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Abstract

Drop interaction with solid surfaces upon impact has been
attracting a growing community of researchers who are
focusing more and more on ‘complex’ surfaces and ‘complex’
drops. Recently, we are observing an emerging research trend
related to the investigation of compound drop impact. Com-
pound drops consist of two or more distinct continuous phases
sharing common interfaces, surrounded by a third phase. Ex-
amples are core—shell and Janus drops. In this review, we
address the fundamental aspects of compound drop impact
and discuss the current challenges related to experimental
testing and numerical simulation of multiphase fluid systems.
Furthermore, we provide a perspective on the technological
relevance of understanding and controlling compound drop
impact, ranging from 3D printing to liquid separation for water
cleaning and oil remediation.
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Introduction

Drop impact on solid surfaces is an attractive area of
study for the complexity of the underpinning physical
phenomena, as well as its relevance to a plethora of
processes [1,2]. The study of drop collision has tradi-
tionally been driven by some classical applications, such
as combustion, pesticide delivery, coating fabrication,
cleaning, and 2D ink-jet printing on paper. In the past
few years, the emergence of some new technologies,
such as advanced cell handling [3] and printing for
biotechnology [4—6], has further pushed for a better
understanding of drop—wall interaction upon impact, as
demonstrated by the impressive number of publications
reporting either experimental, theoretical or numerical
approaches. Performing a simple, but also revealing,
‘Scopus’ query, we found that more than a thousand
papers were related to the term ‘drop impact’ in 2019
only, with a steady and on-going expansion of the field
over the past 15 years (red line in Figure 1a). While most
of the literature has focused on the impact of single-
phase drops, there is recently a clear emerging trend
related to the investigation of compound drops (blue
line in Figure 1a).

Compound drop manipulation is of practical interest for
any miniaturised microfluidic device [7], with impact on
diverse fields, including the food industry and pharma-
ceutics. Controlling the rheology, in-flight solidification,
gelation, and/or curing of drops opens up new possibil-
ities for miniaturised and high-throughput biological
assays or the fabrication of new classes of (bio)materials
[8]. The subject area distribution for publications
related to the keyword ‘compound drop’ is diverse (see
Figure 1b): the majority of the publications is cate-
gorised under the areas of physics, engineering and
chemical engineering. These are also the traditional
subject areas of the wider field of ‘drop impact’ studies.
However, areas such as ‘materials science’ and
‘biochemistry, genetics, and molecular biology’ also have
a relevant share, confirming the strong inter-
disciplinarity and broad interest related to the impact of
compound drops.

It is important to discuss the expression compound drops,
because the definition found in the literature is gener-
ally wide, with loose boundaries [9,10]. The term is
generally used to define drops consisting of two or more
distinct continuous phases sharing common interfaces,
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Overview of compound drop research. (a) and (b): Statistics related to drop impact publications as extracted from Scopus. (a) Number of published
documents from 2006 to 2019, using as research query ALL (‘drop impact’) (red line, left y-scale) and ALL (‘drop impact’ AND ‘compound drop’, blue line,
right y-scale) (query on scopus.com, April 16th, 2020). (b) Documents by subject area. (¢) Schematic of drop impact research area depending on the drop
composition. The core of this review focuses on compound drops where a single interface exists within the drop before impact, e.g. core—shell and Janus
drop configurations. The discussion will also be extended to some examples of multi-interface compound drops.

surrounded by a third phase (e.g. air). The dispersed
phases can be not only fluid but also solid, in case solid
particles are present. Figure 1c presents a schematic
overview of the complete field of ‘complex’ drops,
including drops of complex fluids and drops with in-
clusions. Starting from the top — the simple case of
single-phase Newtonian drops — one can move clock-
wise, increasing the number of inclusions, moving from
single-interface and multi-interface compound drops,
towards dispersed-inclusion drops (e.g. emulsions) and
complex-fluid drops. As the number of inclusions in-
creases, the characteristic size of the inclusions typically
decreases.

Compound drops can assume various geometries,
depending on the interfacial properties of the phases
involved. Some of the simplest geometries are single-
interface compound drops, including core—shell and
Janus drops, or drops with a single solid-particle inclu-
sion. However, the term compound drop has occasion-
ally been wused to describe drops with multiple
inclusions, i.e. multi-interface compound drops. The
earliest document in which we found the term describes
the experimental observations by Darling in 1913 [11] of

‘liquid spheres enclosed in a skin of another liquid’ and
‘mixed vapour and liquid drops’, followed by a patent
related to capsule preparation for pharmaceutical ap-
plications [12]. There is no well-defined boundary be-
tween an emulsion, with a high number of dispersed
drops, typically in the range 10 nm—100 pm, and a
compound drop with a single inclusion or a limited
number of dispersed inclusions, for which length scales
of the dispersed drops and the compound drop are
comparable.

In this article, we discuss the particularities of com-
pound drop impact studies. The article is structured as
follows: in Section From single-phase to compound
drops, we illustrate how the relevant phenomena
observed in single-phase drops, such as spreading,
splashing, recoil, jetting and rebound, may be observed
in compound drops, highlighting the peculiarities and
novel mechanisms associated to the latter. In this sec-
tion, we will specifically address the drop generation of
different types of compound drops, which is a critical
issue in experimental studies, and then focus on the
physical phenomena resulting from compound drop
impacts. In Section From current challenges to future
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applications, we provide a perspective on the future.
We address major challenges, especially from the nu-
merical point of view, and highlight the application
fields of compound drops. Finally, we discuss future
directions for research and technology development to
improve our physical understanding and to use this
knowledge to engineer new materials, processes, and
systems.

From single-phase to compound drops
Single-interface compound drop configurations

Many studies on compound drops have focused on
two-phase drops. In addition to the two phases of the
drop, a third phase is present, namely the medium in
which the drop is located (e.g. air). From a heuristic
point of view, it makes sense to focus on two-phase
systems first, before investigating more complex sys-
tems. This approach keeps the number of experi-
mental or numerical parameters as low as possible and
allows for a more direct comparison with the vast
literature on single-phase drops. The simplest geom-
etries one can think of are core—shell and Janus con-
figurations (see Figure 2). These are single-interface
compounds drops, as they both possess a single
fluid—fluid interface (not counting the interface with
the surrounding medium).

Figure 2

Impact of compound drops: a perspective Blanken et al. 3

The thermodynamic stability of the core—shell config-
uration is ruled by the constraint Gy, + 023 < 013 [13].
Here, 0j; denotes interfacial tension, and the phases are
numbered from inside to outside, as in Figure 2a. In this
review, we only consider studies in which the outer
medium (phase 3) is air. Water-in-silicone-oil is an
example of a configuration that is thermodynamically
stable [14]. Thermodynamically unstable configurations
can be stabilised by surfactants [15], as in soap bubbles
and emulsions. Liquid viscosity can also contribute to
stability as it slows down the thinning of the liquid shell
[16], as in the case of gas-in-liquid drops, which will be
specifically addressed in Section Compound drops with
a gas bubble or a single solid particle.

