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Abstract: The dynamic interaction of droplets with slippery surfaces is essential to various industrial applications, such as
anti-icing, water-repellency or water-harvesting, anti-bacterial, and phase change heat transfer. With recent progress in
materials, manufacturing as well as learning from nature, the physics of droplet dynamics has been greatly enriched
owing to the emergence of peculiar wetting states manifested on bio-inspired textured surfaces. This review is devoted
to the discussion of the recent progress made in the authors’ understanding of the dynamic interaction of small
droplets with bio-inspired surfaces. Particular attention is given to droplet impact on slippery surfaces, such as
superhydrophobic surfaces characterised with air–solid–liquid triple-phase interface and slippery lubricant infused
porous surfaces characterised with the liquid/liquid two-phase interface. Droplet spreading, retraction, contact time,
elastodynamics as well as oblique impact are systematically reviewed. Finally, the authors offer their perspectives on
this important and highly multidisciplinary research area.

1 Introduction

The dynamic interaction of droplets with solid surfaces is a
ubiquitous and familiar process that has attracted increasing
attention because of its broad-reaching implications, including
spray cooling, inkjet printing, droplet-based microfluidic, and
fuel-injection. The very first study of droplet impact is by
Worthington, whose work displays spectacular photographs and
stimulated limitless inspirations [1]. Recent advancements in
materials, manufacturing as well as biomimicry has allowed the
judicious construction of various structured and functional
materials with desired size, topology, and composition [2–4]. The
exciting progress in materials development directly prompts the
emergence of many intriguing, transient phenomena relevant to
liquid and solid interaction that are different from that on
traditional solid substrates. For example, on lotus leaves or lotus
leaf inspired slippery surfaces characterised by the presence of the
triple-phase interface, the contact area between droplets with
underlying substrates are reduced, and droplets can easily bounce
off owing to the presence of the trapped air layer. In contrast,
although the solid/liquid contact area on the pitcher plant or
pitcher plant-inspired slippery surfaces, characterised by the
presence of liquid/liquid interface, is increased, the droplet can still
slide off or bounce from the surface easily. These two kinds of
slippery surfaces highlight the diversity in the rectification of
droplet motion for preferential functions.

In this review, we will focus our attention on the recent progress in
the study of droplet impact dynamics on two kinds of slippery
substrates, a topic which is fundamental and technical importance.
We will describe various droplet dynamics, including droplet
spreading, retraction, and bouncing on different surfaces as well
as uncovering the simple physics underlying these interesting
surfaces and dynamic processes. We will also explore how to
promote droplet bouncing by controlling the physicochemical
property of the surfaces. Finally, we briefly summarise our views
for future development within this research field. We hope our
review could stimulate the further exploration, and the pursuit of
the dynamic beauty manifested in one of the most important

substances in our world, droplets, as well as their practical impacts
in a wide range of industrial processes.

2 Natural slippery surfaces

Inspired by a wide range of natural liquid-repellent structures,
particularly the lotus leaves and pitcher plant, various slippery
surfaces have been developed through the elegant control of
the surface morphology. Fig. 1 shows several representative
natural surfaces and their corresponding hierarchical topography,
contributing to the unique functionalities. Specifically, on
the surface of lotus leaves, the combination of microscale
papillae with branch-like nanostructures decorated with
epicuticular wax leads to a highly water-repellent property, namely
superhydrophobicity, characterised by a high contact angle and
low contact angle hysteresis [5–7]. A resting liquid drop contacts
only a few bits of the textured surface and adopts a spherical
shape, leading to an air-solid-liquid triple-phase interface. This
kind of interface can also be observed in other species, such as
high-efficient fog collection system on the beetle shell (Fig. 1b)
[8] and drag reduction of the shark skin surface (Fig. 1c) [9].

In nature, the liquid/liquid interface is also widely used to repel
impinging liquids. Different from the triple-phase interface which
relies on the presence of air pockets, the liquid/liquid interface is
smooth and can be preserved in a wide range of dynamic
pressures. A study has revealed that the slippery property of
pitcher plants is ascribed to a continuous overlying film formed by
its multiscale structure and intermediary liquid (Fig. 1d ) [10, 11].
A similar example includes the oil-shielding ability of fish scales,
which keep their surfaces clean in oil-polluted water [12]. The feet
of tree frog are another example that takes advantage of the liquid/
liquid interface to achieve superior wet adhesion to survive in
harsh conditions. In-depth morphological observation found that
tree frog toe pads comprise composite microstructures combining a
softer matrix and embedded hard keratin fibres. This special
structure enables parts of the frog feet to always be touching the
surface while they secrete the mucus via channels between these
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patterns, which not only increases adhesion, but also cleans the
frogs’ feet as they move [13, 14].

3 Droplet dynamics on slippery surfaces
with triple-phase interfaces

With the progress in the development of bioinspired textured
surfaces, the physics of impact has considerably enriched because
of the generation of specific wetting states. An increasing number
of investigations intensively focused on drop impacts on
superhydrophobic surfaces [15–19] because of their wide
applications [20–26]. It is argued that when the contact time
between the impinging supercooled drops and superhydrophobic
surfaces is smaller than the ice nucleation time, impinging drops
can bounce off superhydrophobic surfaces easily without being
frozen, which possesses anti-icing applications in numerous
crucial sectors, including aircraft, transportation, energy, and
telecommunications.

