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A survey of recent literature onwetting phenomena reveals that there is a fast-growing interest inwetting of soft
or deformable substrates, due to its potential applications in many industrial, technical and biological processes.
Unlike rigid substrates, a droplet deposited on a soft substrate deforms the substrate via a combination of the nor-
mal component of surface tension and the Laplace pressure, i.e. by capillary force and the action of disjoining
pressure. In turn, the capillary and disjoining pressure-induced substrate deformation affects the wetting phe-
nomena on the substrate. In this review, we summarize recent achievements on static and dynamic wetting of
soft substrates and provide anoutlook to future progress. In staticwetting, theoretical, numerical and experimen-
tal investigations of capillary and disjoining pressure-induced substrate deformation are introduced, and corre-
sponding effects on contact angle and contact angle hysteresis are discussed. In dynamic wetting, the influence
of substrate stiffness on spontaneous wetting, droplet impact dynamics, and other types of forced wetting and
dewetting is considered. Finally, other interesting capillarity-controlled phenomena occurring on soft and soft-
like substrates are briefly introduced.

© 2017 Elsevier Ltd. All rights reserved.
Capillary phenomena
1. Introduction

The wetting of solid substrates by liquids is crucial for a variety of
practical applications such as spray coating, surface cooling, oil recovery,
pesticide deposition and inkjet printing [1–3]. When a droplet is
brought into contactwith a solid substrate, it spreads out spontaneously
in the case of complete or partial wetting to minimize the total free en-
ergy of the system. Under the assumption that the solid substrate is
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rigid, smooth and chemically isotropic, Thomas Young first derived
the equation for the contact angle of the droplet on the substrate at
equilibrium, i.e. the well-known Young's equation [4]: γ cos θeq = γSV

− γSL, where θeq is the Young contact angle; γ, γSV, γSL are the liquid-
vapor, solid-vapor and solid-liquid interfacial tensions, respectively.
Natural substrates are frequently decorated with a variety of physical
or chemical moieties. For such heterogeneous substrates the Wenzel
[5] or Cassie [6] equations, which aremodifications of the Young's equa-
tion, are widely employed to calculate the contact angle. The above
three equations have long been recognized as the useful relations for
surface engineers to design and control the wettability of solid sub-
strates [1,7–9].

Although Young's equation is useful to explain wetting phenomena
in nature, it only accounts for the in-plane balance of the three
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Fig. 1. Sketch of a liquid droplet deposited on a rigid (a) and on a soft (b) substrate. The soft substrate is deformed by surface tension and Laplace pressure ΔP of the droplet.

Fig. 2. Scheme of the vertical component of liquid surface tension applied on the soft
substrate. (a) The liquid surface tension uniformly pulls on soft substrate over a liquid-
vapor interfacial region of width w. (b) The vertical component of the surface tension,
γ sin θA, is a point force applied on the substrate and a cutoff length ε is defined in the
region of the contact line. θA is the apparent contact angle. (c) The vertical component of
the surface tension is applied through the disjoining pressure distributed within a
transition layer between the bulk liquid and a precursor film of thickness he. (d) A net
pulling force directed inward to the drop is applied on the substrate near the contact line.
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interfacial tensions near the three-phase contact line (TPCL - Fig. 1a).
The vertical component of the liquid surface tension, γ sin θeq, remains
unbalanced and results in a vertical net force applied on the solid sub-
strate at the TPCL (Fig. 1b). Moreover, the Laplace pressure [1], which
is inversely proportional to the droplet curvature R0, i.e. ΔP ∝ γ/R0, is
exerted to the liquid-solid interface (Fig. 1b). Consequently, a so-
called “wetting ridge”, δ, with a length scale of the order of the
elastocapillary length, δ~Lec = γ/G, is formed near the TPCL [10,11],
where G is the elastic/shear modulus of the substrate material. For
rigid solids like silicon and steel (G~100 GPa), δ is of molecular scale
and its influence on the contact angle can safely be ignored. In contrast,
for soft solids such as biological tissues and polymer gels (G~1 kPa), δ
can be up to sub-millimetre scale and thus it can strongly affect thewet-
tability. In the static case of a sessile droplet deposited on a soft sub-
strate, the substrate deformation leads to a rebalance of the interfacial
tensions and to a modification of the contact angle [12•] and of the con-
tact angle hysteresis [13]. In the dynamic case of a droplet spreading on
a soft substrate, themovement of thewetting ridgewith the contact line
causes additional energy dissipation and thus influences dynamic wet-
ting [14•,15,16], adhesion [17,18], frost growth [19], drop evaporation
[20,21] and condensation [22], just to name a few processes.

Since the pioneering works of Lester [10], Rusanov [23••,24],
Deryagin et al. [25], Shanahan and de Gennes [11,26], wetting on soft
substrates has attracted the attention of scientists and engineers, but
the recognition of its importance has not become completely under-
stood until recently. The recent progress could be due to the develop-
ment of experimental microscopic imaging techniques that allow
detecting interfacial droplet profiles and substrate deformations at
high spatial/temporal resolution and new theoretical and experimental
work performed over the past decade [27,28]. Below anoverviewon the
latest progress on this topic is attempted. In Section 2, the theoretical,
numerical and experimental investigations on substrate deformation
are summarized. In addition, it is discussed how the deformation influ-
ences thewetting properties of soft substrates, i.e., the contact angle and
contact angle hysteresis. Section 3 is devoted to dynamicwetting of soft
substrates, where the effects of substrate deformation on spontaneous
and forced wetting are presented. In Section 4, further capillary phe-
nomena on soft substrates, thin films, cantilevers, flexible fibres, and
liquid-infused substrates are introduced. Finally, the latest achieve-
ments in “soft wetting” are briefly summarized and an outlook is
given, which, according to the authors' opinion, could stimulate further
investigations on this topic in the future.

