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Advances towards programmable droplet transport on solid
surfaces and its applications

The programmable transport of droplets is at the heart of
many phenomena of fundamental and applied interest in
chemistry, physics and materials science. This tutorial review
provides an overview of recent progress and outlines future
research directions.

7 ROYAL SOCIETY
PN OF CHEMISTRY

N

See Giorgio Volpe et al.,
Chem. Soc. Rev., 2020, 49, 7879.

) & Wa % %

As featured in:

Chem Soc Rev

/

rsc.li/chem-soc-rev

Registered charity number: 207890



Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 05 juin 2020. Downloaded on 2026-02-28 04:48:46.

(cc)

Chem Soc Rev

TUTORIAL REVIEW

’ '.) Check for updates ‘

Cite this: Chem. Soc. Rev., 2020,
49, 7879

Received 24th March 2020

DOI: 10.1039/d0cs00268b

rsc.li/chem-soc-rev

Key learning points

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Advances towards programmable droplet
transport on solid surfaces and its applications

Robert Malinowski, 2 Ivan P Parkin®2 and Giorgio Volpe (2 *

Droplets moving on solid surfaces are at the heart of many phenomena of fundamental and applied
interest in chemistry, physics and materials science. On the fundamental side, as they are often subject
to evaporation, these droplets are a beautiful and complex example of non-equilibrium physical
chemistry, whose explanation and understanding still capture the imagination of multiple researchers
around the world. In technology, droplets on solid surfaces are of widespread use for handling small
amounts of matter, for harvesting energy, for manufacturing materials and for sensing chemical and
biological analytes. A key underlying factor of their widespread applicability is the degree of control that can
be achieved over their transport on surfaces. This tutorial review provides an overview of recent progress
towards the programmable transport of droplets on solid surfaces. We will first present the physical principles
behind the main experimental strategies for droplet transport. We will then review the most inspiring
applications where these strategies have been employed in chemistry, materials science and engineering.
Finally, we will outline possible future research directions for the programmable transport of droplets. Beyond
projecting the reader at the forefront of this exciting field of physical chemistry, we believe that this tutorial
review will inspire diverse, multidisciplinary scientific communities to devise novel ways of manipulating the
flow of matter, energy and information on solid surfaces using programmable droplets as vessels.

o The hysteresis of a droplet’s contact angle represents the major hindrance to its motion on a solid surface. Most strategies for droplet transport therefore aim

to minimise or overcome it.

e On a solid surface, the velocity of a moving droplet is determined by the balance between driving forces and viscous forces.

o Body forces, wettability gradients and Marangoni flows are among the main driving mechanisms for droplet transport on solid surfaces.

e The programmable motion of droplets has found application in manipulating matter and information, in harvesting matter and energy, in manufacturing
and processing materials, and in the preparation and analysis of chemical and biological systems.

1 Introduction

volumes, droplets’ dynamics are indeed strongly determined by
their surface energy, i.e. the excess energy available due to a

Every time it rains, an extremely large number of droplets form
in the air and land on all sorts of surfaces, ultimately having an
impact on several aspects of our everyday life. In general,
droplets are small volumes of liquid separated from their
surroundings by at least one interface. Beyond these meteoro-
logical considerations, droplets display a range of very curious,
yet useful behaviours which make the field concerned with
their study intrinsically multidisciplinary, spanning across
several areas of physics, chemistry and engineering. Much of
the richness in the behaviours of droplets which we will discuss
here is due to their small size. Because of their typically small
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disruption of the intermolecular forces between liquid molecules
compared to the bulk when an interface is created. Moreover,
droplets of different liquids play key roles in several industrial
processes, such as heat transfer, water harvesting, energy
generation, printing and even clinical diagnostics, to name a
few. Often, these processes require the controlled transport of
these droplets on solid surfaces, which presents both funda-
mental and technical challenges of its own.

