roughness: while it can achieve static su-
perhydrophobicity, it lacks the directional control required for
dynamic fluid transport, necessitating the shift toward ordered

architectures.
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3.2. Ordered open architectures: anisotropic wetting

To overcome the chaotic pinning dynamics of stochas-
tic surfaces, ordered open architectures — specifically paral-
lel grooves and chemically striped patterns — have been de-
veloped. Unlike random roughness, these structures impose
a deterministic and orthogonal energy landscape on the con-
tact line. This symmetry breaking enables anisotropic wetting,
where the droplet exhibits distinct contact angles (6 # 6, )
and mobility depending on the direction relative to the texture.

Ordered topographic features, specifically microgrooves,
induce anisotropy by imposing direction-dependent energy
barriers on contact line motion. When a droplet travels perpen-
dicular to the grooves, the three-phase contact line is forced to
undergo a continuous, high-energy “pinning—depinning” cy-
cle as it crosses each ridge. This process significantly in-
creases contact line tortuosity and energy dissipation, acting
as a “hydraulic brake” that reduces droplet flow velocity by
approximately 50% due to intense pinning forces.!”®! In stark
contrast, motion parallel to the grooves follows continuous en-
ergy troughs. In the Cassie state, the trapped air cushions ef-
fectively replace the solid-liquid interface with a shear-free
liquid—air interface. This “slip boundary layer” minimizes hy-
drodynamic drag, enhancing flow velocity by about 15%.[%"!
This geometric rectification mechanism enables passive; uni-
directional liquid transport without external .energy input, a
principle fundamental to applications in microfluidic drag re-
duction and directional water harvesting.

Beyond physical topography, chemical heterogeneity
using self-assembled monolayers (SAMs) offers a precise
method to manipulate contact line pinning at the molecular
scale. By patterning alternating hydrophilic and hydrophobic
stripes, one can create “virtual” energy barriers without al-
tering surface roughness. On such line-patterned substrates,
the contact line experiences asymmetric pinning. Suzuki
et al. demonstrated that water droplets exhibit significantly
lower sliding angles along the stripe orientation compared
to the perpendicular direction, confirming that chemical het-
erogeneity alone produces an effective anisotropic hysteresis

101" Quantitatively, Morita et al. showed that on

landscape. !
fluoroalkylsilane-patterned lines, the apparent contact angle
differs by more than 10° between longitudinal and transverse

[101) This anisotropy arises because the contact line

directions.
is “clamped” by the hydrophobic domains in the perpendicu-
lar direction, whereas it can slide freely along the hydrophilic
channels in the parallel direction.

Crucially, the emergence of anisotropic wetting is not
an intrinsic property of the pattern itself but is strictly gov-
erned by the scale of the heterogeneity relative to the droplet
dimensions. Recent theoretical advancements have estab-
lished a critical scaling law based on the ratio of the stripe

width (w) to the contact line length (L). In the regime of

fine patterning (w < L), the contact line spans a statistically
significant number of defects, allowing the system to fol-
low the Cassie—Baxter area-averaging rule and exhibit quasi-
isotropic behavior. However, a distinct transition to a pinning-
dominated regime occurs as this ratio approaches a critical
threshold (typically w/L > 0.1). Research indicates that while
the classical Cassie equation maintains high predictive accu-
racy (error < 5%) below this limit, the approximation breaks
down significantly above it as the local interaction begins to
dominate.[19%193] In this coarse-patterning regime, the contact
line becomes discretely pinned by individual stripes, necessi-
tating a shift from global energy-averaging to a localized anal-
ysis of discrete pinning events.

3.3. Re-entrant geometries: metastable wetting and oleo-
phobicity

While ordered open architectures effectively manipulate
water droplets, they face a fundamental thermodynamic limit
when dealing with low-surface-tension liquids (e.g., oils, or-
ganic solvents). On intrinsically oleophilic materials (where
the Young’s contact angle Oy < 90°), the capillary force
on standard vertical micropillars acts downwards, inevitably
pulling the liquid into the texture and causing a spontaneous
transition to the fully wetted Wenzel state. To overcome this
challenge, re-entrant geometries — topologies featuring over-
hanging structures such as T-shapes, mushrooms, or inverse
trapezoids — have been engineered to enable superoleopho-
bicity and omniphobicity.