2. Static wetting on soft substrates

2.1. Substrate deformation induced by capillary forces

2.1.1. Theoretical analysis
Numerous theoreticalmodels, which aremostly based on the theory

of elasticity, have been developed to describe the substrate deformation
near the contact line. The main difference among these models is the
way to describe surface traction distribution produced by capillary
forces. Lester was probably the first to investigate a liquid droplet at
rest on a soft, semi-infinite substrate [10]. In his work, the vertical com-
ponent of liquid surface tension was modelled as a uniform stress
directed upwards and distributed over a narrow region of width w
around the TPCL (see Fig. 2a), while the Laplace pressure was distrib-
uted uniformly over the liquid-solid contact area of radius R. The
widthwwas associated with the capillary layer thickness and assumed
to be of an order of nanometer. As the gravitational force is negligible for
so small droplet, the integral of this stress distribution over the whole
area is equal to zero, i.e., the resultant force in the direction normal to
the substrate is zero. This approach of stress analysis was further
adopted by Rusanov, who also pointed out that a tangential stress due
to the deviation of the static contact angle from the Young's angle
should be considered [23••,24]. The predicted deformation profiles for
sessile droplets on semi-infinite and thin elastic substrates were found
to agree well with the experimental observation (Fig. 4a & b) [29]. In
the above twomodels, the vertical substrate displacement near the con-
tact line scales as Lec ln (R/w), which suggests the divergence of strain as
w → 0, where R is the contact radius. Shanahan and de Gennes stated
that the strain singularity can be regularized by postulating a cut-off
length ε (see Fig. 2b), belowwhich the solid material no longer behaves
linearly elastic [11]. By modelling the vertical liquid surface tension as a
concentrated point force acting on the substrate, Shanahan derived the
displacement profile in the region far from the contact line [30,31]. The
cut-off length, which strongly affects the substrate deformation profile,
is difficult to be determined both theoretically and experimentally. It is
typically regarded as an adjustable parameter ranging from angstroms
to micrometres in the application of this model [30–32••].

Deryagin and co-workers proposed modelling the force distribution
on the soft substrate using the disjoining/conjoining pressure concept
[25]. In [24] the disjoining pressure isotherm was applied to determine
the stress distribution in the region between the bulk liquid and the
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adsorbed precursor film [9], i.e., the region near the apparent three-
phase contact line as shown in Fig. 2c. The thickness of the precursor
film at equilibrium, he, was obtained by balancing the disjoining pres-
sure with Laplace pressure, Π(h) = − ΔP. The authors have shown
that the integral of the disjoining pressure distribution around the con-
tact line is equal to γ sin θeq. However, no analytic solution for substrate
deformation has been derived in this work. White furthered the work
by Deryagin et al. and considered two types of disjoining pressure iso-
therms: (i) the first leading to the formation of the precursor film in
the case of complete wetting and (ii) the second considering a partial
wetting scenario without precursor film [33]. An analytical expression
for the substrate deformationwas derived using the surface Green func-
tion. The asymptotic behaviour of deformation has been shown to be in-
dependent of the form of disjoining pressure isotherm.

Thermodynamically, the droplet profile and the profile of the de-
formed soft substrate (see Fig. 3) should satisfy the requirement ofmin-
imum excess free energy, independently of the rigidity of the substrate.
The excess free energy should include the excess energy terms related
to extra (i) liquid-air interface; (ii) soft solid-liquid interface (caused
by the deformation); (iii) volume; (iv) surface forces acting near the ap-
parent TPCL [2]; and (v) deformation of the soft solid under the action of
both capillary and surface forces [34•]. In the equilibrium state, the first
variation of excess free energy should be zero, which results in two
Euler equations for the profiles of the droplet and the substrate. Solving
these two equations yields profiles of the droplet over the soft substrate
and of the deformed substrate around and below the droplet. The two
conditions for minimizing the excess free energy are well known [35]:

(i) the positive second variation of the excess free energy, which is
always satisfied [36];

(ii) the solution of the corresponding two Jacobi equations should
satisfy the Jacobi condition [35].

If condition (ii) is satisfied the solution provides the minimum for
the excess free energy. On the other hand, if condition (ii) is not satisfied
the solution of equilibrium droplet and substrate profiles does not cor-
respond to the excess free energy minimum. To the best of our knowl-
edge no solutions published in literature have been checked for
satisfying the Jacobi condition.

Ahmed et al. [34•] theoretically investigated sessile droplets in equi-
librium on soft substrates. The disjoining pressure near the TPCL was
considered and it was shown that the combination of disjoining and
capillary pressures determine the substrate deformation. A simplified
linear disjoining pressure isotherm and a simple Winkler's model ac-
counting for substrate deformation allowed deriving analytical solu-
tions for the droplet profile and the substrate deformation. The
equilibrium contact angle of the liquid droplet with the deformable sub-
strate was also calculated and its dependency on the system parameters
was investigated [34•].

Besides the capillary forces from the liquid, the surface tension or in-
terfacial energy of the solid should also have contributions to the sub-
strate deformation. Long et al. derived the theoretical solution for
substrate deformation of a thin film byminimizing the total free energy
Fig. 3. Schematic diagram of the liq
including the surface energy due to the increase of the film surface area
and the elastic energy due to its deformation [37]. By considering these
energy penalties, they found that the strain singularity close to the con-
tact line can be naturally ruled out. The predicted deformation in the
long and short wave vector matches well with experimental observa-
tions [29], yet large discrepancies were found at distances from the
TPCL comparable to the film thickness. Das et al. analysed the liquid-
solid interactions near the TPCL atmicroscopic levelwith the use of den-
sity functional theory (DFT). The authors suggested that, in addition to
the vertical component of surface tension, a tangential force of magni-
tude γ(1 + cos θ) is applied on the substrate and yields a resultant
force directed inwards into the liquid (Fig. 2d) [38]. This capillary
force originates from the attractive interactions between liquid and
solid molecules, which was then confirmed experimentally [39]. They
further calculated substrate displacement profile of small deformations
while large deformations will cause a significant effect on the capillary
tractions [38]. Jerison et al. proposed that the newly created substrate
surface area via its deformation results in an out-of-plane restoring
force applied to the substrate [40•]. Their theoretical predictions well
matched the out-of-plane displacement, while the discrepancies for
the in-plane displacement could not be resolved. A similar theory was
reported later [41], where a three-dimensional solution for the defor-
mation was derived.

In the above works, the surface stress Y - which refers to the excess
mechanical tension inside the interfacial region - replaces the concept of
the surface free energy γf. For liquids, the new surface created by defor-
mation or stretching is made up bymolecules transferred from the bulk
liquid to the surface, i.e., the configuration of liquidmolecules at the sur-
face does not change and thus the above assumption is valid. The mole-
cules constituting solids and soft solids are not mobile as in liquids and
they preserve their relative positions during deformations. The separa-
tion between surface molecules, though, changes during deformations
and the surface free energy is strain-dependent. Thus, the surface stress
is not only dependent on the surface free energy but also on its deriva-
tives with strain, i.e. Y = γf + dγf/dϵ. This is known as the Shuttleworth
effect [42], where ϵ is the elastic strain. It has been demonstrated that
dγf/dϵ can be comparable to the liquid surface tension [43•] and its con-
tributions due to substrate deformation should not be neglected. Recent
studies showed that the Shuttleworth effect can cause very large strains
near the TPCL for drops deposited on a soft film [44,45] and – further – a
discontinuity of strain across the contact line was measured for a thin
silicone rod immersed inwater [46,47]. However, a comprehensive the-
oretical treatment of capillary-induced substrate deformations includ-
ing the Shuttleworth effect and how it affects wettability is still missing.