This tutorial review provides an overview of recent progress
made towards the programmable transport of droplets on solid
surfaces and lays the foundations for further in-depth study on
the topic. After discussing typical barriers to droplet motion on
solid surfaces (Section 2), we will highlight different mecha-
nisms that have been proposed to overcome them, including
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the use of body forces, gradients in surface energy and the
generation of Marangoni flows (Section 3). We will introduce a
unified pedagogical formalism to present the physical principles
behind these strategies. We will then discuss examples where
droplets moving on solid substrates have found application in
chemistry, materials science and engineering (Section 4), includ-
ing the manipulation of matter and information, the harvesting
of matter and energy, the manufacture and processing of materi-
als, and the preparation and analysis of chemical and biological
samples. Finally, we will conclude by drawing a picture of the
possible future for both fundamental and applied research in the
field of droplet transport on surfaces (Section 5).

2 Wetting and contact angle hysteresis

A droplet resting on a surface is said to wet it. Wetting can
indeed be defined as the ability of a liquid to keep contact with
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Fig. 1 Thermodynamics of wetting. (a) Before a droplet lands on a solid
surface, only two interfaces are present: a solid—air interface and a liquid—air
interface characterised by the surface tensions ys, and y,, respectively. (b) After
the droplet has landed on the solid, a third interface is also formed: a solid—liquid
interface characterised by the surface tension y. The spreading of the droplet on
the solid surface is determined by the fact that each of these three surface
tensions pulls on the droplet's contact line (black dashed line) in order to
minimise the area of its respective interface. The droplet will spread on the
surface to balance these three actions and to minimise its overall surface energy.

a solid substrate. This phenomenon is driven by the surface
energy at the interface between the liquid and the solid as a
result of intermolecular interactions between the two. The
degree to which a surface will be wetted, also known as its
wettability, depends on the balance between forces of adhesion
(driving the spreading of the liquid on the solid surface) and
forces of cohesion (trying to minimise the surface area of the
liquid), with favourable (unfavourable) interactions leading to more
(less) wetting. In particular, three interfaces are involved in how a
droplet wets a solid surface (Fig. 1): a solid-air, a solid-liquid and
a liquid-air interface. Each of these interfaces is associated to a
surface tension: ys,, 5 and 7y, respectively (Fig. 1). Surface tension is
surface energy per unit area, and it is equivalent to a force per unit
length exerted on the droplet’s contact line.

Different wetting behaviours can be distinguished based on
the value of the spreading coefficient’

S = Vsa — Vsl — Vla- (1)

When S > 0, the liquid eventually wets the entire solid surface
(complete wetting), as ys, is predominant and any increase in the
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Fig. 2 Definition of contact angle. According to the Young—Dupré equation
(egn (2)), the contact angle 0. of a liquid droplet on a solid surface is
determined by the vectorial balance at the contact line between the forces
associated to the three surface tensions involved: ¢, at the solid—air
interface, yq at the solid-liquid interface and y, at the liquid—air interface.
For a liquid on a surface, the value of 0. determines whether wetting is
(a) favourable (0. < 90°) or (b) less so (0. > 90°). For water, the surface is
said to be hydrophilic or hydrophobic, respectively.

Y

droplet’s basal area reduces the overall surface energy. Often,
however, S < 0, and the liquid only wets the solid surface partially
(partial wetting) and, in the absence of external forces, it assumes a
characteristic equilibrium shape that, for small droplets (ie.
gravity is negligible), is in the form of a spherical cap.