Classical hydrodynamic theory and common wisdom hold that
droplet impact on a superhydrophobic surface usually manifests an
elastic rebound [27–29] because of the negligible viscous
dissipation caused by the air pockets trapped underlying the
impinging droplet; this phenomenon can be separated into two
phases, namely, spreading and retraction [29]. During impact, the
droplet first undergoes an effective lateral acceleration that flattens
it, and then kinetic energy is converted to interfacial energy
[30–34]. The transformation of the droplet’s kinetic energy into
interfacial energy is almost complete with minimal resistance.
During retraction, the droplet balls-up again on the liquid-repellant
surface to minimise the surface energy [35], and the energy is
dissipated because of the droplet’s adhesion to the top regime of
the roughness and finally takes off in the vertical direction [18, 28,
36–38]. The contact time of the droplet with the solid substrate
during impact is reportedly constant because it is independent
of the impact velocity [38]. This section aims to provide a
comprehensive review of two-stage droplet impact process and the
resulting time of contact, with a focus on the elucidation of the
dynamic mechanism.

3.1 Outcomes of droplet impact dynamics

Depending on the surface characteristics, including surface
morphology and chemical characteristics, the result of droplet
impact on a solid, nonporous surface is relatively complicated.
In 2001, Rioboo et al. [39] first classified six possible outcomes,
including deposition, prompt splash, corona splash, receding

break-up, partial rebound, and complete rebound. In the
experiment, the authors attempted to alter various parameters,
including surface tension, viscosity, impact velocity of the drop,
drop size, and surface roughness and wettability. Fig. 2 shows the
outcomes with more recent experiments.

Specifically, a deposition scenario consists of two stages: the
kinematic and the actual deposition (Fig. 2a) [40]. In the
kinematic stage, the radius of the droplet base R∼ t1/2 is
irrespective of the physical properties of the liquid and the surface.
At the end, the droplets spread over the surface and stay there.
Splash scenarios, accompanied by the formation of satellite
droplets at the periphery of the expanding film, occur at high
impact velocities [36, 41–44]. Splashing arises from the
competition between the compressible stress inside a spreading
droplet and its surface tension; this phenomenon is also a result of
the instability of the water-air interface [2, 43], which could be

Fig. 1 Representative triple-phase (a–c) and two-phase interfaces (d–f)
a Self-cleaning ability of lotus leaves,
b Water harvesting capability of desert beetle,
c The bonnet head shark skin surface,
d Slippery pitcher plant,
e Surface structures of fish scales keep the fish body clean in water,
f Adhesion enhancement and self-cleaning of tree frog feet

Fig. 2 Typical outcomes of an impinging droplet on a solid surface

a Deposition indicates that the droplet deforms and stays attached to the surface.
b Prompt splash is characterised by the generation of tiny droplets at the contact line at
the beginning of the spreading phase,
c Corona splash occurs when droplets are formed around the rim of a corona, remote
from the solid surface,
d Receding breakup is the case that tiny droplets are left behind by the receding lamella
during drop retraction process,
e Complete rebound and
f Partial rebound happen when the drop spreads with a relatively large spreading
diameter and recedes with a relatively high receding contact angle. In the complete
rebound, the receding contact angle is even lager to form a very energetic impact
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enhanced by a relatively large surface roughness [45] and strong
surface hydrophobicity [2, 36, 46, 47]. The prompt splash
(Fig. 2b) is characterised by the generation of tiny droplets at the
contact line at the beginning of the spreading phase. Corona splash
(Fig. 2c) occurs when droplets are formed around the rim of a
corona, which is remote from the solid surface [48]. Receding
breakup (Fig. 2d ) is the case when tiny droplets are left behind by
the receding lamella during drop retraction [49]. Complete and
partial rebounds (Figs. 2e and f ) occur when the drop spreads
with a relatively large spreading diameter and recedes with a
relatively high receding contact angle. The receding contact angle
during complete rebound is large enough to form an energetic
impact [36, 50].

3.2 Spreading dynamics

When an impacting droplet interacts with a solid surface under
a moderate Weber number, the first step is its deformation, the
spreading regime, where no splashing or jetting is present and
where the surrounding gas can be neglected in the dynamics.
Here, Weber number is a dimensionless quantity which compares
kinetic and surface energy, defined as We = rv20r0/g, with ρ, g,
and r0 is the density, surface tension, and radius of the droplet,
respectively. When the droplet impacts the surface at an initial
velocity v0, the kinetic energy is converted to surface energy,
which is characterised by the formation of a radially expanding
film. This regime has recently been intensively investigated, and it
has been shown that the droplet spreads by forming a flat central
area surrounded by a growing rim until the surface tension and/or
the viscous forces finally stop this expansion [31, 51–55].
A droplet relaxes to an equilibrium shape or to a partial/total
rebound of the drop, depending on the wetting properties.

The maximum spreading of liquid droplets impacting on a solid
surface is a direct measurement of the maximum solid–liquid
contact and of importance in various practical applications,
including spray cooling, inkjet printing, and forensic science.
Numerous semi-empirical correlations and theoretical models for
the prediction of maximum droplet spreading during impact on
smooth solid surfaces have been established using physical
arguments generally based on the balance between inertia and
viscous and capillary contributions [31, 39, 52, 56–62]. A droplet
is assumed to take a pancake shape at the right moment when it
reaches its maximum lateral extension. Given the liquid viscosity,
most of these models distinguish two regimes for the spreading
factor β, defined by the ratio between the maximum radius (Dmax)
and the initial droplet diameter (D0) before impact

b = Dmax/D0 (1)

The first is a viscous regime in which that the kinetic energy of
the impinging droplet (of the order of rD3

0v
2
0 ) is dissipated by

viscosity during the impact (the associated energy dissipation
scales as m(v0/h)D

3
max, with h being the thickness of the maximal

droplet). Together with volume conservation (hD2
max�D3

0), this
yields Dmax�D0Re

1/5 (b/ Re1/5). Thus, the maximum diameter
increases as v1/50 .