2.1.2. Numerical simulations
Since a rigorous theoretical model describing substrate deformation

induced by capillary forces for all possible substrate geometries and
constitutive laws is still not available, numerical simulations provide
an effective way to explore this problem. Madasu and Cairncross simu-
lated the elastic deformation with the nonlinear Mooney-Rivlin consti-
tutive law for incompressible rubber-like solids using a finite element
method (FEM) tool [48]. To relieve the strain singularity near the
TPCL, two boundary conditions – distribute the line force over a
uid droplet on a soft substrate.
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macroscopic region and fix the crease angle of the solid -were used. The
numerical solutions suggest that surface displacement is dependent on
liquid surface tension and substrate shear modulus, like predicted by
the analytical models. Using the same approach, Yu et al. investigated
the effects of substrate thickness on the elastic deformation caused by
a millimetre-sized droplet [49]. They found that the maximum vertical
displacement decreased with increasing thickness when the substrate
was thinner than ~2 mm,while the elastic deformation on thicker sub-
strates behaved like that on semi-infinite substrates. They further com-
pared the simulation results obtainedwith thenonlinearMooney-Rivlin
constitutive law and a linear elastic constitutive model, and concluded
that the simple linear elastic model is accurate enough to describe
elastocapillary deformation [50]. Indeed, a number of numerical works
have reported that the simulated deformation profile using the linear
elastic model matches well with the experimental observation
(e.g., Fig. 4a & b) [20,29,51••]. However, the numerical models used in
[49,50] are based on the assumption that the contact angle is not af-
fected by substrate deformation. In addition, the upward force acting
in the contact line region (the vertical component of liquid surface ten-
sion) ismodelled as a uniform force acting on the contour of the circular
contact region. It is not evident what the thickness of the ring-shape
area is overwhich this force is distributed.Most recently, Gielok et al. in-
vestigated the elastic deformation of a soft substrate by a sessile droplet
using FEM calculations coupled with lubrication approximation [52].
The disjoining pressure approachwas applied tomodel the surface trac-
tion on the substrate and the effects of material stiffness, substrate size
and the parameters of the disjoining pressure model on deformation
profile were explored. The three parameters of the disjoining pressure
isotherm used in [52] determine the equilibrium contact angle, the
adsorbed film thickness and the length scale a. This scale, which is of
the order of the capillary layer thickness w mentioned in the work of
Lester [10], is the width of the transition region between the macro-
scopic droplet and the adsorbed film where the influence of the
disjoining pressure is significant. In [52] the parameters of disjoining
pressure have been chosen in such a way that the equilibrium contact
angle did not change. It was shown that the dimensionless maximum
displacement scales with the dimensionless Lec sin θ/a and the solid
angle of the deformed substrate near the contact line scales with Lec/a.
In agreementwith [49] it was confirmed that the substrate deformation
decreased with substrate thickness, whereas the influence of the
Fig. 4. Laser scanning confocal microscopy images of 60 μm-contact radius ionic liquid droplet o
PDMS is 25 kPa. The red area indicates the droplet and the green line shows the solid-vapor in
black line is a profile simulated by FEM. Reproduced with permission from Ref. [29]. (c) X-ray
Reproduced with permission from Ref. [65]. S, V and L in (a)-(b) indicate the solid, vapor, and
substrate thickness on the deformation near the TPCL was weaker
than near the droplet centre.

Based on continuummechanics, numerical approaches such as FEM
are capable to capture the main features of wetting ridges on deform-
able substrates. However, the microscopic liquid-solid interactions,
which take place at the molecular scale, are still elusive. Molecular dy-
namics (MD) simulations were therefore applied to investigate the mi-
croscopicmechanisms. Léonforte andMüller investigated thewetting of
polymer nanodroplets on deformable substrates [53]. They found that
the formation of thewetting ridge is not only dependent on the stiffness
of the substrate, but also on the compatibility between the liquid and
the solid (i.e., the wettability). Moreover, the height of the wetting
ridge is reduced by the line tension κ for sufficiently small droplets.
Their results suggest that at the sub-micro- or nanoscale additional
forces due to size-dependent effects, such as the line tension, must be
considered in modelling capillary phenomena. Similar effects were
first observed for small droplets wetting non-deformable substrates,
for which the line tension was found to affect the equilibrium contact
angle [54,55]. Weijs and co-workers comparatively studied substrate
deformation by a nanodroplet and a nanobubble using MD simulations
[47]. They showed that the local displacement of the solid near the con-
tact line always points inwards the liquid, i.e. the more dense phase,
which confirms the theoretical analysis by Das et al. [38]. These results
indirectly also demonstrated that the surface stress is different from
the surface free energy, i.e. the Shuttleworth effect.

2.1.3. Experimental observations
In the literature, capillary-induced substrate deformations were

studied via various experimental approaches. In early works, imaging
techniques such as scanning electron microscopy [56], transmission
electron microscopy [57], atomic force microscopy [13,58] and optical
microscopy [13] were employed. However, these techniques could not
provide quantitative data of the deformation profiles. Using the scan-
ning white-light interferometric microscopy, Carré et al. obtained the
profile of thewetting ridge generated by droplets resting on deformable
substrates [14•]. They showed that the surface displacement in the air
phase matches well with the theoretical prediction one by Shanahan's
model [11,26,30,31]. However, they did notmanage to image the defor-
mation of the solid-liquid interface. Applying an optical profilometry, Pu
et al. analysed the entire profile of the wetting ridge near the TPCL
n PDMS substrate with a thickness of 104 μm (a) and 8.5 μm (b). The Young's modulus of
terface. The black dashed line is calculated from the model of Rusanov [23••] and the solid
image of a wetting ridge formed on a silicone gel with a Young's modulus of 3 kPa.
liquid regions, respectively.
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formed in a series of experiments, including dip-coating [59–61], sliding
[62] and evaporation [63] of sessile droplets on soft viscoelastic sub-
strates. It was found that substrate deformation manifests its shape
and profile as changes in the contact angle as the droplet volume is in-
creased or reduced. Moreover, a second order structure with a height
of few hundreds nanometers were observed at the centre of ridge
peak [60], which they believed was the cut-off region discussed by
Shanahan and de Gennes [11]. However, in these experiments the drop-
lets were removed from the substrate prior to imaging, and thus the
measured profiles do not reflect the original substrate deformation
since the substrate started recovering itsflat profile soon after removing
the droplet.