In the case of partial wetting, a contact angle 6. can be defined
as the angle formed between the solid surface and the plane
tangent to the liquid surface at the point of contact (Fig. 2). This
angle is given by the Young-Dupré equation as a function of the
three surface tensions involved

Vsa = Vsl + V1a COS 0c- (2)

Intuitively, each surface tension pulls on the droplet’s contact
line in order to minimise the area of the respective interface so
that the droplet obtains its equilibrium spherical cap shape
dictated by the balance between these three actions. Combining
eqn (1) and (2), we can also express the spreading coefficient
directly as a function of the equilibrium contact angle as

S = ypa(cos 0. — 1). (3)

According to this picture, if the contact line of the droplet is
not pinned (ie. it is free to move on the solid substrate), the
contact angle 0. is constant in time. In practice, this is rarely
the case. A liquid droplet resting on a solid surface can take a
whole range of metastable contact angles as allowed by the
lateral adhesion forces between the liquid and the solid. This
phenomenon is known as contact angle hysteresis and it is often
attributed to surface roughness and other physicochemical surface
inhomogeneities down to the atomic scale that can pin the contact
line to the substrate (contact line pinning)." In particular, hyster-
esis is typically due to an interplay between the elasticity of the
contact line and the force exerted by microscopic pinning defects
on it." Although the precise cause of hysteresis is beyond the scope
of this tutorial review, this phenomenon has a large impact on the
dynamics of droplets: in particular, the hysteresis of the contact
angle represents the main barrier to droplet motion on solid
surfaces, as any force exerted on a droplet, rather than moving it,
will first deform it within its range of acceptable contact angles.

This hindrance to motion can be understood by using the
intuitive example shown in Fig. 3, where a droplet of mass m
and basal radius R rests on an incline (e.g. rain droplets on a

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Hindrance to droplet motion due to contact angle hysteresis. A
droplet of radius R on an incline will start moving only when gravity
deforms it past the range of acceptable contact angles allowed by its
hysteresis. Practically, at a given angle «, motion will take place only when
the advancing contact angle 04 at the front of the droplet and the receding
contact angle 0 at its rear take values other than those allowed by contact
angle hysteresis.

glass window). The minimum tilt angle o of the incline at which
the droplet will move can be estimated as">

mgsino = kRyj,(cos g — cos 0,) (4)

with 0, and 0k being respectively the contact angles at the front
and the rear of the droplet (also known as advancing and
receding contact angles), 1 < x < 7 being a dimensionless
geometrical factor accounting for the exact shape of the solid-
liquid-air three-phase contact line,” and g being the gravitational
acceleration constant. Motion will take place only when the
advancing (receding) contact angle is higher (lower) than its
maximum (minimum) stable value allowed by hysteresis. If the
contact angle hysteresis is too large or, alternatively, the applied
force is too small, the droplet on the incline will not, and in fact
cannot, move without any other external influence.

3 Strategies for droplet transport

As seen in the previous section, the main barrier to the motion
of a droplet on a solid surface comes from the lateral adhesion
forces responsible for the hysteresis of its contact angle 0..." All
mechanisms of droplet transport on solid surfaces therefore
aim to either directly overcome hysteresis or decrease it to
reduce the threshold for motion. Either way, a droplet will start
moving as long as the initial net applied force is strong enough
to defeat the initial static lateral adhesion forces, which are
proportional to Ryj,(cos 0x — cos 0,) on a given surface (eqn (4)).

Once motion is initiated, a smaller driving force Fp is
needed to keep the droplet moving by balancing the kinetic
viscous force Fy due to the viscous stress at the base of the
droplet on the solid surface (Fig. 4).” The balance between these
two forces (Fp = Fy) can then be used to estimate the velocity v

Fig. 4 Force balance on a moving droplet. When a droplet is set in motion
on a solid surface by a driving force Fp, its velocity v can be estimated by
balancing forces with respect to the droplet's centre of mass (CM). In
particular, the driving force Fp is counteracted by a kinetic viscous force Fy
at the solid-liquid interface, which is proportional to v (egn (5)).

Chem. Soc. Rev., 2020, 49, 7879-7892 | 7881
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Table 1 Examples of experimentally realised droplet transport strategies on solid surfaces and corresponding maximum reported speeds

Transport mechanism Droplet composition Surface type Maximum speed

Surface acoustic waves® Water Piezoelectric ~10cms™!