The second is an inertial regime in which the spreading factor is
determined by a more complex balance between the inertia and
capillary forces with some correction due to viscous dissipation
and wettability effects. Many different models have been proposed
in this regime. A simple scaling analysis comparing the initial
kinetic energy with the surface energy at the maximum spreading
radius would suggest an asymptotic regime valid for large Weber
numbers in which the surface area of the droplet edge is neglected,
this energy conservation is simply rD3

ov
2
0�gD2

max. This yields
Dmax∼D0We1/2 (β∝We1/2), and the maximum diameter increases
linearly with the impact velocity as Dmax∼ v0.

However, as explained above, the available Weber numbers for
this regime in which no splash is present do not really allow one
to observe such scaling, and more detailed models have included
corrections due to the initial surface energy, contact angle, or

viscous dissipation. As shown in Fig. 3a, Clanet et al. [56]
investigated the mechanism by which the droplet deforms during
impact and the relationship of the maximal deformation Dmax with
impact velocity, droplet size, and viscosity. Almost all the kinetic
energy of the impinging droplet was assumed to be stored during
deformation because of the non-viscous property of the
superhydrophobic surfaces. A typical spreading–retraction process
is shown in Fig. 3b. A droplet with r0 = 1 mm first spreads to its
maximum extension in a pancake shape at ∼2.3 ms, recedes
towards the centre and finally bounces off the surface at ∼16.6 ms.
From the theoretical point of view, the velocity of a droplet hitting
solid decreases from v0 to 0, and the characteristic crashing
time t* can be expressed as D0/v0, which corresponds to a typical
acceleration a* experienced by the droplet as it stops; this crashing
time could be scaled as v20/D0. The thickness of a pancake formed
during spreading in this reinforced gravity field should scale as
h = �������

g/ra∗
√

. Considering volume conservation and a∗ = v20/D0,
the maximum diameter of an impacting droplet can be obtained as
follows:

Dmax � D0We1/4. (2)

This means a b/We1/4 and Dmax�v1/20 , as shown in Fig. 3c.
This scaling law has had great success as it gives good
quantitative agreement with experimental data for hydrophobic
substrates, and it has subsequently been commonly used to fit
experimental data.

Nevertheless, various experiments showed that droplet impact
involves a more complicated process, in which the droplet does
not assume a pancake shape [54], and kinetic energy remains
inside the droplet [28, 56]. Clanet et al. further conducted droplet
impact experiments with a water-filled rubber balloon. A transparent
balloon was used to track the tracers mixed in the water during
impact. Their study showed the presence of a vertical motion
inside the droplet after the balloon reaches its maximum extension,
which indicates that the kinetic energy is simultaneously
transferred to the surface energy and the internal kinetic energy
[56]. Moreover, recent experiments show that droplet with a larger
viscosity will spreading shorter due to the viscous dissipation.
Therefore, the maximum spreading cannot be accurately described
either by simple scaling models or by the detailed theoretical
model based on energy conservation because of the neglect of the

Fig. 3 Droplet spreading dynamics on superhydrophobic surfaces

a Snapshots of a droplet impacting process,
b Temporal evolution of the spreading radius (Rt) normalised by the initial droplet radius
(R0). Droplet radius is 1 mm, and the impact speed is 2 m s−1,
c Maximum spreading diameter of the droplet normalised by the droplet radius, as a
function of the Weber number. The open squares are obtained with water and the
filled ones with mercury. The solid line indicates the slope 1/4
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residual kinetic energy and improper estimation of the interfacial and
viscous dissipation energies in the theoretical models [63].

3.3 Retraction dynamics

Additionally, extensive attention has been devoted to the retraction
regime, which is usually a successive process of spreading.
Bartolo et al. employed a Taylor–Culick approach, which is
commonly used for the inertial dewetting of thin films [64, 65], to
describe the droplet retraction rate on superhydrophobic surfaces.
For a high-speed droplet impact, the droplet spreads out into a thin
film (maximum lateral extension) with the thickness h and the
radius Rmax. The liquid subsequently dewets the surface rapidly
and retracts its elongated surface inward with a stationary centre,
whose retraction dynamics is governed by the competition
between the capillary tension from the thin film and the inertia of
the periphery of the droplet. For the liquid rim, the following
equation can be written by using the momentum conservation:

d

dt
m
dR(t)

dt

( )
= FC , (3)

where m is the mass of the liquid rim, and FC is the capillary force
driving retraction, FC � 2pgR(t) 1− cos uR

( )
. The stationary

solution of (3) can be obtained by writing ṁ(t) = 2prVreth, which

provides Vret =
���������������������
g 1− cos uR
( )

/ rh
( )√

. Using volume conservation,

h � 4/4 R3
0R

−2
max

( )
, the retraction velocity can be expressed as

follows:

Vret � Rmax rr30/g
( )1/2 ������������

1− cos uR
√

(4)

In this equation, for the highly water-repellent property of the
surface, the default assumption is that the contact angle at the
outer side of the rim is very close to the receding contact angle uR
because viscous effects can be neglected [65]. For a liquid sheet of
uniform thickness, Taylor argued that the retraction velocity could
be expressed as Vret =

�������
2g/rh

√
, where h is the thickness of the

liquid film, based on the equation of continuity. Deng et al. [66]
studied liquid droplets impacting superamphiphobic fractal-like
coatings. They found that the retraction phase shows two
well-separated phases: a fast retraction phase and a much slower
retraction phase. This observation was further demonstrated by
other researchers [67]. The fast and slow retraction phases are
controlled by the inertia of the droplet and the viscosity friction
between the droplet and the solid underneath, respectively [68].