Pericet-Camara et al. characterized the entire deformation profile of
soft polydimethylsiloxane (PDMS) substrates below a microdrop of
ionic liquid by means of laser scanning confocal microscopy (LSCM)
[51••]. The droplet was dyed with the fluorophore Nile red, which can
be excited by a He-Ne laser with a wavelength of 543 nm. Three-
dimensional images of the fluorescing droplet and the deformed sub-
strate were obtained by recording the fluorescent and the reflected
light signals simultaneously but separately, and later combining them
in one image. Their results showed for the first time directly that in ad-
dition to the wetting ridge near the contact line a dimple is formed un-
derneath the droplet due to the Laplace pressure (Fig. 4a). They further
investigated the effects of substrate thickness on elastic deformation
[29]. It was shown that both the wetting ridge at the droplet rim and
the dimple underneath the droplet are affected by the solid support
below the elastic film if the film is thinner than a critical value
(Fig. 4b), which is ~50 μm for soft PDMS with G~25 kPa. Jerison and
co-workers embedded two layers of fluorescent beads in an elastic sub-
strate, one at the free surface and the other below the surface, and the
entire deformation profile of the substrate was imaged by tracing the
fluorescent particles using confocal microscopy [40•]. Employing the
same technique, Style et al. showed that the substrate deformation fol-
lows a universal law close to the TPCL that is entirely determined by the
liquid properties and that the profile is independent of droplet size and
substrate thickness [64•]. The authors investigated a droplet-surface
system with symmetric surface tensions, i.e., the liquid-solid surface
tension equals to the liquid surface tension and a symmetric profile
was observed. Most recently, Park et al. directly visualized the tip region
of thewetting ridge of a water droplet on a silicone gel by X-raymicros-
copy [65]. Compared to the other techniques mentioned above, this
technique can precisely measure the geometry and formation process
of the cusp tip where liquid, solid and vapormeet. Due to the asymmet-
ric surface tensions of the system, they observed an asymmetric cusp
shape (Fig. 4c). However, they found that the displacement profile at a
distance from the TPCL (much larger than the elasto-capillary length)
can still bewell described by the symmetricmodel developed by Jerison
et al. [40•].

2.2. Effects of substrate deformation on contact angle and contact angle
hysteresis

Wetting on rigid substrates is solely governed by the surface free en-
ergies of the liquid-solid-vapor interfaces [1,9], and the contact angle
can be described by the Young's equation or themodified Young's equa-
tions (i.e. Cassie and Wenzel equations). In contrast, on soft substrates
the elastic deformation is an additional term affecting surface wettabil-
ity. From the perspective of mechanics, the wetting ridge lifts the TPCL
and thus a new balance of three interfacial tensions is established. Ther-
modynamically, the increase of substrate surface area because of sub-
strate deformation leads to a free energy penalty of the system. As a
result, the apparent contact angle measured on a flat soft substrate
may differ from the Young's angle (Fig. 1).

The contact angle of liquid droplets on deformable substrates has
been investigated theoretically and experimentally. Based on the theo-
retical solution of the deformation profile, Lester obtained a simple
relationship between the apparent contact angle and the angle between
the deformed substrate and the horizontal plane using Neumann's law
[10,12•]. He concluded that Young's equation is still useful to describe
the apparent contact angle on sufficiently rigid substrates, but a larger
apparent contact angle will be obtained on softer substrates. Indeed,
this was confirmed by early experimental work of Soon and Mu [66]
and more recently by a number of experimental studies [20,21].
Adopting the same analytic method, also Rusanov [23••,24] and
Shanahan [30,31] derived the mathematical expression of the apparent
contact angle on soft substrates. However, their models predict that the
apparent contact angle is smaller than the Young's angle. Marchand
et al. stated that the contact angle on deformable substrates can be de-
scribed neither by Young's equation for perfectly rigid substrates nor by
Neumann's law for purely viscous liquid substrates [67•]. They demon-
strated that the transition of the contact angle from the rigid limit to
the soft limit takes place when the elastocapillary length reaches the
molecular scale. Style et al. argued that the effect of substrate stiffness
on the apparent contact angle is also dependent on droplet size R [41].
In their work, three wetting regimes have been identified theoretically:

(i) if R ≫ YS/G, the substrate behaves like a rigid one and Young's
equation holds;

(ii) if R≪ YS/G, the substrate responds as a liquid andNeumann's law
describes the wetting system;

(iii) if R~YS/G, the formed wetting ridge serves as an effective line
tension making the substrate less wettable and leading to an in-
creased contact angle.

However,many experimental studies have reported that the contact
angle of millimetre-sized droplets on soft substrates with similar sur-
face stress increases with decreasing substrate stiffness [20,21,32••,68],
indicating that Young's equation is not applicable for droplets with ra-
dius much larger than the elastocapillary length, i.e., R≫ Lec. Moreover,
Style et al. have observed a decrease of the contact angle with decreas-
ing R (i.e., for the case of R→ YS/G) in an experimental work [64•], which
further disagrees with their theoretical model. Lubbers et al. suggested
that the equilibrium shape of a liquid droplet on an elastic substrate is
actually governed by three length scales, namely the size of the droplet
(R), the elastocapillary length (Lec), and the characteristic length formo-
lecular interactions (a) [69•]. They found that the apparent contact angle
only changes when Lec/R ≫ 1 and the microscopic contact angle differs
from Young's angle when Lec/a ≫ 1. A complex dependence of the ap-
parent contact angle on Lec/a was also reported by Gielok et al. in their
numerical simulation work [52].

Another key descriptor of surface wettability is the contact angle
hysteresis (CAH), defined as the difference between advancing and re-
ceding contact angle [1]. For rigid substrates, surface roughness and
chemical heterogeneity are the cause of contact angle hysteresis [8,
70]. For soft substrates, the wetting ridge formed near the TPCL is con-
sidered as the main source of pinning of the contact line and leads to a
large CAH. Since the height of thewetting ridge is inversely proportional
to the substrate stiffness, the CAH on rigid substrates should be smaller
than that on soft substrates. This has been confirmed by numerous ex-
periments in literature [13,20,21,71]. Recent experiments also revealed
that thewetting ridge can adjust its profile as the apparent contact angle
changes [61–63]. Consequently, the dynamic contact angle hysteresis is
a function of the speed of the moving contact line [72]. Lee et al. have
shown that the advancing and receding contact angles of a water drop-
let on a soft bitumen substrate determined by slowly increasing/de-
creasing the volume of a sessile droplet strongly depend on the rate of
the volume change of the droplet (volume flow of blowing/sucking)
[73].