In addition to thermodynamic stability, one has to
consider the stability of the relative position of the core
phase with respect to the shell phase. We refer to this
specifically as mechanical stability. Blanken et al. [14]
have shown that only a minor difference in liquid den-
sity can have a major effect on the mechanical stability
of the compound drop. If the core phase has a higher
density than the shell phase, the core tends to accel-
erate downwards with respect to its surrounding shell
when the compound drop falls through air. Similarly, a
less dense core tends to move upwards. As will be
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Two-phase compound drop configurations with thermodynamic and mechanical stability conditions, example configurations, and generation methods.
(a) Core-shell configurations. Water-in-oil drop as described in Ref. [14]. Gas-in-liquid drop as described in Ref. [16]. (b) Janus configurations. Glycerin-
water drop as described in Ref. [17]. (c) Drop generation methods, ordered from left to right, from in-needle methods to in-air methods. Chip-based
microfluidics with an inner flow and an outer co-flow [15]. Coaxial generation of drops [14]. Injection of a core drop into a pendant drop by a micropipette
[14]. Coalescence of two components due to needle proximity [17]. In-air microfluidics: compound drop generation with two colliding microscale jets [18].
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described below, drop geometry can crucially affect drop
impact phenomena. Further discussions on the stability
of general compound drops can be found in the reviews
by Johnson and Sadhal [10] or Gresho [19].

Besides the outer radius and the relative core position, a
core—shell compound drop is often characterised by a
volume ratio . Different definitions of o exist in the
literature [14,20,21]. Here we use the more common
definition o = Q.ye/Qror, Where Qeore is the volume of
the core and Q,, is the total volume of the compound
drop.

If neither of the two liquids wets the other, a triple
contact line will exist between the two liquids and the
surrounding air, and both drop components will be
exposed to the air. Thermodynamically, this configura-
tion is stable if both oy, 4+ 03 > 013 and
012 + O13 > O3, which can be written more succinctly
as 012 > |013 - 23] This configuration was termed Janus
drop (see Figure 2b), in analogy with colloidal Janus
particles [22], named after the two-faced Roman god.
Although thermodynamically stable liquid Janus drops
have been realised in a host liquid [23], the impact of
thermodynamically stable fluid Janus drops in air has not
been reported in the literature. Nevertheless, Yu et al.
[17] have realised a quasi-stable Janus drop in air
consisting of miscible liquids. Due to the high viscosity
of one of the components, the diffusion length during
the drop impact duration remains small compared to the
size of the drop, and the drop behaves as a two-
component system.

The generation method of a liquid—liquid compound
drop is crucial for the post-impact dynamics, as will be
detailed below. Different generation methods, sche-
matically presented in Figure 2c, result in varying drop
geometries, specifically affecting the vertical position of
the core with respect to the shell.

Zhang et al. [15] used a microfluidic device to produce
the core drop in the outer liquid before dispensing the
compound drop at a simple nozzle. They also used a
denser inner liquid, resulting in the settling of the core
drop at the bottom of the compound drop during its
formation at the nozzle.

Axisymmetric core—shell configurations can also be
produced with a coaxial needle [14]. A coaxial needle
consists of an inner and an outer needle, through which
liquids are independently dispensed from two separate
inlets, resulting in the formation of compound drops.
When such a system is used, the core is initially located
at the top of the shell after pinch-off, see Figure 2c.
Drop generation with a coaxial needle allows both for
continuous dispensing and for drop-on-demand.
Blanken et al. [14] also presented a method that po-
sitions the denser core drop at the bottom of the shell.

In this method, the tip of a tilted glass micropipette
was inserted into a pendant drop, and the core liquid
was injected. The pipette was subsequently retracted,
shedding off the core, which would settle down on the
bottom of the shell due to gravity. By infusing more
shell material, pinch-off of the compound drop was
induced.

Liu and Tran [21] produced water-in-oil drops with a
relatively thin oil shell. They used two needles in close
proximity, one dispensing water and the other
dispensing oil. The two needles were brought closer
together until the two pendant drops touched each
other, resulting in the rapid engulfment of the bigger
water drop by oil. The resulting compound drop would
subsequently pinch off due to its weight. In a similar
way, Terwagne et al. [24—26] also used two separate
syringes to produce a water-in-oil drop. However, they
used an intermediate wire to suspend the drops, let
them merge and finally fall under gravity.

Yu et al. [17] used a similar two-needle method to
produce Janus drops, see Figure 2¢c. However, the similar
surface tensions of the two liquids and the high viscosity
of one of them prevented the formation of a core—shell
configuration.

Visser et al. [18] presented an in-air method for pro-
ducing microscale compound drops. Two separate noz-
zles produced two streams of liquid that collided in-air.
One nozzle was mounted on a piezo-electric driver,
resulting in the break-up of one of the jets into a train of
monodisperse drops. A compound drop was formed by
Marangoni-driven encapsulation of these drops by the
intact stream of liquid. They have shown that in-air
microfluidics allows for the production of micro-
emulsions, microsuspensions, and 3D (bio)materials,
with a throughput that is typically two orders of
magnitude higher than chip-based microfluidic
methods. A similar system relying on piezo-electric
actuation driven rupture of liquid jets to generate
compound drops was originally developed by Chiu and
Lin [27] with two coaxial liquid jets.

Spreading, splashing, and rebound of core—shell
drops

The impact of a core—shell compound drop on a solid
surface shows strong similarities with single-phase
drop impact, although there are some notable differ-
ences. One of the first attempts to systematically
explore the behaviour of core—shell drops impacting
on a dry, isothermal surface was carried out by Chen
et al. [28], who investigated water-in-oil compound
drops. They observed splashing and rebound behav-
iour, phenomena that are known from single-phase
studies [1,29]. 'These observations were later
confirmed by others [14,21].
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Recently, the spreading and splashing dynamics of an
impacting compound drop (water-in-oil) was the subject
of two experimental studies by Liu and Tran [21,30].
These dynamical behaviours exist in two separate re-
gimes, characterised by both the Weber number and the
volume ratio a. The Weber number of a compound drop
was defined as: We = [ap, + (1 — @)p,]DoV? /00,
where the subscripts w and o denote water and oil,
respectively. For py = p, or & = 0 (pure oil), this
equation simplifies to the conventional definition of the
Weber number. Note that, differently from the original
publications, we use the more common definition of o
that was given in the previous section. In Ref. [21], the
authors show that for thin-shell configurations
(approximately o > 0.8), the transition to splashing
happens at decreasingly lower We for increasing shell
thickness (i.e., decreasing o). This transition seems to
converge to We = 200 for a. < 0.8. Although their article
only provides data in the range 0.71 < o < 0.98, the data
in Ref. [14] suggest that the threshold Weber number
remains constant down to o = 0. Therefore, for thick-
shell compound drops (& < 0.8), the transition to
splashing appears to be similar to the case of a single-
phase oil drop, where the core is absent. The splash-
ing dynamics was further characterised in the following
study by Liu and Tran [30] in the range 0.91 < o < 0.99.
They proposed a model for the ejection time and ve-
locity of the lamella, based on the model for a single-
phase drop [31].