In order to shorten the retraction process to reduce the overall
liquid–solid contact for many practical applications (refer to
Section 3.3), Bird et al. [69] promoted a non-axisymmetric
centre-assisted recoil that, during the droplet impacting on a ridge
with a diameter (a) of hundreds of micrometres, the liquid on the
peak of the ridge retained a thin film and retracted as
Vret =

��������������
2g/r h− a( )√

, with h being the film thickness. The droplet
retracts faster along the ridge than perpendicular to it, as indicated
in Fig. 4b. As a result, it tends to fragment and decreased the
distance and time required for recoil. More recently, Liu et al.
further presented a new asymmetric retraction mechanism, which
was inspired by droplet impacting on Echeveria leaves [70].
Asymmetric retraction occurs on curved surfaces with
macrotextures comparable to the droplet size, on which an
impinging droplet exhibits symmetry-breaking bouncing dynamics.
During impact, the droplet continues to spread in the azimuthal
direction after it reaches its maximum extension in the axial
direction, forming an asymmetric shape, as shown in Fig. 4c.
While retracting in the axial direction, the lateral extension in the
azimuthal direction remains almost constant, and the droplet
finally bounces off the surface in shape elongated along the
azimuthal direction. The droplet retraction is primarily driven by
the decrease in surface energy of the thinner central film, which
leads to a force pulling the rim of the droplet inwards. For

conventional bouncing, as shown in Fig. 4a, the droplet retraction
is symmetric and the surface energy of a central film of radius r is
Es ≃ pr2g 1− cos u( ), where u is the apparent contact angle,
giving a retraction force, Fs = ∂Es/∂r

( ) ≃ 2prg 1− cos u( ). In
asymmetric bouncing, however, owing to the preferential
spreading on the curved surface, the central film can be
approximated by an ellipse with a major axis b (in the azimuthal
direction) and minor axis a (in the axial direction). Thus, the
surface energy of the central film is E = pabg 1− cos u( ). As the
asymmetric retraction proceeds the length of the major axis b
remains constant while there is a continuous reduction in a.
Hence, the retraction force could be expressed by
F = pbg 1− cos u( ), endowing a constant retraction force and
therefore a fast retraction process.

On another research line, controlling the droplet deposition with
retraction is of great importance for a wide variety of practical
applications, especially in pesticide deposition on plant leaves
[71, 72]. Research shows that many plant leaves possess their
non-wetting properties due to the presence of waxy features on the
surfaces [73]. The mechanism of droplet rebound after retraction is
the main limiting factor for efficient deposition of pesticide at
moderate speeds. To solve this problem, one common approach is
to add surfactants to the liquid to reduce the surface tension and
promote spreading of an impacting droplet on the surface. For
example, 1% sodium bis(2-ethylhexyl) sulfosuccinate (aerosol-OT
(AOT)) vesicle surfactant exhibits a distinguished ability to alter
the surface wettability during the impact process [74]. As shown
in Fig. 5a, the vesicle surfactant droplet (1% AOT droplet)
penetrated the gaps of nanoneedles and fully wetted the
nanostructured superhydrophobic surface. The schematic diagram
shows the mechanism that the surfactants at the air/liquid interface
act as bridges to connect the droplet and the nanostructure.
Therefore, the whole droplet pinned with almost no retraction.
A similar result was observed during the impact of dilute
polyethylene oxide solution droplet, as shown in Fig. 5b. It was
argued that the retention of the impacting droplet results from the
non-Newtonian elongational viscosity leading to significant energy
dissipation during retraction and therefore, the pinning of the
droplet [72]. Alternatively, Damak et al. [75] proposed a
precipitation approach through the in-situ formation of hydrophilic
surface defects that can arrest droplets during impact. As shown in
Fig. 5c, when simultaneously spraying two oppositely charged
polyelectrolytes, the droplets contact and hydrophilic wetting

Fig. 4 Retraction mechanism of imping droplets

a On the symmetric surface, the rim retracts uniformly inwards towards the central film,
b When a droplet impacts the surface with a macroscopic ridge, it moves rapidly along
the ridge as it recoils,
c On the asymmetric surface, the central film is an ellipse with major axis b (in the
azimuthal direction) and minor axis a (in the axial direction) and retraction is
primarily along the axial direction
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defects are created to pin the impinging droplets for deposition
enhancement.