The combined action of capillary pressure and surface forces acting
near the apparent TPCL and the elasticity of the substrate determine
the shape of the liquid meniscus and the substrate deformation [74].
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Most recently, a theory of CAH of sessile liquid droplets on soft/deform-
able substrate was developed in terms of disjoining pressure isotherm,
Π(h) [2], accounting for the action of surface forces near the TPCL
[74]. The excess free energy calculation for a droplet deposited on a
soft substrate yields two equations for droplet and deformed substrate
profiles in terms of the disjoining pressure isotherm. A simplified s-
shaped disjoining pressure isotherm, allowing direct calculations of
static, advancing and receding contact angles on soft substrates, was
adopted. Elasticity of the substrate was assumed to obey a simple
Winkler's model for elastic surfaces [74]. The obtained results are in
an agreement with the CAH theory developed for non-deformable sub-
strates [75••]. Calculated advancing and receding contact angles were
found depending on droplet volume and were validated experimen-
tally. Furthermore, they were lower on deformable substrates than
that on non-deformable substrates [75••].

3. Dynamic wetting on soft substrates

3.1. Spontaneous wetting

When a liquid droplet contacts a solid substrate, theunbalanced cap-
illary force, γ(cosθ − cos θeq), drives the liquid to spread on the sub-
strate until it reaches equilibrium. On rigid substrates, three distinct
spreading regimes, which reveal different types of resisting forces,
have been identified for low viscosity droplets. Just after contact be-
tween the droplet and substrate, the spreading is resisted by inertial
force and the spreading radius, r, grows with time, t, according to a
power law r~t0.5, regardless of liquid and surface properties [76]. This
wetting regime normally lasts less than ~0.1 ms and then the spreading
enters another, slower regime, in which the dynamics is still dominated
by inertia but depends on surface wettability. The wetting follows an-
other power law, r~tα, where α increases from ~0.25 for θeq ≈ 120° to
~0.5 for θeq ≈ 0 [77–79]. As spreading proceeds further, the spreading
speed decreases and the inertial force lessens. At t ≳ 10 ms (depending
on liquid properties), the viscous friction force within the droplet be-
comes the main factor resisting spreading, and the wetting follows the
Tanner's law, r~ t0.1 [1,9]. In general, wetting of low viscosity liquids
on rigid substrates follows different power laws at different timescales.

As discussed in the previous sections, a sessile droplet sitting on a
soft substrate forms awetting ridge around its contact line. If thedroplet
spreads, the wetting ridge may move with the contact line and thus
cause additional energy dissipation, which affects spontaneous wetting.
Stapelbroek et al. comparatively investigated the dynamic wetting of
water droplets on soft substrates, micro-structured substrates and
chemically patterned substrates [80]. They found that the spreading at
t ≲ 0.1 ms on all types of substrates follows the same power law of
r~t0.5 as on rigid ones. Chen et al. studied the spreading of various liq-
uids on soft viscoelastic substrates with G between 0.2 and 510 kPa
(measured at 1 Hz) [68], and have identified two wetting regimes. In
the first few milliseconds, the spreading is fast (the speed is ~0.5 m/s)
and follows the same power lawas on rigid substrates, i.e. the spreading
is still dominated by inertia. Then,wetting enters a slower regimewith a
spreading speed of the order of ~10−3 m/s. The slow spreading in this
regime was ascribed to the elastic deformation of the soft substrates.
As the contact line moves forward, the formed wetting ridge moves
with it and causes additional viscoelastic energy dissipation. By
balancing the capillary force with the viscoelastic friction force, the
spreading law of this regime was obtained, r~(1− e−βt), where β is a
coefficient [32••]. At t ≳ 1 s, Shanahan, Carré and co-workers observed
an even slower wetting of low viscosity droplets on viscoelastic sub-
strateswith a speed of ~10−4 m/s [14•,15,17,30,31,81]. Based on energy

balance, they derived another wetting power law, ð cosθeq− cosθÞ
� ð UU0

Þα0 , where U is the spreading speed and U0 is a characteristic
speed related to the rate dependent viscoelastic dissipation of the soft
material. The exponent α′ was found to be of the order of 0.5~0.6 in
experiments [14•,15,17,81,82]. In summary, the early dynamic wetting
of soft substrates by low viscosity liquids is still predominated by iner-
tial forcewhile viscoelastic friction force ismain source resisting spread-
ing in later wetting regimes.

Several studies were also conducted to investigatewetting of hydro-
gel substrates, which are strongly deformable and swollen when they
are in contact with liquids. Due to the hydrophilicity of such a substrate,
a droplet of water or of an aqueous solution spreads quickly into a thin
film and the dynamics is dominated by viscous friction force within the
liquid, which follows the Tanner's law [83,84]. For purewater, the drop-
let is then pinned by the local substrate deformation near the contact
line [85]. With further diffusion of water into the substrate, the contact
angle of the droplet decreaseswhile the angle of the substrate deforma-
tion near the contact line increases. Once these two angles are almost
equal, the contact line depins and starts to recede [86]. By comparison,
droplets of aqueous surfactant solutions begin to retract immediately
after spreading. Moreover, a step-like front with a constant shape was
observed to propagate on the substrate in front of the contact line if
the substrate is sufficiently soft [85].

The ridging effects on droplet spreading were also reported in dy-
namic wetting of liquid metals on rigid substrates in high temperature
systems. Compared to the wetting of Newtonian liquids on soft sub-
strates, this type of wetting is muchmore complicated not only because
liquid metals are typically non-Newtonian fluids, but also because the
process is always accompanied with chemical reactions (e.g. alloy for-
mation), heat and mass transfer. The wetting dynamics has been
roughly divided into four regimes [58]. In early times, the elastic defor-
mation due to capillary force is negligible (δ ≪ 1 nm) and droplet mo-
tion is mainly controlled by the viscosity of the liquid metals as that of
Newtonianfluids.When the substrate heats up to the softening temper-
ature, a small ridge is formed near the contact line. The spreading pro-
ceeds with the movement of the ridge and the contact angle
approaches to the Young's angle. In third regime, the ridge grows rap-
idly with a speed compared with the spreading speed and its size be-
comes comparable with the droplet size. Finally, at longer times more
complex geometries will be developed and the system equilibrates
with large deformation of the substrate. Details about wetting of liquid
metals could be found in several review articles [87–89].