Moreover, Liu and Tran [21] observed, different from
single-phase drop impact, the emergence of two la-
mellas in the spreading regime: the first spreading
lamella consisted of oil (shell material), and the second
lamella of water (core material). This second lamella
gives a second push to the spreading drop and can be

Figure 3

Impact of compound drops: a perspective Blanken et al. 5

observed as a ‘shoulder’ in the spreading factor, 3, as a
function of time, see Figure 3a. The time #, at which this
shoulder occurs was found to depend strongly on the
volume ratio o.

In the same work, Liu and Tran [21] further studied the
maximal spreading factor B, = Dmax/Do, a characteri-
sation parameter that has been intensively investigated
in single-phase drop impact and is relevant for practical
applications such as inkjet printing [1,32]. Liu and Tran
[21] experimentally showed that the maximum
spreading ratio of the compound drops can be expressed
as B, « We28f () for 0.71 < o < 0.98, determining the
exponent value by the least-squares fitting method. For
a constant value of o, this resembles the scaling law
B < Wef, observed for single-phase drops in the capil-
lary regime, where values of 4 in the range
0.25 < # < 0.4 are typically reported [33]. Such scaling
laws were explained recently as a crossover between a
capillary regime, where B, cWe!'/2, and a viscous
regime, where B, «Re!'/5 [1,34—36], with later studies
improving this model or identifying its limitations [37—
43]. Liu and Tran [21] found that f(a) is minimum for
o = 0.85, which suggests a method for controlling the
spreading by varying the volumetric ratio.

The numerical study by Liu et al.[20] explored the
maximal spreading of a compound drop impacting on a
hydrophobic substrate, varying the interfacial tension
between the inner and outer liquids as an additional
parameter. They focused on thicker shells, with a range
of volume ratios @ from 0 to 0.73. They considered both
liquids in the drop to have the same density and vis-
cosity, with concentric inner and outer interfaces, and a
fixed Reynolds number of 1000. They identified a crit-
ical volume ratio, 0, below which the inner drop does

1.8
Q1.2
0.6

0.0
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Spreading behaviour of compound drops. (a) Spreading dynamics of a water-in-oil compound drop impacting on a solid surface at We = 176, illustrating
the formation of two lamellas. Reprinted from Ref. [21], with permission from AIP Publishing. (b) Numerical simulations showing the evolution of the
spreading dynamics of a compound drop when increasing the volume ratio o. Reprinted from Ref. [20] with permission from Cambridge University Press.
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not enter the rim, a phenomenon called ‘jammed
spreading’. For o > a, the inner liquid drop follows the
motion of the outer liquid and enters the rim, called
‘joint rim formation’ (see Figure 3b). They showed that
. only depends on the interfacial tension between the
two drop liquids, and not on the Weber number. Based
on these observations, they extended the theoretical
model of maximum spreading from pure drops to com-
pound drops [34,35,37], using a modified Weber number
We*. In the regime of joint rim formation(a > 0..), the
modified Weber number We* uses the sum of the
interfacial tensions of the two interfaces (core—shell oy,
and shell-air 0,3, following Figure 2a), instead of only
the surface tension of the shell 6,3, but does not depend
on the volume ratio o. In contrast, in the regime of
jammed spreading, the modified Weber number de-
creases linearly with a between the two limits of a pure
drop (o0 = 0, We* = We = plDOVZ/ng,) and the regime
of joint rim formation (o >a.., We* =We/(1 + v), with y
the ratio of surface tensions vy o12/023). Further
experiments and simulations will be needed to expand

the model to include the effects of different densities
and viscosities of the liquids in the drop, as well as the
wetting properties or relative position of the core in the
shell.

The spreading phase of an impacting drop is generally
followed by a recoil phase, which can result in drop
rebound. A detailed investigation of the rebound
behaviour of core—shell drops was recently performed
by Blanken et al.[14], who studied the impact of water
encapsulated by a low-viscosity (5 ¢St) silicone oil. Most
notably, rebound of the water core was observed on both
hydrophilic and hydrophobic surfaces (see Figure 4a—c).
With single-phase drops, drop rebound is typically only
observed on hydrophobic and superhydrophobic sur-
faces. Blanken et al. [14] attributed the rebound
behaviour to the presence of a thin lubricating oil film.
Similarities can thus be drawn with impact on lubricated
surfaces, such as slippery liquid-infused porous surfaces
(SLIPS) or liquid infused surfaces (LLIS) [44—46]. In
both cases, drop rebound is promoted by a high receding
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Impact of a water-in-oil drop on a solid surface. (a) High-speed colour imaging of an impact event, water dyed green. (b) Schematic overview of the series
of impact phenomena upon impact, including spreading, splashing, recoil, oil jetting, and core rebound. (¢) Rupture of the lubricating oil film, bottom view
imaging during impact. The contrast is caused by the different reflectivities of the liquids. (d) Lubricating-film stability diagram of sessile drops on a

lubricated surface. Panels (a)—(c) adapted from Ref. [14], under the American Association for the Advancement of Science’s license to publish, CC BY.

Panel (d) reprinted from Ref. [48] with permission from Springer Nature.
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contact angle, which needs to be higher than 100° for
millimetric water drops for rebound to occur [47]. The
main difference between water-in-oil compound drop
impact and water drop impact on SLIPS/LIS is that a
compound drop provides the lubricating layer itself,
whereas on SLIPS/LIS the lubricant is already present
on the solid surface before impact. Moreover, the
rebounding water core remains wetted by the oil
throughout the impact event, in accordance with the
thermodynamic condition Guy + Gy < Oy,

Blanken et al. [14] have shown that core rebound no
longer occurs for impacts above a critical impact height.
Combined side view and bottom view reflection images
(see Figure 4c) provide evidence that this rebound
suppression is related to the rupture of the lubricating
oil layer. Once the lubricating layer ruptures, the core
directly contacts the solid surface. The motion of the
resulting contact line over the hydrophilic surface
strongly inhibits the recoil of the core, and core rebound
is absent. 'To further highlight the critical role of the
lubricating oil layer, impact experiments were also
performed on hydrophobic surfaces. On both hydro-
philic and hydrophobic surfaces, rupture occurs above a
critical impact height. Below this height, no difference
in rebound behaviour was observed. However, once the
lubricating film ruptures, the rebound strongly depends
on the wetting properties of the substrate. As suggested
by water drop impact on SLIPS, oil viscosity may play an
important role since the impacting drop can more easily
displace the oil layer at low viscosity [49].