Electrostatic repulsion® Water Patterned PDMS substrate with superhydrophobic ~35mms "
coating

Light-induced pyroelectric trapping® Water Cu substrate with Ag nanocrystals rendered ~1mms*
superhydrophobic with a monolayers of fluorinated
thiols

Texture gradient and vibration” Water Patterned Si wafer rendered superhydrophobic by ~15mm s '
coating with Teflon

Capillarity® Water Hydrophilic PDMS substrate reproducing the ~01cms !
microstructure of the peristome of the pitcher
plant N. alata

Capillarity’ Water, ethylene glycol, Si wafer patterned with U-shaped cavity arrays ~15mms '

2-propanol, ethanol, hexane

Surface hydrophobicity gradient'®'"  Water Si wafer functionalised with alkylsilanes via vapour ~03cms !
diffusion

Photoisomerization of surface 0il, liquid crystals SiO, plate functionalised with azobenzene moieties ~50 pm s~ "

azobenzenes'?

Light-responsive surface rotaxanes'® Diiodomethane Au surface functionalised with light-switchable ~1pums*
rotaxanes with fluoroalkane moieties

Surface charge density gradients'* ~ Water, various organic liquids Charged thin nanoporous silica layer rendered ~1ms '
superamphiphobic with fluorinated
alkyltrichlorosilanes

Electrowetting"” Water ITO substrate coated with a dielectric superhydrophobic  ~3 cm s™*
layer with an inbuilt ground electrode

Optoelectrowetting™® Water Photoconductive substrate coated with a superhydrophobic  ~5 mm s~
dielectric layer

Thermal Marangoni flows"” Silicone oil Si wafer functionalised with alkylsilanes subject toa ~ ~40 pm s™*
temperature gradient

Solutal Marangoni flows"'®"? Binary mixtures of water and  Glass ~1mms*

propylene glycol
Leidenfrost effect®’ Nitrogen, acetone, methanol,  Ratchet-like surfaces of different materials at much ~5cms !

ethanol, water, hexadecane

of the droplet.> Examples of typical speeds for different trans-
port strategies are provided in Table 1. For instance, assuming
small constant contact angles (as often the case in this tutorial),
the velocity of a small droplet that, when moving, maintains the
shape of a spherical cap of radius R can be obtained as®

0c

=_—C° F
v 3nnRe, b

(5)
where n and /4, are respectively the dynamic viscosity and an
adimensional cutoff (with a typical value between 10 and 15)
determined by the geometry of the droplet and the liquid
constituting it.*

In this section, we will review the main mechanisms that have
been proposed to achieve droplet transport on solid surfaces. For
pedagogical reasons, the theoretical description of the different
strategies will be based on droplets of small 6. that move along
linear gradients maintaining a spherical cap shape. Beyond body

ody

hotter temperatures than the liquid’s boiling point

forces (e.g. gravity) (Fig. 5a and Section 3.1), a driving force Fp
can also be induced by direct action on the droplet’s contact
line either using a gradient in surface wettability (Fig. 5b and
Section 3.2) or by generating Marangoni flows with imbalances
of surface tension at the droplet’s liquid-air interface (Fig. 5c
and Section 3.3). Finally, in Sections 3.4 and 3.5, we will briefly
mention popular alternatives for droplet transport based on the
Leidenfrost effect and on Slippery Liquid-Infused Porous Sur-
faces (SLIPSs), respectively.