3.2. Forced wetting and dewetting

In practical applications, such as spray coating and crop spraying, liq-
uid droplets are deposited on solid substrates with a certain speed.
Therefore, it is important for surface engineers to understand the influ-
ence of substrate properties on the impact dynamics and develop strat-
egies to control droplet deposition. Chen et al. performed a systematic
investigation of droplet impact on soft viscoelastic substrates and com-
piled a phase diagram illustrating the dependence of impact outcome
on theWeber number (We= ρR0V02/γ, where V0 is the impact velocity)
and substrate shear modulus [71]. As shown in Fig. 5a, droplets can
completely rebound from soft substrates when the Weber number is
between a lower and an upper threshold (0.15 ≲ We ≲ 3.5), beyond
which the droplet is deposited. Droplet reboundwas ascribed to the for-
mation of an air film at the solid-liquid interface during impact [16],
which has been visualized experimentally [90]. However, the formation
and collapse mechanism of this air film is still not well understood. At
intermediate Weber numbers (3.5 ≲ We ≲ 9), the generation of a capil-
lary wave upon impact leads to the formation of an air cavity at the
drop centre [91], and thus two types of bubble entrapment depending
on substrate stiffness have been identified. On soft substrates, the air
film underneath the droplet prevents the air cavity contacting the sub-
strate and eventually a bubble is entrapped inside the impingingdroplet
(see top image in Fig. 5a). On rigid substrates, on the other hand, the air
cavity touches the substrates during drop retraction and consequently a
bubble is entrapped on the substrate after impact (see top image in
Fig. 5a). At high Weber numbers (We ≳ 9), partial rebound, i.e. the



Fig. 5. (a) Impact phase diagram of water droplets impinging on soft viscoelastic substrates as a function of Weber number We and shear modulus G.
Reproducedwith permission fromRef. [71]. (b) Images of ethanol droplets taken at 350 μs after impact onflat substrateswith a range of stiffness. The radius of the droplet is ~0.88mmand
the impact speed is ~2.61 m/s. Reproduced with permission from Ref. [92•].
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breakup of the impinging droplet into two parts, was observed on rigid
substrates [71]. Recently, Howland et al. reported that substrate stiff-
ness can also affect the threshold velocity for splashing at Weber num-
bers up to 260 and Young's moduli as small as 5 kPa (Fig. 5b) [92•]. The
substrate deformation, which is developed during impact and can be up
to few tens of micrometres [93], dissipates parts of the kinetic energy of
the moving droplet and thus reduces splashing.

The analysis of the contact line dynamics during impact reveals that
substrate stiffness affects the impact process in a nontrivial way. For
bouncing droplets (i.e., non-depositing or non-wetting), the spreading
and retracting processes are independent on substrate stiffness, as soft
substrates show a higher effective stiffness during impact and rebound
[71]. The same conclusion has beenmade for the spreading stage ofwet-
ting droplets [93,94]. In contrast, the retracting stage ofwetting droplets
depends more decidedly on substrate stiffness. At low Weber number,
an air film is formed between soft substrate and droplet and thus the
droplet retracts as a bouncing droplet until the air film breaks down;
on the other hand, at the same Weber number no air film is formed
on a rigid substrate and so the droplet does not retract from the sub-
strate. At high Weber numbers, the wetting ridge formed on soft sub-
strates pins the droplet contact line at the maximum spreading radius
and suppresses drop retraction. By comparison, on rigid substrates at
the same Weber numbers the small wetting ridge moves with the re-
ceding contact line. Droplet retraction is thus slower on less stiff sub-
strates due to larger energy dissipation [93,94]. The pinning of the
contact line by the wetting ridge also leads to a linear dependence of
the contact angle hysteresis on the impact velocity [72].

Contact line dynamics on soft substrates was also investigated by
other approaches of forced wetting and dewetting. Using theWilhelmy
plate method, Pu and Severtson observed a stick-slip behaviour of the
contact line on viscoelastic substrates as a result of the pinning effects
of the wetting ridge [59–62,95]. The pinning force is of the order of
few millinewtons and determined by the liquid surface tension [61,
95], the contact line speed [61] and the thickness of the soft substrate
[59], which all influence the extension of the wetting ridge. The stick-
slip behaviour of the advancing or receding contact line was also re-
ported in contact anglemeasurementswith sessile drops on viscoelastic
gels [96–98] and on viscoelastic bitumen surfaces [73]. It can only be ob-
served when contact line speed is between a lower and an upper limit,
beyond which the contact line moves continuously. These limit speeds
are set by the dynamic rheology properties of the substrates: substrates
response as viscous liquids when the contact line speed is below the
lower limit and as purely elastic solids when the contact line speed is
higher than the upper limit [98].

4. Other capillary phenomena on soft substrates

4.1. Sessile droplet evaporation

Lopes and Bonaccurso investigated the evaporation of water drop-
lets on soft, elastic PDMS substrates with different Young's moduli
[20]. Like on most rigid substrates, three successive evaporation
modes, namely, the constant contact radius (CCR), the constant contact
angle (CCA) and the mixed mode, have been identified. They have
shown that substrate stiffness affects substrate deformation, and thus
the receding contact angle and the transition from CCR to CCA evapora-
tion. On stiffer substrates, this transition occurs earlier and evaporation
takes longer to complete; on less stiff substrates, contact line pinning
due to themore pronouncedwetting ridge traps the droplet for a longer
time in the CCR evaporation mode, and thus the drop evaporates faster.
The authors further applied this finding to use substrate stiffness for
controlling colloid particle deposition via droplet evaporation [21]. On
viscoelastic PDMS substrates, Yu et al. observed a short stick-slip regime
after CCR evaporation, in which the contact radius decreases while the
contact angle increases [99]. Pu and Severtson comparatively studied
droplet evaporation on viscoelastic PDMS substrates and acrylic ther-
moplastic substrates [63]. In contrast to multi-evaporation modes ob-
served on PDMS substrates, water droplets evaporated with
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continuous expansion of the contact area on acrylic polymer substrates.
This new evaporation modewas attributed to the relaxation of the sub-
strate deformation and the outward action of the capillary pressure [63].

By depositing solvents on soluble polymer substrates, Bonaccurso
et al. fabricated microstructures via droplet evaporation [100,101]. The
formation process of themicrostructures can be briefly described as fol-
lows. After the soluble droplet is deposited on the polymer substrates, it
spreads out and forms a flat lens. The solvent diffuses into the polymer,
softens it and causes the formation of a gel-like surface layer. This soft
layer is further deformed by the surface tension pulling upwards at
the contact line and the Laplace pressure pushing downwards at the
liquid-solid contact area. Eventually, a spherical crater with a rim near
the ridge is formed after the solvent is completely evaporated.