An important aspect of understanding the rupture of the
lubricating oil layer is the thermodynamic stability of
the film. Daniel et al.[48] studied the stability condi-
tions for a lubricating film sandwiched between a flat
surface and a sessile drop. The stability of the oil film
was found to depend both on the spreading constant,
S = 013 — (0)p + Ops), and the Hamaker constant, 4, as
illustrated in Figure 4d. Here, Gy, Ojo, and O, are the
liquid/solid, liquid/oil, and oil/solid interfacial tensions
respectively. For negative spreading constants, the
lubricating film was shown to be unstable, regardless of
A. If =30 < § < 0, the oil film forms small pockets. If
§ < — 30, the oil film is completely expelled. Similar
rupture behaviour was observed in the impact experi-
ments by Blanken et al.[14]. For impacts above a critical
threshold, on hydrophilic surfaces (§ = —74 mN/m),
water-solid contact starts as small holes in the thin oil
film. These holes grow rapidly over time, as visualised in
Figure 4c. On hydrophobic surfaces, the oil film may also
rupture at high impact velocity. However, the water-
solid contact area remains limited.

Although the oil film between the water core and the
solid surface is thermodynamically unstable, it stays
intact during an impact event, allowing the core to
rebound, provided the impact velocity does not exceed a

Impact of compound drops: a perspective Blanken et al. 7

critical value. This temporary stability can be attributed
to the lubrication pressure under the core. This pressure
is due to the squeezing of the oil film upon impact. The
phenomenon is reminiscent of the cushioning air film
under a drop on a hot plate (Leidenfrost effect) [50] or
under an impacting single-phase drop. De Ruiter et al.
[51] have shown that a single-phase drop can bounce on
a dry solid surface, independent of the surface wetta-
bility, due to the presence of a cushioning air film [52].
Only above a critical impact velocity, the air film is
compressed to a critical thickness of approximately
200 nm,resulting in wetting of the solid surface and
preventing rebound of the drop. This analogy with
single-phase drops could provide more insight into the
rebound of compound drops.

In addition to a comparison between impact on hydro-
philic and hydrophobic surfaces, Blanken et al.[14]
investigated the effect of compound drop geometry on
film rupture and rebound behaviour. Drops were
generated both with a coaxial needle, which positions
the core drop at the top, and through injection with a
micropipette, which positions the core drop at the
bottom of the compound drop, as was detailed in Sec-
tion Single-interface compound drop configurations and
Figure 2c. It was found that drop production with the
coaxial method strongly increases the critical impact
height of core-substrate contact, and thus promotes
rebound. To understand why, one has to consider the
compound drop during the fall. The water core is
sli§htly denser (998 kg/m3) than the oil drop (913 kg/
m~). Moreover, the compound drop is not in free fall due
to air drag. Therefore, the core drop experiences a
downward acceleration relative to the shell. Blanken
et al.[14] set up a simple force balance to compute the
time the core takes to traverse the compound drop from
the top to the bottom while the compound drop is
falling through air. This time was computed as a func-
tion of the water-to-total volume ratio o and translated
to the impact height of the compound drop. This
theoretical impact height closely matches the experi-
mentally observed core-substrate contact threshold
height. This result emphasises that the oil film under
the impacting core only ruptures when it is sufficiently
thin and stresses the importance of compound drop
geometry on drop impact behaviour.

Liquid marbles can be regarded as a more complex
example of the core—shell configuration [53]. Liquid
marbles are non-sticking drops encapsulated in a shell of
colloidal particles which adsorb to the liquid—air inter-
face. As such, they demonstrate elastic properties and
the particles may prevent drop coalescence upon impact
or externally applied pressure. Two recent studies have
addressed the physics of liquid marble impact on solid
surfaces [54,55]. Supakar et al. [54] investigated the
maximum spreading, identifying a trend By, cWel/3.
This trend is in line with single-phase drop impacts in
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the capillary regime, which was discussed above. Addi-
tionally, in Ref. [54] it was found that the maximum
spreading exhibits no dependence on the particle size or
packing structure in the particle shell.

Tenjimbayashi et al. [55] addressed liquid marbles
impacting on superhydrophobic surfaces. They showed
that surface superhydrophobicity can improve the liquid
marble stability. On a hydrophilic surface, recoil and
rebound after impact may be hindered if the liquid
touches the solid substrate, whereas, on a super-
hydrophobic surface, rebound still occurs thanks to the
Cassie-Baxter wetting. Finally, the impact of composite
liquid marbles has been investigated recently by Roy
et al. [56], where a water drop was coated by a thin
silicone oil layer containing hydrophobic colloidal par-
ticles. They demonstrated that such composite liquid
marbles show stronger resistance to coalescence
compared to classical liquid marbles and exhibit a lower
restitution coefficient after impact.

Non-axisymmetric splashing of Janus and multi-
interface compound drops

As was discussed above, experiments on the impact of
core—shell compound drops suggest that the splashing

Figure 5

behaviour of such a drop is similar to the splashing of a
single-phase drop consisting of shell liquid. Only for
thin-shell compound drops, the splashing seems to be
significantly altered. In this section, we focus on the
non-axisymmetric impact of millimetric Janus drops. Yu
et al. [17] have demonstrated unexpected splashing
behaviour for such drops on superamphiphobic surfaces.
The one half of such a drop contains a viscous water-
glycerin mixture, whereas the other half contains only
water. As previously discussed, the two phases remain
temporarily distinct despite being miscible since the
diffusion length during an impact experiment is
considerably smaller than the drop radius. Yu et al. [17]
studied the impact configuration in which the interface
between the two components is perpendicular to the
solid surface (see Figure 5). They found that by
attaching a high-viscosity component (glycerin-water)
to a low-viscosity component (water), the spreading and
splashing of the low-viscosity component was signifi-
cantly promoted. Conversely, the spreading of the high-
viscosity component was inhibited. This behaviour is
strikingly different from our intuitive understanding of
single-phase drops, for which increasing the viscosity
results in reduced splashing due to viscous dissipation