3.4 Contact time

Contact time, which is a crucial parameter in determining the droplet
impalement resistance (waterproofing) under cold conditions [76],
captures the essence of the phenomenon because it is an inertial
Rayleigh time of deformation (or drop free oscillation time), as
expected from the interplay between inertia and surface tension
during the spreading and retraction of drop impact [21, 38, 50,
77, 78]. It defines as the time the drop comes into contact with the
surface before bouncing off [59, 79, 80]. Theoretical investigations
on this parameter are based on Hertz elastic contact theory
[38, 81], and shown to be scaled as

�������
rr20/g

√
. This scaling,

independent of We or impact velocity, could be understood as a
spring–mass system with the surface tension g as the stiffness, and
the mass is scaled by rr30. Then the contact time corresponds to
the response period

�������
rr30/g

√
with a specific prefactor depending on

surface roughness [29, 38, 50, 56, 68, 82]. Furthermore, the
contact time, which is dependent on the inertia and capillarity of
the droplet, internal dissipation, and surface–liquid interactions,
controls the extent to which mass, momentum, and energy are
exchanged between the droplet and the solid substrate; thus,
contact time minimisation is highly desirable in practical
applications [69]. The conventional approach to achieve minimum
contact time is to minimise water-surface interactions by creating
various low-adhesion superhydrophobic surfaces [83–95]. Over the
past decade, scientists and engineers embarked on an exciting
journey to explore novel strategies to break the classical contact
time. The representative approaches are summarised in Fig. 6.

Bird et al. [69] have added macroscopic ridges on
superhydrophobic surfaces designed to induce asymmetric recoil
and a corresponding fast drop retraction, in which the drop was
split into smaller ones. The contact times were shortened by 37%
compared with controlled surfaces. To facilitate this promotion,
they added macroscopic ridges that break a drop’s symmetry,
causing it to recoil in highly irregular shapes (Fig. 6b). The
authors also observed ecological implications, such as both the
wings of the Morpho butterfly and the leaves of the nasturtium
plant have multiple superhydrophobic ridges or veins on a similar
scale to the macrotextured surfaces. Greater detail was explored
using simulations [96]. Additionally, Gauthier et al. [97]
demonstrated that by the design of macrotexture surfaces with
different patterns such as Y-shape or cross-shape, drops could be
configured into different subunits and leave the surface with

reduced contact time. In these studies, the reported surfaces are
still macroscopically flat, with the feature size at the scale of
microns or nanometres. Macroscale ridges were designed to
accelerate the drop retraction process by splitting the drop into
smaller ones [98]. Hence, the contact time was reduced by 47%.
Lv et al. [99] further verified it by drop impacting on hierarchical
roughness by applying considerable impact velocities that the drop
was separated into many satellite ones with a much-shortened
contact time.

Alternately, to keep the integrity of the drop, a superhydrophobic
surface with point-like defects was designed [100]. When the
impacting velocity is larger than a critical value, the spreading
liquid film is punctured by the defect, and the drop adopts an
unusual ring shape as it leaves the substrate (Fig. 6c). Upon
impact, the punctured film dewets outwards until it collides with
the outer receding rim moving in the opposite direction. The
collision drives the drop upwards, which eventually leads to its
takeoff as a ring [100]. Note that, the off-centring impact will lead
to a change of the contact time. The corresponding simulations
quantitatively match the experiments. A blob model was proposed
to explain this phenomenon. Impact on defects reshapes the drop
into one (or several) new characteristic size(s), which is defined as
liquid ‘blobs’ that individually act as smaller parts possibly still
connected to the other blobs. The contact time is fixed by the
blob, and it is thus smaller than the time in conventional cases.

Fig. 5 Suppressing droplet bouncing on superhydrophobic surfaces

a Schematic drawing and sequential images showing the dynamic process of 1% AOT
droplet on superhydrophobic surfaces,
b Droplet of dilute polyethylene oxide solution impacting on hydrophobic surfaces,
c A polyacrylic acid (PAA) drop impacts a linear polyethyleneimine (LPEI) drop,
leading to the deposition of the drop on the surfaces

Fig. 6 Strategies for contact time reduction

a Investigated contact time of drop impact on the superhydrophobic surface showing the
mechanism on how to reduce contact time by the design of novel structures,
b Time-lapsed images showing the contact time reduction by drop (r0 = 1.33 mm)
impacting on a macrotextured ridge and the drop lifts off at ∼7.8 ms with similar
simulations,
c High-angle shot of a water droplet with radius r0 = 1.6 mm impacting the point-like
defect at v0 = 1.2 m s−1 (centred impact) with its corresponding simulations. The drop
takes off as a ring at a time 10.3 ms,
d Selected snapshots showing both the experiments and simulations of a drop impacting
on a convex surface and the drop detaches from the surface at ∼11.2 ms,
e Selected snapshots showing a drop impacting (r0 = 2.9 mm) on the widely spaced
tapered surface. The drop bounces off the surface in a pancake shape at ∼3.4 ms. The
result is firmly proved by the simulations
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Recently, Liu et al. fabricated curved macrotextures (convex
and/or concave) with the curvature of radius comparable to the
droplet size. As shown in Fig. 6d, the droplet spreads larger in
the azimuthal direction than in the axial direction and leaves the
surface with an elongated shape along the azimuthal direction.
Systematic experimental investigations on mimetic surfaces and
lattice Boltzmann simulations reveal that this novel phenomenon
results from an asymmetric momentum and mass distribution
that allows for preferential fluid pumping around the droplet rim.
The asymmetry of the bouncing leads to a ∼40% reduction in
contact time [70]. In 2014, Liu et al. made an exciting
breakthrough in developing a novel surface that achieves the
counterintuitive ‘pancake bouncing’ to reduce the contact time by
80% (Fig. 6e) [20]. This work challenges the conventional view of
the droplet impact process established one century ago. The
so-called ‘pancake bouncing’ results from the rectification of
capillary energy stored in the penetrated liquid into upward motion
sufficient to lift the droplet [101]. Moreover, in the case of
droplets impacting on tapered post arrays with a diameter that
increases continuously and linearly with depth in the vertical
direction, the upward capillary force increases with the penetration
depth, which permits modelling of the capillary force as a
harmonic spring, allowing the occurrence of pancake bouncing
and rapid droplet detachment over a wide range of impact
velocities [102]. The tapered post morphology can strongly
influence the robustness of the occurrence of pancake bouncing.
With a larger apex angle of the tapered post arrays, the pancake
bouncing can occur with smaller critical We and wider We range.
Interestingly, the pancake bouncing also occurs on the
conventional superhydrophobic surface in the condition of a
highly oblique impact, which can be important in certain practical
applications, such as anti-icing. A comprehensive numerical study
was also conducted to reveal the physics behind this new
bouncing regime [101].