The physical principle underlying re-entrant structures is
the manipulation of the local geometric angle to satisfy the
Gibbs pinning criterion. According to the pioneering theory
established by Tuteja et al.,['%%1%%] for a liquid to be suspended
in the Cassie state, the local contact angle 6}, at the texture
edge must fulfill the condition

Glocal < 9A+llf*9003 (11)

where y is the geometric angle of the texture edge (texture an-
gle). Standard pillars possess a geometric angle of y = 90°,
which cannot effectively support liquids with 8y < 90°. How-
ever, re-entrant structures feature overhanging edges where
y effectively exceeds 90°. This topology causes the liquid
meniscus to bend upward at the TCL, generating a vertical up-
ward component of capillary force.[1%! This force counteracts
the Laplace pressure and gravity, effectively “pinning” the oil
droplet at the edge of the overhang. Consequently, even if the
material itself is intrinsically oleophilic, the macroscopic sur-
face can exhibit contact angles exceeding 150°.197]

The evolution of re-entrant designs demonstrates the pur-
suit of extreme pinning robustness against wetting transitions.
(i) Simple re-entrant (T-shaped/mushroom): These structures
provide a single pinning edge. Although effective for liquids
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with moderate surface tension, they may lose their pinning ca-
pability under high external pressure if the meniscus sags and
touches the pillar shaft. Hensel ef al. experimentally verified
that mushroom-shaped pillars exhibit a breakthrough pressure
approximately 30% higher than T-shaped pillars of equiva-
lent dimensions.!!%®! This enhanced stability is attributed to
the continuous curvature of the mushroom cap, which elimi-
nates stress concentrations at sharp corners and ensures more
uniform meniscus pinning. (ii) Doubly re-entrant structures:
To prevent irreversible wetting, Liu and Kim developed dou-
bly re-entrant structures (e.g., “serpentine” edges) that pro-
vide multiple pinning lines.''%! Even if the meniscus depins
from the top edge, it is captured by the secondary overhang
below. This topology has been shown to sustain the Cassie
state for fluorinated liquids with surface tensions as low as
10 mN/m, achieving super-repellency on completely wetting
materials. 0]

The practical utility of re-entrant structures is defined by
their breakthrough pressure (Pyeak), the critical pressure re-
quired to force liquid into the cavities. Theoretical models
derived from the force balance at the re-entrant edge indicate
that Byeqx 1s inversely proportional to the spacing and directly
related to the overhang length.!''% However, this metastable
state remains fragile; localized defects or external impacts can
trigger a “sagging” transition. Recent studies have highlighted
the “springboard effect” in flexible re-entrant structures, where
elastic deformation absorbs kinetic energy during droplet im-
pact, suggesting that structural stiffness is as critical ‘as topo-
logical shape in maintaining omniphobicity."'%! In summary,
re-entrant engineering demonstrates that in the regime of low-
surface-tension wetting, it provides a universal strategy for de-
signing omniphobic surfaces independent of substrate proper-
ties.

3.4. Topological regulation: the limits of classical wetting

The discovery of topological wetting states has fun-
damentally extended the boundaries of traditional wetting
theory.[?®93) In this context, the term “topological” explicitly
designates the global connectivity of a closed-loop defect (i.e.,
topological genus g = 1), which acts as a continuous macro-
scopic constraint rather than merely isolated geometric edge-
pinning. While classical models predominantly focus on sur-
face chemistry and random roughness, recent breakthroughs
demonstrate that the introduction of closed-loop topological
defects — such as nanowalls or nanochannels — enables the
precise manipulation of contact angles on intrinsically super-
hydrophilic surfaces. Unlike localized energy barriers gen-
erated by stochastic roughness, chemical heterogeneity, or
the overhang-dependent mechanics of re-entrant structures,
this unique topology anchors the contact line simultaneously
across its entire perimeter. This topological control facilitates

a deterministic transition from a fully spread regime to highly
hydrophobic states (> 130°), challenging the fundamental as-
sumptions of continuum wetting mechanics. 28631

The physical origin of this anomalous phenomenon lies
in the strong pinning effect induced by topological invari-
ance on the TCL.[%! Unlike open grooves or open textures
where the contact line can continuously depin, a closed-loop
topology imposes a global constraint. Figure 7 illustrates this
mechanism vividly. On UV/ozone-treated-hydrophilic sur-
faces, water droplets do not spread indefinitely but are ar-
rested in a metastable configuration known.as the “ring-n
Wenzel state” (Fig. 7(i)). Molecular dynamics simulations
(Figs. 7(j3)-7(m3)) reveal that the sharp geometry at the loop’s
edge creates a severe discontinuityin the molecular force field.
This generates a massive energy barrier that “anchors” the
droplet edges, resulting in the concentric ring profiles shown
in Figs. 7(a)-7(h).