[32].
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Impact of a Janus drop on a superamphiphobic surface. (a) Top view, the glycerin-water mixture is blue, and the water part is red, impact velocity of 2.2 m/
s. (b) Schematic side view, illustrating the deformation of the interface between the two components. (c¢) Side view of an impacting Janus drop. The inset
shows the deformation of the interface and the hypothesised velocity profile along the blue section. (d) Schematic of the flow field upon impact.
Compilation of figures reprinted from Ref. [17], licensed under a Creative Commons license, CC BY.
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Yu et al. [17] quantitively characterised the spreading
and splashing behaviour of Janus drop impacts. Firstly,
they investigated the splashing threshold of the water
component (the minimum impact velocity for which
daughter drops detach from the spreading rim): it was
found that the splashing threshold decreased for an
increasing viscosity of the glycerin mixture. Secondly, by
studying the spreading radius of the drop over time, it
was found that an increased viscosity of the mixture
resulted in a decreased spreading rate of the viscous
half. However, the spreading rate of the non-viscous half
was increased. Lastly, the Rayleigh-Taylor instability of
the rim was characterised by counting the number of
corrugations. This instability is observed on the onset of
splashing and becomes stronger for higher impact ve-
locities. It was found that the number of corrugations
per arc length on the rim of the water component not
only increased with increasing impact velocity, as is also
the case for single-phase drops, but also with increasing
viscosity of the glycerin mixture. In summary, these
observations all indicate that increasing the viscosity of
the high-viscosity part promotes spreading and splashing
of the low-viscosity part.

The authors proposed a theory to account for this
behaviour by considering the shear forces on the inter-
face between the two halves of the drop upon impact.
Due to viscous dissipation, the flow inside the high-
viscosity half is decelerated more abruptly than the
flow inside the low-viscosity half, as depicted in
Figure 5d. The shear on the interface is F/A ~ po/L,
where v is the impact velocity, [ is the viscosity of the
glycerin mixture, and L is the offset distance over which
the vertical flow velocity steeply changes. The higher
velocity of the glycerin mixture near the interface guides
the flow towards the water half, deforming the interface,
displacing the stagnation point of flow towards the
glycerin mixture, and boosting the ejection of the water
lamella. The authors show that the offset distance L
increases linearly with the viscosity I, resulting in a
stronger deformation of the interface, and therefore
promoting splashing. In addition to showing this defor-
mation experimentally, they demonstrated it with a
volume of fluid method numerical simulation. We note
an alternative theory: Gordillo, Sun and Cheng [57] have
recently demonstrated that the force produced below an
impacting drop scales as 1/v/Re, which would produce a
pressure gradient below the impacting drop from the
high-viscosity part to the low-viscosity part. This mech-
anism could also explain the deformations of the viscous
part into the low viscosity part near the solid surface.
Further studies quantifying the shear force at the liquid—
liquid interface and the pressure distribution on the solid
surface are needed to understand these deformations. In
conclusion, the work by Yu et al. [17] sheds new light on
the phenomenon of splashing, and the authors have
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presented an intuitive model to explain their observa-
tions. Nevertheless, we believe this model requires
better verification. The authors envision that their work
will be useful for applications where controlled splash is
desirable, such as ink-jet printing [58], pesticide depo-
sition [59], and spray cooling process [60].

The axial symmetry is also broken in a multi-interface
compound drop: Zhang et al. [15] discovered fine
radial jets which are produced when adding denser
droplets inside a compound drop. By including multiple
denser inner droplets (perfluorohexane) into drops of
water-glycerine mixtures, fine radial jets were produced
due to a flow-focusing mechanism below the inner
droplets during the early phase of impact. A jet can be
produced by an inner droplet only if it is located suffi-
ciently far away from the axis of symmetry. Therefore,
the axisymmetric configuration, where the compound
drop only contains one inner droplet, does not produce
such a radial jet. In addition, it was demonstrated that
the size of the dimple formed by the inner droplet close
to the impact point, plays a critical role in the focusing
mechanism: in particular, the dimple diameter controls
the width of the jet, and the dimple height controls the
focusing effect. The dimple formation was explained
with a force balance at the nozzle before releasing the
compound drop, between the relative weight of the
heavier inner droplet and the capillary pressure of the
outer interface. The dimple diameter therefore de-
creases with the density difference between the inner
and outer liquids. This density difference was reduced
experimentally by adding salt in the outer phase. It was
demonstrated that a lower density difference, and
therefore a smaller dimple diameter, could suppress the
radial jet formation, confirming the role of the dimple to
focus the drop liquid in the jets.

Compound drops with a gas bubble or a single solid
particle

In addition to liquid—liquid systems, gas-in-liquid drops
are another interesting system, both from a fundamental
perspective and for the potential as an additive
manufacturing technique of lightweight porous mate-
rials and thermal barrier coatings. Recent studies have
explored different methods to generate gas-in-liquid
compound drops and their impact dynamics
[16,61,62]. In this section, we first discuss the physics of
gas-in-liquid compound drops, whereas material fabri-
cation and possible applications are discussed in Section
Applications.

The earliest work on gas-in-liquid compound-drop im-
pacts was driven by applications in thermal barrier
coatings, where hollow particles were demonstrated to
improve the deposited coating properties [63]. In
another study, the same group demonstrated that a
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counter-jet can form during the impact of the compound
drop on a solid surface [61] (see Figure 6a).

The presence of surfactants can help stabilise this
fundamentally unstable geometry. Soap bubbles repre-
sent a particular example of a compound drop, with a
thin liquid film surrounding air. Some studies have
investigated the coalescence dynamics of soap bubbles

[64—67], but their impact dynamics still needs
investigation.
Zhu et al. [16] have developed a drop-on-demand

system to produce air-in-liquid compound drops
without additional surfactant to stabilise the inner
bubble. The air bubble was injected into the drop by a
short pressure pulse of air through the inner needle of a
coaxial needle. The size of the bubble in the resulting
compound drop was controlled through the injection
pressure of the gas. The authors demonstrated that the
deposition of such air-in-liquid compound drops can be
hindered by bubble bursting, either before impact, due

Figure 6

to air drag resistance, or during impact, due to the rapid
deceleration of the compound drop experienced at the
surface. They demonstrated that the stability of the
bubble in the drop is increased when using a higher
viscosity liquid in the shell of the compound drop.
Bursting can lead to the emergence of high-velocity
vertical jets on top of the drop, either in-flight (see
Figure 6b), or during impact. If the air-in-liquid com-
pound drop impacts onto the surface of a pool, the
impact can insert the intact bubble into the pool, or split
it vertically, leaving two smaller bubbles inside the pool.