3.5 Collision on sophisticated interfaces

The other strategy to modify the impact dynamics for contact time
reduction is through the sophisticated surface layout [100, 103,

104]. Specifically, droplet impacting on vibration substrates is a
daily picture encountered on interfaces both in nature and industrial
processes such as insect wings, fragmentation, and dispersion
systems as well as soft surfaces. Weisensee et al. found that the
oscillation frequency of the substrate shows a remarkable effect on
the contact time while the vibration amplitude has little direct effect,
as shown in Fig. 7. Higher frequencies show less contact time
variability, and the contact time was reduced by half compared to
lower frequencies. In their experiment, pancake bouncing (Fig. 7a)
occurred during the substrate upward movement [105]. A similar
phenomenon was observed on the elastic interface, on which the
tuned flexibility can work synergistically with the surface
morphology to enhance liquid repellency performance, characterised
by impalement and breakup resistance, contact time reduction, and
restitution coefficient increase [106]. An impacting droplet would
excite the substrate to oscillate and impart a vertical momentum
upwards to the droplet with a springboard effect, causing early
droplet to bounce off with reduced contact time (Fig. 7b).

Compared to normal impact, more attention has been given to
oblique impact for practical application [107–111]. A droplet in
oblique impact is subject to a combination of downward motion
along the surface with a tangential impinging velocity of v0sinf
and motion normal to the surface with an impinging velocity of
v0cosf, where v0 is the impact velocity and f is the tilt angle of
the surface. The downward motion promotes the drop to move
downward correspondingly, which makes the scenery different.
At low normal Weber numbers, oblique and normal droplet
impact behaved similarly in terms of maximum drop spread and
rebound dynamics [112]. At large Weber numbers or surface
inclination, asymmetrical spreading and splashing behaviours
occurred. Several studies concerning droplet impact experiments
on the inclined surface showed that the large tilt angle of the
substrate leads to a contact time reduction for a fixed impact
velocity, as exemplified in Fig. 7c. This is explained by the
asymmetric drop deformation during a collision and asymmetric
bouncing mechanism to reduce the contact time [70, 110]. On
another note, oblique bouncing or migration can occur on the
horizontally placed surface but with wetting or thermal gradient
due to the unbalanced interfacial forces created by such
heterogeneous architectures [113–116].

Fig. 7 Droplet impact dynamics on sophisticated surfaces

a During the substrate upward movement on vibrating rigid surfaces, the droplet exhibits pancake bouncing at an amplitude A = 0.9 mm and vibration frequency f= 119 Hz.
b Image sequences of a droplet (D0 = 2.35 mm, We = 389) impacting on a supported and an unsupported butterfly wing.
c High-speed snapshots of droplet impact on moving surfaces. The normal Weber number and droplet’s angle of incidence are 47.5 and 48.3°, respectively.
d Sequential images of droplet impact dynamics on a superhydrophobic mesh
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Many industrial and environmental processes, such as atomisation
and spray generation, involve the impact of droplets on porous
media or a sieve. Droplet impact on superhydrophobic porous
substrates exhibits complete bouncing at small impact velocity,
wherein part of the fluid temporarily impales the media and
reverses back efficiently [66]. Note that, impacting drop penetrates
the surface pore in a localised region with a radius approximately
equivalent to the initial droplet radius [20]. At higher velocity,
however, some daughter droplets were trapped in the substrate
with an increased contact time [117]. Note that, on a simplified
medium such as a superhydrophobic sieve, the representative
modes include pancake bouncing and breaking of ejected-jet,
leading to a contact time reduction, as shown in Fig. 7d [118].
This is because the stored capillary energy in the recoiling
interface is sufficient to lift off the droplet. Moreover, after
part of the droplet penetrates through and pinches off, the
leakage of the droplet volume contributes to the contact time
reduction [119].

3.6 Dynamic wetting transition

One of the most important issues hindering the complete bouncing of
the droplet from structured surfaces is the dynamic Cassie-to-Wenzel
transition (CWT) [66, 120–126], which is characterised by the
breakdown of the global superhydrophobic property. In the Cassie
state, droplets sit on top of the rough texture of a surface which
is filled with trapped air pockets. In this so-called Cassie state,
the droplets can then slip easily over the underlying air/solid
surface. While in the Wenzel state, the drop homogeneously wets
the micro/nanoscale roughness of the surface. Thus, the CWT is
normally accompanied by a significant decrease of the drop
mobility, which is unfavourable for most intended applications of
superhydrophobic surfaces.