Crucially, experimental verification (Fig. 7) demonstrates
that this critical contact angle () is remarkably indepen-
dent of local curvature. The data curves for diverse geome-
tries — circles, triangles, squares, pentagons, and even irregu-
lar shapes— overlap significantly. This implies that the topo-
logical genus (hole count), rather than specific geometric de-
tails, is the dominant order parameter governing the wetting
state. To rigorously substantiate that this phenomenon is gen-
uinely governed by topological connectivity rather than mere
localized edge-pinning, comparative control cases are critical.
When the continuity of the loop is disrupted — such as in open
rings, broken loops, or structures with intentional gap defects
— the global constraint is fundamentally broken (i.e., transi-
tioning from genus g = 1 to g = 0). In these defective struc-
tures, even if the local edge angles remain geometrically iden-
tical, local meniscus depinning occurs readily at the gaps. The
liquid sequentially breaches these discontinuities, completely
unable to sustain the highly hydrophobic metastable state ob-
served in their closed-loop counterparts. This stark contrast
definitively isolates structural connectivity as the prerequisite
for this anomalous wetting behavior.

One of the most significant implications of topological
wetting is that it reveals the limitations of the classical Young—
Gibbs equation at the microscopic scale.[®] According to clas-
sical theory, on a hydrophilic surface with a geometric edge
angle of ¢ = 90°, the critical contact angle should not exceed
90°. However, experimental observations reveal a dramatic
deviation: when micron/nanoscale droplets are confined to a
closed loop with right-angled edges, 8i; can reach as high as
131.3°. This represents a deviation of more than 40% from the
theoretical prediction.

Mechanistic studies attribute this discrepancy to the syn-
ergistic effect of atomic-scale interactions and specific edge
configurations. For instance, simulations show that the edge
configuration of a face-centered cubic (FCC) crystal plane can
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raise Oy to 141.3°, whereas a simple cubic structure only
reaches 102.9°. To reconcile this cross-scale discrepancy, a
modified topological wetting equation has been proposed: 6]

c086Oir = sin (¢ —90°) — Q, (12)

where ¢ denotes the geometric edge angle of the topological
loop (e.g., 90° for right-angled edges), and Q represents the
additional contact angle offset induced by topological edge ef-
fects. Research indicates that for structures maintaining the
same topological genus (g = 1), Q is positively correlated
with geometric dimensions such as the loop height (%) and the
critical channel width w, effectively quantifying the cross-
scale mutation of wetting behavior caused by topological con-
straints.

Beyond fundamental theory, the rigid control offered by
topology provides a robust platform for functional applica-
tions. The contact angle within a closed loop exhibits dy-
namic programmability, capable of discrete jumps between “n-
loop” states during growth or continuous, reversible modula-
tion from ~ 130° to 55° during evaporation.[%>] Recent break-
throughs have extended this programmability from in situ re-
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tention to rapid directional transport. By engineering asym-
metric topological barriers — often termed “topological liquid
diodes” — researchers have successfully broken the symmetry
of the contact line to rectify capillary forces. This mechanism
enables spontaneous, high-speed fluid transport and “pancake
bouncing” phenomena without external energy input, funda-
mentally overcoming the trade-off between pinning adhesion
and sliding mobility.!111-112]

This capability has catalyzed innovations in microfluidics
and biomedical engineering. For example, microdroplets can
maintain a hydrophobic state 6 > 90° within.the loop to in-
hibit reactant diffusion, optimizing microreactor efficiency.
In biomedical bonding, strategies mimicking topological pin-
ning — such as Wang’s planar chemical heterogeneity*8! and

H3] __ have achieved ex-

Yang’s “molecular suture” networks!
ceptional tissue adhesion without physical puncture. Further-
more, the ability to guide droplet arrays using special-shaped
topologies (Figs. 7(a)-7(h)) offers a novel pathway for the di-
rectional deposition of functional materials, showing immense
potential in the fabrication of next-generation printed electron-
ics and optical microlens arrays. [

ékl)
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Fig. 7. Annular contact profiles of water droplets on UV/ozone-treated hydrophilic rough surfaces with closed-loop microwalls/microchannels
of different geometries. (a)—(h) Droplet shapes and critical contact angles on circle, triangle, square, rectangle, pentagon, hexagon, octagon, and
heart-shaped microstructures. (i) Microscopic top view of a ring-shaped contact profile, where the white rings show the microchannel holding
the TCL. Scale bars: 500 um. (j1)—(m1) Bare surface structures; (j2)—(m2) initial placement of a water cube (~ 25600 molecules) on the surface;
(j3)+(m3) final states after >12 ns molecular dynamics simulations (water in red, surface atoms in blue/pink). (i, right) Variation of critical
contact angle 6, (n) with droplet injection number, with 6 () marking transitions between successive loop-Wenzel states.[%3114] (Panels (a)—
(i) reproduced with permission from Ref. [65] Copyright 2024, Proceedings of the National Academy of Sciences USA. Panels (j1)—(m3)
reproduced with permission from Ref. [114] Copyright 2020, American Chemical Society).