Visser et al. [62] have recently presented a new method,
referred to as ‘direct bubble writing’, for the fabrication
of polymer foams with configurable bubble size and
distribution, density and connectivity (open- or closed-
cell structure). Direct bubble writing is based on the
rapid generation and patterning of liquid shell—gas core
(i.e. gas-in-liquid) drops, produced using a core—shell
nozzle (coaxial needle). The liquid was a water-based
suspension ink consisting of a polyethylene glycol-
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Impact physics and applications of compound drops containing a gas bubble. (a) Impact of an air-in-liquid compound drop on a solid surface and the
formation of a vertical counter-jet. Reprinted from Ref. [61] with permission from Springer Nature. (b) Bursting of an air-in-liquid compound drop before
impact, generating a fast vertical jet [16]. Images courtesy of Sigi Zhu. (c)—(d): Gas-in-liquid drops used for direct bubble writing [62]. (c) Open-cell
polymer foams formed by printing air-filled bubbles. (d) Closed-cell solids formed by printing nitrogen-filled bubbles, resulting in the polymerisation of the
intact cell walls. Panel (c)—(d) reprinted from Ref. [62], with permission from John Wiley and Sons.
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diacrylate, a photoinitiator to promote polymerisation
after printing, and a surfactant. The ejection behaviour
outside the nozzle was primarily determined by two
parameters: the liquid flow rate and the gas injection
pressure, Pg. In particular, controlled ejection of a
bubble train can be achieved by satisfying two condi-
tions. The first condition is on the Weber number:
We > 4, to achieve jetting of the liquid. Below this
Weber number, dripping is observed. The second con-
dition is on the gas pressure, which has to overcome a
total pressure, P = P+ P+ Ps. The three partial
contributions are the hydrodynamic pressure, P, the
pressure loss in the nozzle, P, due to viscous effects,
and the Laplace pressure, P;. The condition Py >
0.8 Por was found to promote train ejection, with the
possibility to tune the drop size distribution, from
monodisperse bubbles for lower pressures (2.1 < Py <
2.6 kPa, for the investigated system), to bidisperse
bubbles for 2.8 < P, < 3.4 kPa. UV light was used to
promote polymerisation after impact on the substrate.
The final connectivity of the foam could be controlled
by changing the gas: the presence of oxygen in air in-
hibits polymerisation, promoting rupture of the liquid
cell wall and eventually leading to an open cell structure
(see Figure 6c). Conversely, the use of an oxygen-
deficient gas, such as nitrogen, promotes polymerisa-
tion and thus the formation of a closed-cell structure
(see Figure 6d).

In a following study, Amato et al. [68] improved the
‘direct bubble writing’ method by replacing the water-
based suspension inks by solvent-free and surfactant-
free thiol-ene-based inks. While the water-based inks
required surfactants to prevent the rupture of the
bubbles before reaching the target surface, the higher
viscosity thiol-ene-based inks took advantage of the
stabilising effect of the liquid viscosity to prevent the
bursting of the bubbles, as previously reported by Zhu
et al. [16].

Gas-in-liquid compound drops, which contain a low-
density inclusion, contrast with compound drops
formed by a liquid drop containing a solid particle. If the
particle is located at the bottom of the drop, the particle
first hits the solid surface. Its rebound can then produce
a vertical jet, which is strongly affected by the wetting
properties of the particle [69]. If the particle is
completely covered by the liquid, the presence of the
particle can affect the splashing and spreading of the
liquid [70—72].

From current challenges to future
applications

Numerical simulations

Numerical simulations have become an important tool
for investigating drop impact physics. Simulations
allow for precise control of the impact conditions and
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give full access to the flow dynamics that may be
challenging to measure experimentally. However, they
are limited by the resolution of the numerical
methods and are still not capable of capturing some
of the complex three-dimensional multiscale physics
involved in drop impact. Most numerical studies on
drop impact have focused on the dynamics of single-
phase drops. This apparently simple problem already
combines two important challenges: the air-liquid
interface and the three-phase contact line [73].
Various numerical methods have been developed to
capture the dynamics of the interface, including
Volume of Fluid, Level Set or Lattice Boltzmann
Methods. Interface reconnection events, observed for
example in air entrapment or splashing, are especially
challenging for sharp interface methods. The inter-
face dynamics create vorticity in a thin layer around
the curved interfaces, which is also challenging to
capture with numerical methods.

On top of these, numerical studies on compound drops
present further challenges with the modelling of the
additional phases in the drop, either gas, solid or liquid.
When a gas inside an encapsulated bubble differs from
the ambient gas, its rupture at the surface of the com-
pound drop requires modelling of mixing and diffusion
of gases with different properties. When a second liquid
phase is present in the drop, it can form triple lines
between fluids. Also, in case the triple lines reach the
solid substrate, points where four different phases meet
may form. Finally, the presence of a solid phase in the
drop requires to model a moving solid together with the
interfacial flow and the solid—solid interactions in the
case of impact. Although each of these problems has
been addressed separately in different numerical
methods, only a few studies have combined them to
study the dynamics of ternary fluids with moving con-
tact lines [74]. The challenges mentioned above explain
why only a very limited number of numerical studies
have addressed the problem of compound drop impact
[20,75]. The fast development of studies on compound
drop impact will likely trigger further developments in
the necessary numerical methods.

Applications

Compound drops may soon have an impact on practical
applications: here we present some examples of recent
applied research in the fields of bulk materials, efficient
liquid separation, and drop-based reactors, built on the
most recent scientific advances.

Concerning 3D printing, we introduced the ‘direct
bubble writing’ method and the physics behind it in
Section Compound drops with a gas bubble or a single
solid particle. We saw that the selection of the gas (air,
including oxygen, vs. nitrogen) affects the polymerisa-
tion, leading to a closed- or open-cell structure.

www.sciencedirect.com

Current Opinion in Colloid & Interface Science 2021, 51:101389


www.sciencedirect.com/science/journal/13590294

12 Wetting and spreading

Figure 7a—d illustrates an example of a large-scale 3D
honeycomb structure, printed by the direct bubble
writing method. The cell structure can have a signifi-
cant impact on the bulk material properties, as high-
lighted in Figure 7e, where the Young’s modulus of
closed and open-cell structures is presented as a
function of the foam relative density £ = f(p/py),
where py denotes bulk density. Let £ denote the bulk
Young’s modulus. According to Ref. [77], for highly
porous materials (relative density p,o; = p/ po < 0.1),
one expects a power law trend in the form £ =

Eo(p/py)”. For foams in which bending dominates the
deformation behaviour, » = 2, while for foams in
which deformation occurs by stretching, » = 1 [78]. As
such, a value » = 2 was expected for open-cell solids
and 1 <7z < 2 for closed-cell solids with increasingly