3.1 Motion due to body forces

Body forces are forces acting on the entire volume of an object.
Continuing with the example of Fig. 3, the simplest and most
commonly observed case of moving droplets due to body forces
are raindrops rolling down a glass window (or incline) because
of gravity. Under their own weight, droplets start deforming
into a tear-like shape, but they will only move if they are heavy

& VY.

high

’Ysl
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Fig. 5 Simplified schematics of the main driving mechanisms for droplet transport on solid surfaces. A droplet can be put into motion on a solid
substrate at a velocity v because of three main driving mechanisms (alone or in combination): (a) body forces Fyoqy. €.9. gravity on an incline (Fig. 3),
exerted on the droplet centre of mass CM (Section 3.1), (b) wettability gradients Vyg at the solid-liquid interface (Section 3.2) or (c) recirculating
Marangoni flows within the droplet due to gradients of surface tension Vy, at the droplet’s liquid—air interface (Section 3.3).

low
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enough to overcome the inherent high contact angle hysteresis
on glass. The threshold for droplet motion due to gravity on an
incline can, however, be reduced significantly by making its
surface superhydrophobic. Droplet motion on such surfaces has
been extensively discussed in other reviews.>' When it comes to
the programmable transport of droplets on surfaces, gravity has
obvious limitations as it relies on controlling the tilt of the
underlying surface.

Surface acoustic waves induced by, e.g., a vibrating piezo-
electric substrate can be used for the fast and fine actuation of
small droplets on solid substrates.* Because of the different
sound propagation velocities in the solid and liquid, momentum
is transferred from the acoustic wave to the droplet, thus
generating a body force that moves the droplet in the wave
propagation direction. Beyond surface acoustic waves, magnetic
fields have also been heavily employed to exert programmable
body forces on droplets loaded with, for example, magnetic
cargoes.”” Alternatively, electric fields have been proposed to initiate
transport of polarisable liquids, such as water, on low hysteresis
surfaces.>® Recently, for example, small charged water droplets were
remotely manoeuvred on superhydrophobic surfaces with repulsive
electric fields.” Similarly, water droplets could be manipulated on
superhydrophobic surfaces in a contactless manner by generating
dielectrophoretic attractive forces with a light-absorbing pyroelectric

high
./ iz}
-/- o
/'-’ ”: i %l
m w m om
M w w w wwweseEm

low

Fig. 6 Simplified schematic of droplet transport due to gradients in sur-
face texture. Space-varying structural features can lead to directional
droplet transport at a velocity v towards areas of lower surface energy
by influencing the contact angle that the droplet assumes on it. For
example, an array of pillars of varying width and separation can induce a
droplet to move towards areas of larger surface coverage when contact
angle hysteresis is overcome.”
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material, i.e. a surface capable of generic a temporary electric field
upon illumination-induced heating.®

3.2 Motion due to wettability gradients

On homogeneous solid surfaces, droplets experience the same
wetting behaviour in all directions, thus they spread isotropically
until an equilibrium is reached and Young-Dupré equation
(eqn (2)) is satisfied. In this case, the total energy U, of the
droplet associated to its three interfaces (solid-liquid, liquid-air
and solid-air) is constant on the substrate. However, when lying
on a surface energy gradient (Fig. 5b), U, varies in space and the
droplet will experience a net driving force Fp towards lower
energies, ie. towards areas of higher wettability, given in the
most general case by

Fp = VU, (6)

This principle for droplet transport can be enacted by modifying
the solid surface in different ways as to generate a gradient in
surface energy, which can be permanent or, as in active surfaces,
tuneable via an external stimulus. Broadly employed strategies
include the alteration of the surface texture (Section 3.2.1 and
Fig. 6), the enrichment of the surface with chemical functional
groups (Section 3.2.2 and Fig. 7) and the use of electric fields
(Section 3.2.3 and Fig. 8).