4. Advanced characterization and multiscale
modeling

The elucidation of the complex wetting mechanisms dis-
cussed in the preceding sections — from the thermodynamic
metastability of re-entrant geometries to the limitations of
classical theory in describing topological-defect-induced wet-
ting — calls for advanced methodologies in characterization

and modeling. Characterizing these non-equilibrium states

benefits from moving beyond simple static observation to
a comprehensive framework combining high-resolution dy-
namic metrology, nanoscale imaging, and multiscale numer-
ical simulation, as systematically illustrated by the multiscale
platform in Fig. 8. To provide a clearer methodological frame-
work, the advanced characterization and modeling techniques
discussed in this section are summarized and compared in Ta-
ble 1 according to their operational scale, primary information
obtained, and representative applications in wetting research.
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Table 1. Methodological framework comparing advanced characterization and multiscale modeling approaches for wetting phenomena.

Operational scale

Technique

Primary information
obtained

Key capabilities

Target applications

Atomic/Sub-nano

Nanoscale

Micro/Mesoscale

Macroscopic/Continuum

Multiscale

Molecular dynamics
(MD)

Cryo-EM
Femtosecond inter-
ferometry

Phase-field model-
ing (CHNS)

Surface Evolver

ADSA-P

Stood-up drop
(SUD)

Machine
(AI/PINN)

learning

Atomic interaction,
TCL force

Liquid-solid inter-
face morphology

Ultrafast contact-line
motion

Interface evolution
Equilibrium interface
configuration

Dynamic contact an-
gle, CAH

Receding angle, de-
pinning threshold

Structure—property
relationship

Resolving atomic-scale interactions
and contact-line force distributions.

Direct visualization of liquid—solid
interface configurations.

Capturing ultrafast, quantized tran-
sitions in contact line motion.

Capturing transient wetting dy-
namics, interface evolution, and
contact-line motion.

Equilibrium interface morphology
through interfacial free-energy min-
imization.

High-precision numerical integra-
tion of the Laplace equation (£0.1°
accuracy).

Needle-free receding angle quan-
tification.

Data-driven prediction, surrogate
modeling, and inverse design.

Isolating the contribution of atomic
edge configurations and substrate
lattices to pinning forces.
Revealing nanoscale pinning mech-
anisms without optical diffraction
limits.

Providing physical basis for dy-
namic hysteresis-and nanocurvature
effects.

Tracking .dynamic droplet coales-
cence and anisotropic-wetting with-
out explicit boundary meshing.
Reproducing static Cassie—
Baxter/Wenzel configurations
and metastable morphologies.
Resolving low-speed dynamic en-
ergy barriers and stick—slip motion
of contact lines.

Eliminating needle-induced
Marangoni artifacts;  resolving
contact line depinning.

Optimizing topological microstruc-
tures for specific functionalities

(e.g., anti-icing).

The primary obstacle in experimental validation lies in
the limitations of traditional goniometry. Standard tangent-
fitting methods are subject to inherent human errors and opti-
cal diffraction limits, effectively “low-pass filtering” the subtle
dynamic features of wetting. For instance,.on polypropylene—
maleic imide copolymer surfaces, static data dispersion
reaches +6°, a discretization that high-speed imaging reveals
to be caused by the stick—slip motion of the contact line and

51 Furthermore, time-

polymer-induced droplet deformation. !
varying interactions, such as formamide-induced swelling,
cause the contact angle to drift at a rate of 0.5°-s7 !, ren-
dering single static measurements thermodynamically unreli-
able. To resolve these features, axisymmetric droplet shape
analysis (ADSA-P) has been established as the gold standard.
Unlike geometric fitting, ADSA-P numerically integrates the
Laplace equation of capillarity to fit the entire droplet pro-
file, utilizing over 1000 coordinate points to achieve a mea-
surement accuracy of +0.1°.111%1 However, recent investiga-
tions by Dekker and Lohse highlight that even with such algo-
rithms, uncontrolled evaporation in standard pendant/sessile
drop measurements can induce significant surface tension gra-
dients (Marangoni flows), necessitating strict environmental
control to prevent data artifacts. To eliminate these needle-
induced artifacts and symmetry breaking, Vollmer et al. re-
cently introduced the “stood-up drop” (SUD) technique. By
utilizing a short liquid jet to generate a pancake-shaped spread-
ing film, this method allows for the needle-free quantifi-
cation of receding contact angles with high reproducibility,
specifically resolving the contact line depinning dynamics on
defects.!!!7] This robust, needle-free measurement workflow