Figure 7

thin walls [62], with a caveat that foams were produced
with a relative density p/pg > 0.1. In fact, as can be
seen in Figure 7e, higher values for the exponent were
found in Ref. [62], i.e. z=4 for open-cell and #=2 for
closed-cells polymer foams. On the one hand, these
results confirm that closed-cell structures are less
sensitive to density variations, with walls providing
good resistance to stress. Indeed, at any given density,
the absolute value of the Young’s modulus for closed-
cell foams is higher than the one for open-cell foams:
Eclosed—cell > Eopen—cell- On the other hand, it shows
that for open cells, where the load is borne by struts, a
decrease in density significantly deteriorates the
Young’s modulus. This trend can be advantageous to
tune stiffness by several orders of magnitudes over a
moderate density range (typically 0.1 < p/py < 1).
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Examples of compound drop applications: (a)—(e) Large-scale 3D honeycomb structure printed by the direct bubble writing method [62]. (c) View of the
star-shaped strut connections, with (d) detail highlighting the small-scale cell architecture. Scale bars: (a) 50 mm, (¢) 5 mm, (d) 0.5 mm. (e) Young’s
modulus as a function of the relative density for open- and closed-cell polymer foams. (f)—(g) Single-phase and compound drop impact on porous
nanocellulose foams [76]. (f) High-speed image sequence of a water drop impacting on and rebounding from CNF foams. Impact conditions: drop
diameter D = 2.71 mm, impact velocity V = 0.4 m/s. (g) High-speed image sequence of a compound water-in-oil (dodecane) drop impacting on CNF
foams. Impact conditions: drop diameter D = 2.65 mm, impact velocity V = 1.0 m/s, and water-to-oil ratio ¢. = 0.3. Water is blue-stained to improve contrast.
Corresponding time for each frame is indicated. Figures (a)—(e) reprinted from Ref. [62], with permission from John Wiley and Sons. Compilation of
figures (f and g) reprinted from Ref. [76], licensed under Creative Commons CC BY.
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In addition to the fabrication of porous foams with
compound drops, the interaction of compound drops
with porous foams is also relevant, particularly in the
context of oil remediation. In particular, cellulose
nanofibril (CNF) foams have been developed as an
absorbing material to separate drops [76] and sprays
[79] of water-and-oil mixtures, as demonstrated by
compound water-in-oil drop impact experiments
[76,79]. On cellulose foams, the combination of surface
topography and hydrophobisation induces a super-
hydrophobic state that can promote rebound both in the
case of pure water drops (see image sequence in
Figure 7f) and in the case of water-in-oil drops
(Figure 7g). As such, the outcome is similar to the case
of water-in-oil impact on glass [14] mentioned in Sec-
tion Spreading, splashing and rebound of core-shell
drops. The main difference is that, on a porous mate-
rial, the oil simultaneously spreads and gets absorbed by
the substrate.

Understanding and controlling the complex interplay
between spreading and absorption phenomena is chal-
lenging and can be done by tuning porosity and the
interfacial tensions (water-oil, water-substrate, oil sub-
strate). As an example [76], CNF films with ~70%
porosity were exposed to a nebulised mixture of 50:50
vol:vol dodecane and water. The results showed that,
after a short time, the film gets impregnated into the film
and is retained. Conversely, water drops accumulate on
the surface, merge and eventually slide down the surface
when the drops reach a critical size and gravity over-
comes the capillary adhesion forces. In practice, after the
first transient stages, the surface behaves like a SLIPS/
LIS liquid impregnated surface [44—46], in which the oil
act as a lubricant preventing contact between water and
the substrate and promoting drop mobility.

Further promising technologies can be based on liquid
marbles. Liquid marbles can be used to build complex
shapes and promote liquid self-propulsion [80] and
electromagnetically- or mechanically-driven  drop
motion [81]. Since liquid marbles ensure a controlled
and potentially high-throughput handling of small liquid
volumes, they have the potential to be used as a plat-
form for a variety of chemical [82] and biomedical [83]
applications.

Future directions for research and technology

The studies highlighted above are just the first step
towards understanding the impact behaviour of com-
pound drops, and more studies will be needed to have a
comprehensive understanding of the impact phenom-
ena. In this section, we want to give an overview of
possible future research directions that will challenge
researchers for the next few years.

Impact of compound drops: a perspective Blanken et al. 13

Phase-change phenomena. 'The interaction of drops with
solid surfaces is often associated with phase-change
phenomena, such as evaporation, condensation and
freezing. As an example, icing, i.e. the solidification of
water on a solid surface, is a widely investigated phe-
nomenon. Recently, several research groups have stud-
ied the ice nucleation and adhesion on liquid infused
surfaces, to understand the role of the infused liquid on
controlling, i.e. possibly minimising, ice adhesion to the
substrate. The interested reader may refer to the most
recent review paper by Roisman and Tropea [84], which
is also part of this special issue on ‘Wetting and
Spreading’, or recent references more specific to drop
impact [85—89]. Research should continue along the
same line with compound drops, e.g. investigating how
the presence of a second liquid, such as oil, may influ-
ence the water freezing. A similar problem is the solid-
ification of an impacting liquid metal drop [90,91]. The
impact of partially molten particles observed in the
deposition of thermal barrier coatings is an example
where a compound drop geometry is involved together
with solidification [70—72].

Leidenfrost boiling. Leidenfrost boiling is a well-known
phenomenon related to phase change. It causes sur-
face levitation of drops on a hot substrate, due to
evaporation at the liquid—solid interface sustained by
the heat transfer from the solid to the liquid. A recent
study by Megaridis and coworkers [92] has demon-
strated the existence of a novel phenomenon, named
explosive boiling, observed for binary drops, which was
not observed in single-phase drops. Explosive boiling
was observed for intermediate substrate temperatures,
between the Leidenfrost temperatures of the more
volatile and less volatile component (ethanol and
water). The explosion of a Leidenfrost drop was also
observed for a surfactant-laden drop [93] or a drop
containing microparticles [94]. Such results motivate
investigating Leidenfrost impacts for compound drops,
following the early studies of [27,95], and exploring the
potential for contactless transport of liquids on surfaces
[96,97].

Marangoni effect. Another relevant thermocapillary effect
phenomenon is the Marangoni effect, which can pro-
mote fluid flows at interfaces due to surface tension
gradients resulting from temperature gradients. On
SLIPS/LIS surfaces [98], temperature gradients can
promote the migration of the infused liquid out of sur-
face texture and lead to contact between the liquid to
be repelled and the solid substrate. This phenomenon
can be relevant for compound drops on surfaces, e.g.
during impact of core—shell drops on a hot substrate.
Research is needed to understand how Marangoni ef-
fects influence the behaviour of the oil layer.
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Chemical reactions and cross-finking can be promoted by
drop impact. Compound drops can be used to conduct
reactions with low volumes or for controlled formation
of matter. One example, in the context of natural
polymeric structures, was the generation of complex
shapes and controlled composition, starting from the
collision of aqueous drops of alginate with the surface
of a calcium-ion-based liquid [99—101]. This may
represent a new route for the fabrication of materials
with complex shapes.