3.2.1 Gradients in surface texture. Surface texture strongly
influences wetting. The presence of roughness on a surface in
particular influences the contact angle that a droplet can assume
on it (Fig. 6). When the droplet’s size is larger than the roughness
scale, it can wet the surface in two different modes that can be
quantified using two main models: the Wenzel model and the
Cassie-Baxter model.' In the Wenzel model, the liquid is fully in
contact with the solid, and its contact angle 0y on the surface is
given by

cos Oy = rcos 0. (7)

where 6, is the contact angle as per eqn (2) and r > 1 is the ratio
between the effective area in contact with the droplet and its
planar projection along the surface. In the Cassie-Baxter model

a b @ C
high high high
YSI Ysl Ysl
y low y low low
By laOa Rl n o0, R
R4k g i i NN Ny NTRANTRNR R R R R R R R _R
Siy JSiy sip sip sip Sip Si Sig §yoN N =L ¥ & N si. si si si@si si®siOsi
IV\IIV\ IV\IIV\ MWW N\IN\ N\IN\ N\IN\ v’ \o/ \0/6\0/ \0/6\0/6\0/6\0/6\
si. sii si Blue si sii si
4 \0/ \o/ 7 N 7 N 4 N

Fig. 7 Simplified schematics of droplet transport due to chemical gradients. A gradient in surface energy can be generated by functionalising the surface
with tailored molecular interactions. In (a), a permanent wettability gradient is obtained by controlling the density of hydrophobic groups (—-R) available on
the surface, thus biasing the droplet's motion in the direction of increased hydrophilicity (~OH).*° In (b), an on-demand wettability gradient can be
obtained using photoisomerisable compounds containing, e.g., azobenzene moieties, which become more hydrophilic when irradiated with UV light,
and return to a more hydrophobic state when illuminated with blue light.'? Alternatively, in (c), controllable charge gradients can be generated on a

surface to induce directional droplet motion.**

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Simplified schematics of droplet transport due to electrowetting.
The wetting properties of a hydrophobic dielectric surface can be modulated
by applying a voltage (egn (12) and (13)), thus inducing a droplet of a
polarisable liquid to move towards its more hydrophilic side at a velocity v.
In an on-plate configuration, the voltage applied to the dielectric can be
modulated (a) directly with electrodes™ or (b) indirectly by exposing
a photoconductive material to light!® In the schematics, the droplet's
impedance is represented by a parallel RC circuit and the dielectric material
is represented as parallel capacitors. In (a), these capacitors can be
independently connected to a voltage source or grounded. In (b), each
of these capacitors follows a photoresistor whose resistivity is modulated
with the incident light by, e.g., a projector: if all photoresistors but one
underneath the droplet near its edge are illuminated, the resistance of the
nonilluminated photoresistor increases, thus inducing a local drop in
voltage that makes the droplet move

instead, the droplet rests on both solid and pockets of air filling
the gaps between the rough surface and the liquid. The contact
angle O¢p in this case is given by

cosfcg = Pp(cos b, +1) — 1 (8)

where ¢ is the fraction of the effective solid area in contact with
the droplet.

Independent of the model, according to both eqn (7) and (8),
the contact angle and, thus, the wettability change with surface
roughness. As both r and ¢ are indeed functions of surface
texture, gradients in these parameters can lead to surface
energy gradients and, thus, to directional droplet transport.”
For example, a linear gradient in contact angle can be obtained
by systematically varying both the width and the spacing of
etched micropillars on a silicon surface (Fig. 6).” These rough
hydrophobic surfaces are designed so that air is trapped under-
neath a droplet wetting them in a Cassie-Baxter configuration.
By overcoming the strong contact angle hysteresis of such
surfaces with the aid of mechanical vibration,” droplets could

7884 | Chem. Soc. Rev., 2020, 49, 7879-7892
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then be transported down these linear wettability gradients
responding to a net driving force Fp, derived from eqn (6) as

d R
Fp = nRzyla d¢(cos 0. + 1)é, 9)

X
where €, is the unit vector in the direction of the linear
wettability gradient. Alternatively, a recent numerical work
proposes to coat such surfaces with a graphene monolayer to
overcome their large hysteresis thanks to the unique wetting
properties of the material:** not only could droplets spontaneously
move at high speed but their direction of motion could also be
reversed against the surface wettability gradient based on the
height of the underlying pillars.”® Active surfaces can also be
employed to generate similar texture gradients in response to an
external stimulus (e.g. magnetic fields),>® thus enabling to
change surface wettability dynamically and to increase the level
of control over droplet transport in space and time.