is directly visualized in Fig. 8(b). This precision allows for the
unique capability of capturing the dynamics inherent to topo-
logical pinning. By synchronizing with real-time monitoring,
ADSA-P can detect instantaneous contact angle fluctuations
(spikes > 8°) associated with solvent-induced polymer re-
crystallization (e.g., in dilodomethane—polycaprolactone sys-
tems), providing the granular data necessary to verify dy-
namic energy barriers.[!1%118] Validation experiments on FC-
722 surfaces further confirm that such low-speed dynamic
measurements (0.14 mm - min’l) yield thermodynamic con-
tact angles (118.4°) in excellent agreement with static values,
demonstrating their efficacy in substituting error-prone static
methods. "]

While ADSA-P refines macroscopic measurements, val-
idating the concepts of line tension and nanocurvature re-
Mea-
surement errors at this scale primarily stem from topologi-

quires resolving the TCL at the nanometer scale.

cal and chemical deviations. First, nanoscale roughness in-
duces severe pinning; even atomically smooth surfaces like
single-layer graphene average roughness (Ra < 0.5 nm) ex-
hibit molecular-level inhibition, contributing to significant er-
ror formation.['?"! Second, chemical heterogeneity can gen-
erate hysteresis energy exceeding 100 mJ-m~2 although this
can be mitigated to < 10 mJ-m~2 by lubricating defects with
perfluoropolyether.[°*12!1 To visualize these pinning mecha-
nisms directly, in situ cryo-electron microscopy (cryo-EM)
provides a promising approach for observing the liquid—solid
interface configuration without the ambiguity of optical res-
olution. Furthermore, regarding the ultrafast dynamics of
the contact line, recent studies utilizing femtosecond laser
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interferometry have revealed a quantized transition in mo-
tion on hydrophobic surfaces. This provides a new quantum-
mechanical explanation for dynamic hysteresis that challenges

[122.123] offering a physical basis for

continuous scale models,
the “nanocurvature effect” where the radius of curvature at
10 nm can reduce the contact angle by a maximum of 10%.
Given the experimental difficulties in isolating single-
factor influences at the atomic scale, numerical simulations
serve as an indispensable “virtual microscope” to deconstruct
the mechanisms identified in Section 3. Molecular dynam-
ics (MD) simulations provide the exclusive means to probe
the principle at the angstrom level. As highlighted in Sub-
section 3.4, experimental observations of topological wetting
often convolve surface roughness with chemical heterogene-
ity. MD enables direct visualization of the three-phase con-
tact line at atomic resolution, as demonstrated in Fig. 8(a), al-
lowing for the construction of idealized systems to isolate the

contribution of atomic edge configuration and substrate lattice
[124]

symmetry to the pinning force.
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Fig. 8. Multiscale characterization and modeling framework for wetting
phenomena. (a) All-atom molecular dynamics simulation of a water nan-
odroplet on a functionalized surface, revealing the atomic-scale structure
of the three-phase contact line. (b) High-speed imaging sequence of the
needle-free stood-up drop (SUD) technique for measuring receding con-
tact angles, eliminating needle-induced artifacts. (c) Evolution of capil-
lary surface and contact angle in the Surface Evolver simulation, from ini-
tial planar state to energy-minimized equilibrium configuration. [76-117-126]
(Reproduced with permission from Ref. [76] Copyright 2017, AIP Pub-
lishing. Adapted with permission from Ref. [126] Copyright 1992, Jones
and Bartlett Publishers, Inc. Panel (b) reproduced from Ref. [117] under
a Creative Commons Attribution 3.0 Unported Licence. Copyright 2026,
Royal Society of Chemistry).

At the continuum level, the Surface Evolver method re-
mains one of the most effective approaches for evaluating
static morphologies. By minimizing the total interfacial free
energy under geometric constraints, it accurately reproduces
Cassie—Baxter and Wenzel configurations and has been suc-
cessfully applied to the design of micro-structured membranes
and hierarchical interfaces.[!?>!2] The energy-minimization

principle and equilibrium wetting morphology obtained from
Surface Evolver are exemplified in Fig. 8(c).