The CWT is widely observed and can be easily obtained in several
manners, including droplet squeezing [120], droplet impact [18],
electrowetting [127], or surface vibration [128]. Among them,
the most common one for the CWT on superhydrophobic surfaces
is drop impact. Although the specific mechanism responsible for
the occurrence of CWT is still under debate, the complex picture
can be illustrated by considering the pressure involved in this
process. When the impinging droplet is in contact with the
underlying surface, it is subject to the dynamic pressure expressed
as PD = ρv

2/2 and the capillary pressure PC resisting the
penetration of the droplet [18, 121, 129]. It is widely held that
when the dynamic pressure is larger than the capillary pressure,
the drop is susceptible to the CWT. The water hammer pressure
exemplified in a pipe flow [130, 131], and was recently
demonstrated to play an important role in the wetting transition
[132, 133]. The water hammer pressure is produced at the contact
area with a diameter estimated as dWH=D0v/c and can be
expressed as PWH= kρvc, where D0 is the initial droplet diameter,
c the speed of sound in the droplet, and k the pre-factor
determined by the surface morphology, shape, and velocity of the
droplet [130, 133]. Based on the interplay between PC, PWH, and
PD, droplet hitting textured surfaces can display total wetting,
partial wetting, or the non-wetting state [36, 94, 134–138].
However, it was also reported by Maitra et al. that on a textured
superhydrophobic surface, the compressibility of draining air
caused dimple formation and subsequent pressure rise between the
droplet and the substrate, rather than the water hammer pressure
effect, should be responsible for the observed liquid meniscus
penetration [76].

Except for the pressure balance model, Bhushan and Jung [139]
investigated the CWT conditions by using the droplet curvature
model. In their research, the cylinder-post arrays are arranged in
a quadrilateral shape. They considered a liquid droplet suspended
on superhydrophobic post arrays. If the maximum droplet of
the droplet is sufficiently larger than the height of posts, the
droplet contacts the bottom of the cavities between posts and
then forms a homogeneous interface (microwetting). Recently,
Lee et al. [140] observed the unexpected occurrence of CWT

at the droplet retraction phase. Through numerical simulation,
they proposed that this new type of CWT mode is due to the
buildup of the wetting pressure (PS /

�������
rg/R0

√
v) as a result of

the vertical momentum transfer. Excitingly, structured surfaces
with exquisite morphologies such as mushroom-like reentrant
[141–144], or doubly reentrant structures [145] have been
demonstrated to exhibit superior water repellency, and it is
expected that the unwanted CWT can be largely suppressed on
those surfaces.

4 Droplet dynamics on slippery surfaces with
the liquid/liquid interface

To address the challenges encounter by superhydrophobic surfaces,
including failure under pressure and upon physical damage, inability
to self-healing, Wong et al. first systematically explored the
fabrication of self-healing, slippery liquid-infused porous surface
(s) (SLIPS) inspired by pitcher plants. The chemically inert fluid
was infiltrated and locked in place in a functionalised porous/
textured solid with low surface energy to form a physically
smooth and chemically homogeneous lubricating film on the
surface of the substrate. The fabrication process is shown in the
schematics in Fig. 8a. The SLIPS is shown to be optical
transparent (Fig. 8b) in visible and/or near-infrared wavelengths.
However, superhydrophobic surfaces are impossible to achieve
optical transparency because they require nanostructures with
dimensions under the sub-diffraction limit (<∼100 nm) [146]. The
large difference in the refractive index at the solid-air interface of
these structured surfaces results in significant light scattering that
reduces light transmission. Furthermore, the incompressible
lubricant layer on the surface is capable of repelling various

Fig. 8 SLIPSs

a Schematics showing the fabrication of a SLIPS by infiltrating a porous solid with a
low-surface energy, chemically inert liquid to form a physically smooth and
chemically homogeneous lubricating film on the surface of the substrate,
bOptical images showing enhanced optical transparency of a SLIPS (up) as compared to
significant scattering in the non-infused superhydrophobic nanostructured surface
(down) in the visible light range,
c Time-lapse images showing the capability of a SLIPS to self-heal from physical
damage, 50 mm wide on a timescale of the order of 100 ms,
d–g Schematic illustrations show four possible wetting configurations of a slippery
lubricant-infused textured surface
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liquids, resisting ice adhesion, and even quickly restoring
liquid-repellency after physical damage (Fig. 8c). For a droplet on
a SLIPS, Smith et al. have theoretically derived twelve stable
wetting configurations as a function of the interfacial tensions, the
roughness and the solid fraction and four typical of them are
shown in Figs. 8d–g [147, 148]. A droplet may rest on top of the
lubricant (Figs. 8d and e), and it may sink into the lubricant and
rest on top of the protrusions (Figs. 8f and g).

It is well known that the intimate interaction between impinging
drops and the underlying surface ranges from milliseconds to
tens of milliseconds and understanding the dynamic nature would
be crucial in SLIPS design under droplet impact conditions.
Lee et al. [149] found that the infused oil viscosity had no
significant effects on the maximal spreading radius of the water
drop but the retraction process. Similar to droplet impacting on
superhydrophobic surfaces that the maximal spreading is
determined by the balance between capillarity and inertia, the
overall trend follows this scaling Dmax � D0We1/4 on a SLIPS
(Fig. 9b). Theoretical analysis attributed it to the negligible
viscous dissipation inside the oil layer during the spreading stage
compared to that inside the water droplet. However, the retraction
velocity is slowed down with the increase of the oil viscosity, as
shown in Fig. 9a.