4.2. Dropwise condensation and frost growth

Sokuler et al. performed an experimental study of dropwise conden-
sation on viscoelastic substrateswith different stiffness [22]. They found
that nucleation is favoured on softer substrates, i.e., the nucleation rate
is faster, and observed a higher nucleation density as well (Fig. 6a). This
behaviour was attributed to a lower nucleation barrier on soft sub-
strates due to a lower free energy of condensation that is coming as a re-
sult of substrate deformation around the small liquid condensed
nucleus. The authors further showed that the viscoelastic nature of the
material leads to a longer relaxation time for merging droplets on a
soft substrate than on a rigid substrate, and the merging can even be
inhibited on very soft substrates [22]. Following these experiments,
Eslami and Elliott compared heterogeneous nucleation on a viscous
and a rigid substrate of similar surface free energy [102]. Their thermo-
dynamic analysis demonstrated that the energy barrier for heteroge-
neous nucleation on a viscous substrate is indeed lower than on a
rigid substrate, which is due to the “deformability” of the viscous liquid.
It is noted that the Gibbs free energy of nucleation of droplets on a vis-
coelastic substrate is more complicated than that on a viscous liquid
Fig. 6. (a) Snapshots of condensed water droplets on PDMS substrates of different stiffness a
substrates from top to bottom are 50 kPa, 10 kPa, 1 kPa and 0.1 kPa, respectively.
Reproducedwith permission fromRef. [22]. (b) Patterning dropletswith durotaxis by condensa
in lines (top) and in a “Y” shape (bottom). Reproduced with permission from Ref. [103]. (c) Se
average velocity of ice bridges is plotted as a function of the mass ratio of PDMS monomer and
substrate since an extra elastic energy term of substrate deformation
needs to be considered. Thus, a rigorous model for condensation/het-
erogeneous nucleation on viscoelastic substrates is still missing. Style
et al. condensedwater droplets on soft elastic filmswith a thickness gra-
dient supported by a much stiffer substrate [103]. They found that all
nucleated droplets moved to the “softer” region on the film, i.e., to
that where the film is thickest and thus the influence of the supporting
stiff substrate isweakest (Fig. 6b). This phenomenon is like the so-called
“durotaxis” behaviour of living cells, who actively sense stiffness differ-
ences on substrates they are placed on andmove accordingly. Durotaxis
for droplets was rationalized by the effect of substrate stiffness/thick-
ness on contact angle. It is known that the contact angle decreases
with substrate thickness [41,64•]. As a result, on soft substrates with a
thickness gradient, droplets have asymmetric contact angles, i.e., the
contact angle is large on the thin/rigid area and small on the thick/soft
area. This causes a net capillary force directed towards the soft region,
which activates the movement of the condensed droplets [103]. Most
recently, Phadnis and Rykaczewski experimentally and numerically in-
vestigated the effects of substrate stiffness on dropwise condensation
heat transfer [104•]. It was found that soft substrates with a shear mod-
ulus below 500 kPa can significantly reduce the condensation heat
transfer rate, which is primarily driven by additional thermal resistance
of the liquid posed by depression of the soft substrate. This finding sug-
gests that although the nucleation rate is high on soft substrates, they
may not be better for condensation compared to rigid substrates from
the perspective of droplet life cycle.

Substrate stiffness does not only influence dropwise condensation
dynamics, but also the subsequent frost growth at low temperatures,
as reported by Petit and Bonaccurso [19]. Itwas found that condensation
frosting proceeds via a two-stage growth of dendritic ice bridges (top
figure in Fig. 6c), which is a universal behaviour and independent of
substrate stiffness. However, substrate stiffness affects the growth ve-
locity of the frost dendrites and the area density of condensed
supercooled droplets. Their combined effects determine that the
fter cooling for 20 s from 21 °C to 1 °C at 90% relative humidity. The shear moduli of the

tion onto a soft substratewith a thickness gradient. The thickest regions of the substrate are
quence of images of the propagation of the frost front along a soft substrate (top) and the
cross-linker (bottom). Reproduced with permission from Ref. [19].
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freezing time on rigid substrates with low condensation density is lon-
ger than that on soft substrateswith high condensation density (bottom
figure in Fig. 6c) [19], i.e. the frost formation is delayed.
4.3. Capillary phenomena on “soft” thin films, cantilevers and fibres

In recent years, several authors have discussed that otherwise “rigid”
materials, such as metals and polymers, exhibit “soft” properties if one
of their length scales shrinks down to micro- or nanometers
[105–108]. Py and co-workers investigated the evaporation of water
droplets on a free-standing film with few hundred micrometres thick-
ness [106,108]. As shown in Fig. 7a, the vertical component of liquid sur-
face tension bends the corners of the thin film and the droplet can be
even completely wrapped up as it evaporates [106]. The complete
wrapping can only be observed for films with a length larger than the
elasto-capillary length for films (B/γ)0.5 (where B is the bending stiff-
ness) [105,106,108] and the folding direction is determined by themag-
nitude of the folding torque [107]. Applying an alternating current
electric field, Wang et al. controlled the vertical surface tension compo-
nent, and thus the wrapping and unwrapping of a sessile droplet by the
stimulated vibrating film [109]. Yuan and Zhao further demonstrated
that the wrapping and unwrapping processes are also related to the
propagation of the precursor film [110] and capillary wave [111]. On
the other hand, the Laplace pressure causes the film to bulge outwards
by tens of microns, which has been recognized as a new strategy to
measure the solid-liquid interfacial tension [112]. For ultrathin films
floating on liquid, instead of folding up, a liquid droplet leads to the for-
mation of radial wrinkle pattern near the contact line (Fig. 7b)
[113–115]. This winkle pattern is generated due to the radial stress of
the surface tension and its geometry is controlled by the elasticity and
thickness of the films.

Elastic microbeams or microfibers can also be easily deflected by
capillary forces.

For example, a microdrop deposited on a rectangular cantilever of
atomic force microscope bends up the cantilever by typically a few
Fig. 7. (a) Wrapping of a water droplet with a triangular PDMS film via evaporation.
Reproducedwith permission fromRef. [108]. (b)Wrinkled floating thinfilm induced by the capi
an atomic forcemicroscopy cantilever by an evaporatingmicrodroplet. Reproducedwith permis
fibres. Reproduced with permission from Ref. [117•].
hundred nanometers [116••,118,119], as shown in Fig. 7c. The elastic re-
sponse of the cantilevers allows to monitor capillary phenomena in
small scales, such as the evaporation of microdrops [116••,119–121],
the diffusion of liquid molecules into polymers [122,123] and also the
wetting dynamics of microparticles [124]. While a droplet is deposited
between two flexible fibres, it can completely spread, partially spread
or not spread along the fibres, depending on the competition between
elasticity and capillarity (Fig. 7d) [117•]. The subsequent evaporation
of the droplet deposited between two fibres can cause the droplet to
spread to form a liquid column under the capillary forces and thus the
evaporation rate is enhanced [125].
4.4. Capillary phenomena on slippery liquid-infused substrates