Concurrently, phase-field models based on the Cahn—
Hilliard/Navier—Stokes (CHNS) formulation provide a con-
tinuous representation of fluid—fluid interfaces. By introduc-
ing a diffuse interface order parameter, this framework cap-
tures transient interface evolution, droplet coalescence, and
anisotropic wetting behaviors under electric or chemical gradi-
ents without the need for explicit contact line tracking.!1%7-128]
Integrating these multiscale methodologies provides the com-
prehensive framework needed to predict the ‘complex behav-
iors of topological wetting surfaces. Furthermore, the emer-
gence of artificial intelligence (AI) and physics-informed neu-
ral networks (PINN) has revolutionized this landscape. Unlike
traditional simulations that rely on forward solving of govern-
ing equations, deep learning approaches can correlate surface
morphology and chemistry with wettability to achieve inverse

(1291 By training on high-fidelity

design of topological patterns.
datasets generated from MD or experiments, these data-driven
models can rapidly predict contact angle hysteresis and opti-
mize microstructures for specific functionalities, such as anti-
icing or fog harvesting, accelerating the materials discovery

cycle by orders of magnitude.

5. Applications: functionalization via contact
angle engineering

The transition from fundamental wetting theories to prac-
tical applications relies on the precise engineering of the TCL.
By manipulating topological pinning and energy barriers —
as elucidated in Section 3 — contact angle control has evolved
from passive surface modification to active functionalization.
Crucially, modern applications no longer rely merely on global
wettability, but specifically exploit the manipulation of con-
tact line pinning, wetting energy barriers, and topological con-
finement. This paradigm shift is revolutionizing fields ranging
from anti-icing systems to microfluidic reactors.

5.1. Anti-icing and de-icing: thermodynamic delay and
low adhesion

The accumulation of ice entails a complex interplay be-
tween condensate nucleation and interfacial adhesion. The
physical basis for anti-icing lies in optimizing wettability pa-
rameters (contact angle (CA) > 150°, rolling angle (RA) <
10°, CAH < 5°) to inherently inhibit the Wenzel transition of
supercooled droplets and minimize the fracture energy of the
ice—solid interface.

Thermodynamic nucleation suppression Micro/nano
composite structures constructed by femtosecond lasers, such
as “burr-like” architectures, maintain a robust Cassie—Baxter
state by reducing the solid-liquid area fraction to approxi-
mately 4%.113% Specifically, the micron-scale burrs (Figs. 9(g)
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and 9(h)), with a local radius of curvature R, < 1 um, impose
a severe thermodynamic barrier that suppresses heterogeneous
nucleation. Consequently, the Siberian-Cocklebur composite
structure extends the freezing time at —10 °C to 334 s, com-
pared to only 120 s for bare glass.[131-132]

Minimizing adhesion strength When freezing is in-
evitable, the strategy shifts to reducing ice adhesion strength
(Tice) through stress concentration. As demonstrated by the
square column arrays in Fig. 9(d), discrete topographical fea-
tures induce stress singularities at the crack tip during de-
icing. This structural design effectively reduces Tjc. from
800-1200 kPa on bare aluminum to 10-30 kPa on superhy-

(1331 Notably, aluminum-based compos-

drophobic surfaces.
ite nanopore structures can further reduce this to an ultra-
low 0.71 kPa.!"3*] However, as critically reviewed by Kreder
et al., classical superhydrophobicity may become less effec-

tive under high humidity due to frost formation, necessitat-
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ing strategies that fundamentally distinguish between mech-
anisms for repelling liquid water and those for delaying ice
nucleation.[133

Active de-icing synergy To address the severe contact
line pinning of frozen droplets under extreme conditions, ac-
tive strategies are integrated to dynamically alter the interfacial
energy landscape. Photothermal TiN coatings can reach 70 °C
under 1 solar intensity, reducing de-icing energy consumption
by 73.6% by melting the pinned ice-solid contact line.[!36]
Similarly, graphene-based electrothermal films achieve rapid
de-icing (3 min at 12 V), creating a “slippery” interfacial
water layer that drastically lowers the depinning energy bar-
rier, maintaining low adhesion.["*”! Future challenges focus
on maintaining the stability of the submicron air film (plas-
tron) under enyironmental pressure and developing adaptive
magnetically responsive arrays for on-demand morphological

switching.[138:139]

Fig. 9. Morphological evolution and three-dimensional property characterization of super-ice micro/nano structures. (a)—(f) SEM morphology
of microstructures on different laser-processed surfaces: (a) primitive polytetrafluoroethylene (PTFE); (b) parallel fringes; (c) high-density
linear arrays; (d) square column array; (e) honeycomb structure; (f) nano lattice. (g)—(h) Close-up of burr-like composite structure: (g) ball
crown body (25 pwm diameter) with surface burr; (h) micron-scale burr topography (induces Cassie state stabilization). (i)—(n) The three-
dimensional surface property analysis (confocal microscopy): (i)—(k) roughness distribution of fringe, square column, honeycomb structures
(color scale: height 0-35 pum); (I)—(n) composite structure curvature and contact area fraction plot.[14°] (Reproduced from Ref. [140] under the

CC-BY license. Copyright 2021, Elsevier).