Functional coatings and materials. "Techniques exploiting
compound drops, such as ‘in-air microfluidics’ [18] or
the ‘direct bubble writing’ method [62,68], have paved
the way for the design and fabrication of new functional
coatings and materials. We envision further develop-
ment of compound-drop-based technology, which may
enable printing of biopolymers and polysaccharide, for
which filament-based 3D printing techniques were
recently developed [102,103].

Inclined impacts. Most drop impact investigations focus on
normal-incidence drop impact in still air. A compre-
hensive understanding of the impact dynamics should
also include other external forces, such as aerodynamic
forces or tangential gravity forces, or tangential velocity
components at impact, thus breaking the axisymmetric
nature of normal drop impacts. However, only recently
attention has moved to testing such conditions, pri-
marily due to the experimental complexity [104—106].
Testing impacts on tilted surfaces is relatively simple
but has some limitations: for a given impact speed,
increasing the surface tilt angle, «, increases the
tangential impact velocity but reduces the normal
impact velocity. Also, it is not possible to decouple in-
ertial effects (related to the tangential kinetic energy
mV[Z) from gravitational effects (external force mg sin «,
where « is the tilting angle). Alternative and creative
solutions have been proposed, such as moving the target
on rotating wheels or linearly moving targets [107—109].
However, this system may require: (i) a non-trivial
synchronisation of the drop fall with surface motion,
(i1) a compromise between spatial resolution and
observation window size, to follow the drop evolution
after impact with the moving substrates. Nonetheless,
such experimental rigs enable exploration of a wider
range of impact velocities. They also help to understand
the mechanism of drop shedding promoted by external
forces, such as gravity and aerodynamic drag, which
overcome adhesion (capillary) forces.

Air effects. Air effects have a strong impact on the initial
phases of drop impact. It has been shown that splashing
can be suppressed by reducing the environmental
pressure [1,110—112]. The presence of the air is also
responsible for the entrapment of an air disk below the
impacting drop [1], as air needs to be drained from
underneath the drop before the liquid can touch the

substrate. Recent studies have demonstrated that the
air compressibility can influence the geometry and dy-
namics of this air film [113]. These air effects should
also be studied for compound drop impacts, especially
for the core—shell configuration with the core droplet
close to the bottom interface of the drop.

Interfacial surface tensions and the role of surfactants. In the
articles discussed above where immiscible fluid-in-fluid
systems were investigated, only a few combinations
were studied. For example, in Ref. [14] the sum of the
interfacial water—oil tension for the investigated system
(6ow = 42 mN/m) and the oil surface tension, G, is
lower than the water surface tension: Gy + Gy < Oyw. As
such, even when the water core rebounds, a thin oil film
remains on the surface of the drop. What would happen
by changing the interfacial surface tensions? Also, if the
interface is stabilised using surfactants that may be
present, how would the impact dynamics be affected?
Impact could also be performed underwater to evaluate
oil emulsion sieving and separation [114].

The boundary between single fluid—fluid interfaces and dispersed
emulsions. In this review, we have mostly focused on
single-interface compound drops. As schematically
presented in Figure 1c, one can move along the circle by
increasing the number of particles and decreasing their
size, moving from single-interface compound drops,
through multi-interface compound drops, towards
emulsions. In the context of drop impacts, future
research will need to clarify where the transition is be-
tween the different configurations, and define what the
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parameters are (drop size, drop density, liquid ratio,
etc.) that control the drop impact outcome.

‘Complex’ drops on ‘complex’ surfaces. Looking at drop impact
on solid surfaces, the simplest scenario one can imagine is
the impact of Newtonian fluids, such as water, oil, alco-
hols, or other organic liquids, on ‘simple’ smooth surfaces.
Degrees of complexity can be introduced by studying the
impact  behaviour of  ‘complex’ drops on
‘complex’ surfaces, as schematically visualised in Figure 8.
On the one hand, ‘complex’ drops are a general class that
includes compound drops, as well as emulsion drops
[115], particle-laden drops [116] and drops consisting of
complex liquids [117] (see Figure 1c for a complete
overview). On the other hand, of practical interest are the
so-called ‘complex surfaces’ [29], which possess a
particular patterning in terms of morphology, chemistry
and mechanical properties (e.g. elasticity): recent de-
velopments in micro- and nano-technology allow for the
fabrication of surfaces with a complex topography (pillars,
grooves, nanowires, etc.) and tailored, peculiar wetting
characteristics, like superhydrophobicity.

Conclusions

During the past few years, there have been significant
efforts to investigate the physics of ‘simple’ drops and
their interaction with ‘complex’ surfaces. The present
understanding of drop collision for such ‘simple’” drops
forms the basis for better modelling of ‘complex’ drops,
of which compound drops are a subset.

In this review, we have highlighted the emerging trend
of research related to the study of compound drops.
First, we have highlighted the recent attempts to
investigate the fundamental aspects of compound drop
impact, mainly focusing on single-interface compound
drops, such as core—shell and Janus configurations.
Second, we have addressed current challenges which are
related to numerical modelling. Multiphase flow simu-
lations present some critical issues, e.g. in the modelling
of the three-phase-line dynamics; nonetheless, in the
long term, they constitute a unique tool, complemen-
tary to experiments, to extend the parameter space of
impact conditions and a predictive tool. Third, we have
looked into applications in which compound drops play a
role, ranging from material fabrication to controlling the
behaviour of liquids on surfaces, e.g. for clean-water
applications.

For the future, we envision the research will focus on
complex drops meeting complex surfaces. More
concretely, drops with non-trivial rheological behaviour
will be studied on substrates with multitier morphology,
heterogeneous wettability, or soft, elastic, or porous
characteristics. Also, effects such as thermal effects,
phase-change phenomena (solidification, evaporation,
condensation, etc.) and chemical reactions will be an
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important part of the picture. Therefore, addressing
future challenges will require a strong interdisciplinary
approach and interaction. Advances will rely on the
contribution from researchers at the interface between
fluid mechanics, chemistry, materials science, physics,
and engineering.

The focus of research efforts will be dual-purposed, as
usual in science: on the one hand, improve our under-
standing of drop impacts, one of the most fascinating
fluid mechanics phenomena in nature, and on the other
hand, control the liquid behaviour to design new ma-
terials and processes.
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