Slippery liquid-infused substrates, which are fabricated by infusing a
lubricating oil into textured, porous solid substrates, have attracted con-
siderable attention recently [126,127]. These types of substrates are in-
spired by natural plants like the Nepenthes pitcher plant and have
excellent liquid-repellent properties. Since the lubricating oil is the
functional layer, the substrate is also a special type of “soft” substrate.
When a liquid droplet is deposited on such a substrate, a wetting
ridge is as well formed under the action of surface tensions (air-oil,
air-liquid, and liquid-oil), and the droplet can even be completely
cloaked by the oil if the balance of surface tensions is favorable [128••].
The cloaking film is several tens of nanometers thick and acts as a bar-
rier against the diffusion of vapormolecules during dropwise condensa-
tion, lowering the performance of condensation heat transfer [129,130].
If the balance of surface tensions is not favorable, droplets are not
cloaked by the oil. In this case, condensate droplets as small as 100 μm
are highly mobile and the remarkable mobility leads to a sweeping ef-
fect that clears the surface from droplets and allows for fresh nucleation
thus enhancing condensation [129]. It was also found that the viscous
dissipation in the wetting ridge is the main source dissipating the grav-
itational potential energy of sliding droplets on an inclined substrate
[128••,131] and the kinetic energy of impinging droplets [132–134].
llary force of a liquid droplet. Reproducedwith permission fromRef. [113]. (c)Deflection of
sion fromRef. [116••]. (d) Three different states of a droplet deposited between two flexible
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Since the height of the wetting ridge primarily depends on the balance
of the surface tensions, the thickness of the lubricating oil film does not
affect the droplet sliding velocity [135]. Droplet impact experiments
have shown that at low impact velocity (from 0.2 to 0.4 m/s) a thin air
film can also form between the impinging droplet and the slippery sub-
strate, similar to the soft viscoelastic substrates, and eventually the
droplet rebounds from the substrate [133]. The rebound can be
inhibited by increasing the free energy of the slippery surface via oxy-
gen plasma treatment, and the impinging droplet undergoes a two-
stage spreading similar to that observed on rigid hydrophilic surfaces
[136]. Droplet rebound was also observed at high impact velocity
(≳1.5 m/s), when the kinetic energy of the impinging droplet is large
enough to overcome the free energy of adhesion [137]. At very high im-
pact velocity (up to ~4.2 m/s), splashing was observed and the thresh-
old velocity for splashing increases with the viscosity of the lubricant
liquid [134], which resists the development of liquid instability.

The motion of the contact line during spreading and retraction for
bouncing droplets on slippery substrates were found to be independent
on viscosity of the infused oil [133]. However, the viscosity of the in-
fused oil does influence the restitution coefficient of the bouncing drop-
lets due to large viscous dissipation because of the substrate
deformation near the contact line. It was also found that the spreading
of non-bouncing droplets is substrate-independent, but the retraction
stage is slowed down on infused oil with higher viscosity [133,134],
and this behaviour is more significant as the viscosity ratio between
the impinging droplet and infused oil layer increases [132]. The contact
line dynamics of impacting droplets on slippery substrates has thus sim-
ilarities with that on soft viscoelastic substrates [16,71,90].

5. Conclusions and outlook

In the past years, the wetting of soft substrates has become a fast-
developing area of research in soft condensedmatter physics and inter-
facial science. Much theoretical, numerical and experimental work has
been performed to understand the statics and dynamics of “soft”
wetting.

Considering the static wetting problem, the substrate deformation
due to capillary forces has been analysed using either a mechanical ap-
proach via a force balance or a thermodynamic approach via a minimi-
zation of the free energies. Although a good agreement between
theoretical models and experimental results was reached for deforma-
tions away from the contact line, the region close to the contact line is
still not finally resolved due to the strain singularity arising there.More-
over, additional effects such as the capillary force originating from the
solid substrate and the Shuttleworth effect are not yet fully imple-
mented in the theoretical analyses. While a rigorous theoretical model
is still missing, numerical simulations based on continuum mechanics
provide an alternativeway to investigate substrate deformation profiles
for soft solids over a wide range of stiffness. Spatial resolution is limited
to the micrometre scale, though, and sub-micrometre effects are not
captured by the simulations. From an experimental point of view,
there has been fast progress in detecting first micrometre- and then
nanometer-scale deformations between droplet and substrate by
adapting imaging techniques like laser scanning confocal microscopy,
environmental scanning electronmicroscopy, confocal fluorescencemi-
croscopy, or atomic force microscopy. The “apparent” contact angle of
droplets on soft substrates has been found to depend on the size of
the droplet, the elastocapillary length, the thickness of the soft substrate
and the characteristic length of molecular interactions that determine
the thickness of the prewetting liquid layer and the magnitude of the
disjoining pressure. The elegant partial models developed that capture
one or several of these effects call for experimental validation, especially
for soft wetting at the micro- and nanoscale. One commonly agreed
finding is that the wetting ridge acts as a mechanical defect on the sur-
face and causes pinning of the contact line, with the consequence of in-
creasing the contact angle hysteresis on soft substrates.
Considering the dynamic wetting problem, much efforts have been
devoted to investigating the spreading of macroscopic droplets with a
size (typically ~1 mm) much larger than the elastocapillary length.
Four spreading regimes have been identified for the spontaneous wet-
ting of soft substrates by low viscosity liquids. The spreading during
the two “early” regimes behaves as that on very stiff substrates and
the dynamics is dominated by inertial force. The two latter spreading re-
gimes are dominated by the time and strain dependent viscoelastic
properties of the soft substrate and by viscous dissipation within the
droplet. In “soft” dynamic wetting systems, substrate deformation cou-
ples with capillary and hydrodynamic forces, causing rich and complex
behaviours. Substrate deformation was also found to strongly affect
droplet impact dynamics and to lead to new phenomena, such as drop-
let rebound or large bubble entrapment inside the droplet, in contrast to
rigid substrates with similar surface properties. The contact line dynam-
ics during drop impact and other wetting or dewetting processes could
be understood by taking into consideration the rheological properties of
the soft materials. A very basic approach for modelling wetting dynam-
ics has been attempted by applying an energy balance to the spontane-
ous spreading of water droplets on viscoelastic substrates, employing
linear viscoelasticity for modelling the mechanical response of the sub-
strate strained by capillary and hydrodynamic forces [30–32••]. Further
progress in modelling dynamic wetting on soft substrates by capturing
a larger number of physical effects is urgently needed, since most natu-
ral and industrial wetting processes on “soft” substrates are of dynami-
cal nature. A comprehensive model relating capillary, hydrodynamic
and mechanical/rheological aspects is the next important step to take.

Substrate stiffness has also been shown to play a key role in other
capillary phenomena, such as droplet evaporation, dropwise condensa-
tion and frost growth. These aspects highlight the importance of design-
ing further dedicated experimental investigations in “soft wetting” for
collecting a larger database of representative effects and for supporting
the development of more refined and possibly predictive models. This
review article has been written with the intent to provide an overview
of themost seminal and recent achievements and – as researchers inter-
ested in the further progress of “soft wetting” –we are looking forward
to triggering the curiosity of even more investigators to dedicate their
future thoughts and insights to this very interdisciplinary field.
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