5.2. Microdroplet reactors: active actuation and topologi-
cal confinement

In the realm of microchemistry, the precise manipula-
tion of the contact angle serves as the “engine” for droplet
transport, mixing, and reaction confinement. This is achieved
through two parallel mechanisms: active field-induced actua-
tion and passive topological confinement.

Active actuation Electrowetting-on-dielectric (EWOD)
modulates the contact angle 6 by altering the electric double-

layer energy, which effectively lowers the local macroscopic
pinning barrier to drive droplet motion. This is theoretically

described by the Young-Lippmann equation!!4!]

E&r
2dyy

cosBy = cosby + V2, (13)
where Oy is the initial contact angle, & and & are the vac-
uum and relative permittivities of the dielectric layer, d is the
layer thickness, and V is the applied voltage. While this equa-
tion predicts a continuous decrease in contact angle with volt-
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age, practical applications often encounter contact angle sat-
uration due to effects such as dielectric breakdown or charge
trapping. 142144
dynamic models have enabled precise actuation, where elec-

1 Recent advances utilizing modified thermo-

trode arrays drive cooling microdroplets to enhance chip heat
dissipation efficiency by 210.7%.!431 Beyond electric fields,
light-responsive surfaces (e.g., liquid crystals) allow for non-
contact control; near-infrared driven microvalves can switch
wettability in milliseconds, enabling the on-demand delivery
of reagents like dopamine.!146]

Topological confinement Topological defects act as “vir-
tual walls” to confine reactants, enhancing local concentra-
tion and kinetics. This precise compartmentalization funda-
mentally increases assay sensitivity by elevating the effec-
tive concentration of rare species, enabling unprecedented
high-throughput applications such as single-cell and single-

[147] In electrowetting

molecule screening at kilohertz speeds.
chips, precise droplet merging reduces mixing time to the mil-

lisecond level, enhancing the oxidation rate of aniline by a

Dermal denticle

factor of five. In biochemical detection, optimizing capil-
lary forces within microcapillary arrays substantially improves
enzyme-linked immunosorbent assay (ELISA) signal intensity
by accelerating antigen—antibody binding kinetics.[!48-1501
Furthermore, the “superhydrophobic confinement effect” (6 >
150°) suppresses the coffee-ring effect, ensuring uniform par-
ticle deposition. This mechanism has been applied to synthe-
size monodisperse gold nanoparticles on silver films!'3!! and
to align carbon nanotubes, increasing composite shear strength
from 65 MPa to 135 MPa.!!5?] Notably, Al-assisted design is
emerging as a new paradigm, where machine learning opti-
mizes micropillar arrays to predictively build 6-adhesion map-

ping models for adaptive microreactors.

5.3. Self-cleaning: anisotropic wetting and photocatalytic
synergy
Self-cleaning surfaces exploit the energy balance at the
interface to.achieve either the passive removal of contaminants
(lotus effect) or their active decomposition.

Fig. 10. Superhydrophobic surface and biomimetic design in nature. (a) Parallel microgrooves of the wings of the large flash butterfly (arrow,
bar = 100.pum); (b) Mako shark skin grooved dermal tooth (bar = 1 mm); (c) Dermal denticle magnification detail (bar = 50 um). Lotus
leaf and biomimetic structure: (d) lotus leaf prototype; (e) foliar papillary protrusions, SEM (red framed area); (f) enlargement of papillary
protrusions (with single-structure illustration); (g) biomimetic ciliary array (Pem-iCM). Effect of aspect ratio on hydrophobicity: (h)—(j) Bionic
cilia top-down SEM (aspect ratio 47/25/13, contact angle 159.2° /156.6° /149.5° ); (k)—(m) cilia cross-section SEM. 1651661 (panels (a)—(c)
reproduced with permission from Ref. [165] Copyright 2013, Royal Society of Chemistry. Panels (e)—(m) reproduced from Ref. [166] under

the Creative Commons Attribution 4.0 International License.)