The most counterintuitive characteristic is the superhydrophobic-
like complete bouncing on a SLIPS through the delicate control
of the Weber number, the thickness and viscosity of liquid film
(Fig. 9c). The emergence of such superhydrophobic-like bouncing
at moderate impact velocity directly results from the sustaining of
a robust air layer on the soft and smooth interfaces and its small
energy dissipation. Note that, the restitution coefficient, defined as
the ratio of the droplet velocity after and before impact, decreased
with the increase of the liquid thickness [150]. For a given size of
the drop, the contact time is independent of the impact velocity

in agreement with previous studies on superhydrophobic
surfaces [151].

Except for the direct bouncing-off of impacting droplet, enhancing
the mobility of droplets on a SLIPS is relevant to various
applications, especially in deicing, anti-contaminating and
condensation heat transfer. By composing a lubricating non-
volatile and immiscible film with both aqueous and hydrocarbon
phases to form a stable, slippery interface, the substrate could
repel a variety of polar and non-polar liquids including water,
acids and bases, alkanes, alcohols, and ketones. The high droplet
mobility on a SLIPS is due to the very low contact angle
hysteresis and sliding angles through the contact angle is much
smaller than that on superhydrophobic surfaces. Based on this
idea, different SLIPSs were fabricated [152–157]. Conventional
research showed that the Cassie state had long been associated
with high droplet mobility and the Wenzel state with droplet
pinning. Whereas, both Cassie and Wenzel state droplets can be
highly mobile on lubricant nanotexture-enabled surfaces (Figs. 9d
and e), and the reduced pinning force is attributed to the smooth,
rounded edges of the chemically homogeneous liquid-infused
surface textures and the mobility of the lubricant surface.
In addition, these slippery surfaces exhibit negligible contact
angle hysteresis due to the molecular smoothness and mobility.
The discovery of the slippery Wenzel state may open up new
opportunities for both scientific studies and technological
applications [158].

5 Conclusions and future perspective

In this review, we look at the droplet impacting on solid surfaces and
various outcomes, depending on the surface morphology,
wettability, and specified layout relevant to reality. We emphasised

Fig. 9 Droplet dynamics on SLIPSs

a Temporal evolution of the water droplet radius normalised by the initial droplet radius at We= 45,
b Maximal spreading ratio as a function of the Weber number,
c Superhydrophobic-like bouncing phenomenon on liquid thin film at We = 10,
d A Cassie state droplet on the slippery rough surfaces with a sliding angle 8°,
e A slippery Wenzel state droplet on the slippery rough surface with the sliding angle of 18°
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recent works on slippery surfaces and viewed the endeavours made
to interpret this common but relatively complex process. Due to the
limit time, it is hard for us to make a clear and cohesive description
of this important topic without bypassing other interesting topics
such as numerical models, droplet dynamics at extreme
environmental conditions and their applications. We apologise to
those authors whose work is not duly discussed.

Thanks to the exciting advances in high-speed imaging and
micro/nanotechnology, many new phenomena emerge like
mushrooms after rain, and the mechanisms associated with the
phenomena are also being elucidated. In spite of significant
advances, our understanding of droplet impact dynamics remains
elusive. For example, as discussed, the use of vibration surfaces
can significantly modify the hydrodynamics however, how the
amplitude and vibration frequency affecting spreading and
retraction remains to be answered. For droplet impact on surfaces
in translational motion, our fundamental understanding is still in
its infancy.

Understanding the dynamic interaction of droplets with soft
deformable surfaces via droplet impact experiments is of
importance to evaluate the mutual interaction between droplet
dynamics and surface deformation during an impact event, which
is relevant for a wide variety of applications, from pesticide
delivery to inkjet printing, even in the field of bioscience, for
tissue engineering and cell printing. The deformation of the soft
substrate at the first instant of impingement, the spreading
dynamics and the final state of the droplet is still incompletely
understood.

It is remarkable that owing to the extremely water-repellent
properties, slippery surfaces have exhibited great application
potentials in self-cleaning, dropwise condensation, anti-icing,
antimicrobial, and so on. In spite of those advantages, there are
still several limitations in implementing these materials in
engineering settings. First, the design and fabrication of materials
are complicated by the complex working environments and the
diversity of their applications. Various surfaces with exquisite
structures have been demonstrated in the laboratory; however, real
applications require excellent chemical or mechanical robustness/
stability, and fabrication scalability with low costs. Thus, a wide
spectrum of cheaper, accessible materials and fabrication methods
are needed to translate the lab demonstrations to the market,
which might favour the choice of the simple method without the
use of fancy designs. As discussed, the contact time reduction
possesses great potential in anti-icing application. However, our
understanding of the relation between water-repellence (contact
time reduction) and anti-icing is still limited, which requires both
scientific and technical advances.

Significant progress in our knowledge and understanding of
droplet impact phenomena has been achieved over the years,
benefited by development of new technologies and the rapid
progress in experimental techniques and in theoretical and
numerical tools. Together with our natural curiosity and its
importance both in nature and in industry (in nature, a droplet of
water hollows a stone, splashing produces aerosols, and causes
erosion; in industry, there are spray/wall interactions in coating,
cleaning, cooling, and combustion), droplet impacts on slippery
surfaces will continue to boost with a bright future.
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