Biomimetic anisotropy The core requirement for rolling-
mode self-cleaning is minimizing hysteresis (< 5°). As sys-
tematically reviewed by Quéré, introducing specific micro-
textures onto solid surfaces fundamentally alters the force
balance at small scales, transforming ordinary substrates
into “non-sticking” super-hydrophobic states governed by un-

s.[153] Bio-inspired hierarchical struc-

usual droplet dynamic
tures play a pivotal role in this regard. As illustrated in Fig. 10,
the parallel microgrooves of butterfly wings (Fig. 10(a)) and
rice leaves induce a robust Cassie—Baxter state, reducing the
sliding angle (SA) to 3°-6°.[154! Similarly, the grooved der-
mal teeth of sharks (Figs. 10(b) and 10(c)) are optimized to
increase the critical Weber number (We > 100), preventing

the kinetic impalement of droplets (Wenzel transition) dur-

1551 Crucially, the geometric aspect ratio (AR)

ing impact.!
dictates the stability of these states; as evidenced by the
biomimetic ciliary arrays in Figs. 10(g)-10(m), increasing
the AR from 13 to 47 directly enhances the contact angle
from 149.5° to 159.2° (Figs. 10(h) and 10(j)), confirming that
deeper topological cavities raise the energy barrier. To ad-
dress the mechanical fragility often associated with such high-
aspect-ratio structures, Wang et al. (Ras group) established
a standardized wear protocol and proposed “armored” mi-
crostructures to physically shield the fragile nanotexture,[!%°]
defining a new benchmark for durability. In parallel strate-

gies, honeycomb-like SiO,/PDMS coatings demonstrate re-
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markable durability, maintaining CA > 150° after 500 wear
cycles.['>7] Furthermore, integrating the liquid-infused con-
cept with inverse colloidal monolayers creates interconnected,
honeycomb-like nanoporous structures that not only firmly
lock in lubricants for defect-tolerant self-repair, but also main-
tain high optical transparency, making them highly suitable for
self-cleaning solar cells and optical devices./!>8] Meanwhile,
paraffin-coated structures stabilize CAH at 6° by minimizing
surface energy gradients.[!°]

Photocatalytic hydrophilicity Complementary to the
low-pinning superhydrophobic state, superhydrophilic sur-
faces (TiO,-based) utilize light-induced reactions to effec-
tively eliminate the contact line pinning energy barrier entirely.
This extreme depinning allows water to spontaneously form a
continuous sheeting film to wash away contaminants. Strate-
gies such as Fe3*/AI’* doping and BiOI/TiO, heterojunc-
tions have expanded the photo-response to the visible spec-
trum, enhancing efficiency by 40%.!16%-161] Intelligent dual-
function surfaces, such as flower-like TiO, /OTMS coatings,
combine the benefits of high static contact angles with UV-

[162] The efficiency of self-

triggered contaminant degradation.
cleaning is quantitatively defined by the area ratio of removed
contaminants, providing a theoretical benchmark that guides
the design of surfaces for industrial applications, from: pho-
tovoltaic panels (where coatings increase power recovery by

200%!1931) to self-healing smart textiles. 164

6. Conclusion and outlook

This review highlights the shift in wetting science from
classical thermodynamics to topological wetting. We empha-
size that the static contact angle is not simply a material con-
stant, but a variable governed by energy barriers at the TCL.
As classical equations show deviations on closed-loop mi-
crostructures, geometrical confinement can dominate appar-
ent wetting behavior under metastable conditions. Shifting the
focus‘from global interfacial tension to local contact line pin-
ning provides a practical framework for understanding CAH,
metastability, and droplet dynamics, addressing several limi-
tations inherent in classical models.

Developing a unified theory for extreme non-equilibrium
conditions remains a challenge. Current theoretical frame-
works struggle to describe the coupling between interfacial
viscoelasticity and line tension in complex fluids, particularly
in nanoparticle-laden electrolytes or high-shear environments.
A persistent practical issue is the durability—functionality
trade-off: the high-aspect-ratio structures required for super-
repellency are mechanically fragile. Furthermore, predicting
Cassie state transitions requires predictive models capable of
capturing environmental stress effects. The relationship be-
tween wettability fluctuations and functional performance in

systems like proton exchange membranes also warrants quan-
titative study.

Addressing these limitations requires combining mul-
tiscale characterization with data-driven design.  Future
progress depends on observing dynamic processes at the
nanoscale. For instance, coupling in sifu microscopy with
molecular dynamics (MD) simulations can help visualize the
contact line pinning that drives macroscopic hysteresis. Re-
solving these nanoscale stick—slip dynamics is necessary to ac-
curately evaluate contact line energy balances. Concurrently,
machine learning approaches can shift from property predic-
tion to inverse design. Training models on high-fidelity exper-
imental data can identify topological patterns that optimize nu-
cleation barriers or capillary forces, thereby reducing reliance
on trial-and-errot iterations.

The field is also advancing toward adaptive inter-
faces. Future gradient systems may incorporate self-healing
chemistries and distinct topological zones to facilitate au-
tonomous droplet transport. These developments shift wet-
ting science from descriptive studies of interfacial tension to-
ward engineering approaches based on dynamic contact line
energy. This perspective supports practical applications across
biomedical implants, energy conversion, and smart manufac-
turing.
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