For completeness, it is worth mentioning that other types of
surfaces displaying space-varying spatial features have also
been extensively studied and considered for the transport of
droplets on solids.>*>*?> For more details, we refer the reader
to a recent review, which covers theory, fabrication and applications
of such surfaces in depth.*® Briefly, beyond any influence from
wettability gradients, these surfaces often exploit wedge-like and
conical features to drive a droplet in a directional manner relying on
various mechanisms. For example, a driving force can be generated
thanks to a gradient in Laplace pressure at both ends of the droplet
exploiting the asymmetric shape of the underlying wedge-like/
conical structure.

3.2.2 Gradients in chemical functionalisation. In order to
achieve programmable droplet transport (beyond directional
motion), the dynamic remodelling of the physical structure of a
surface can prove challenging or laborious. Luckily, surface
energy is not only a function of texture but also of surface
chemistry. On a flat surface, molecular interactions can indeed
be tailored to achieve gradients in surface energy predominantly
due to spatial variations of yg (Fig. 7). On such surfaces, the
presence of a chemical gradient can therefore drive droplets
into motion because the spreading coefficient S varies with
position. For droplets maintaining a spherical cap shape in a
linear gradient, the driving force is given by’

(S + V]a)
d

Fp = nR? d é, (10)

X
Combining with eqn (3) when y;, is constant and any anisotropy
in the droplet’s spreading is due to the solid surface, the
previous equation becomes

dcos0, ..

FD:nRzyla . €, (11)

Thus, a droplet on such a surface always moves towards areas of
higher wettability.

An example of such principle was reported at the beginning
of the 90’s, when a water droplet was shown to move along a
treated silicon wafer, even uphill against gravity."® A wettability
gradient was generated by exposing the silicon wafer to a vapour
of a volatile alkyltrichlorosilane in a diffusion-controlled process,
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thus creating a spatial variation of the surface hydrophobicity.
The motion towards the direction of increased hydrophilicity was
therefore caused by an imbalance in the forces acting on the
solid-liquid contact line at opposite sides of the droplet (Fig. 7a).
Droplets moved with relatively low average velocities of around
1-2 mm s~ (Table 1), as the driving force due to surface tension
was reduced by the need to overcome contact angle hysteresis.
More sustained motion was later achieved on similarly treated
surfaces through either coalescence of condensing droplets'* or,
once more, through the aid of mechanical vibration,>” reaching
velocities up to hundreds of mm s~ .

Stimulus responsive molecules can also be used to functionalise
solid surfaces, thus enabling the generation of wettability gradients
on demand. In fact, substrates can be functionalised with chemical
moieties that can be controllably switched between two con-
formations with different wetting properties in response to an
external stimulus, such as magnetic fields.>” This is also the
case for molecules with azobenzene moieties capable of cis-trans
isomerisation on exposure to different wavelengths of light
(Fig. 7b)."> These photoisomerisable compounds become more
hydrophilic when irradiated with UV light, and return to a more
hydrophobic state when illuminated with blue light. As each
isomer has a different surface energy, the wettability of these
surfaces can therefore be locally controlled to transport droplets
of liquids of low contact angle hysteresis over large distances by
irradiating one edge of the droplet with UV light. Both direction
and velocity of the motion can be tuned by modulating the spatial
distribution in the light intensity. Being readily controllable in
time and space, light has indeed been frequently used as a
stimulus to trigger programmable droplet motion. Another such
example was implemented by functionalising a gold surface
with light-switchable rotaxanes capable of exposing or concealing a
hydrophobic residue (i.e. a fluoroalkane) upon light exposure, thus
generating a gradient of surface tension yq at the solid-liquid
interface."® By covering the gold surface with a monolayer of such
molecules, it was possible to transport a small diiodomethane
droplet directionally for a few millimetres, even on an incline
against gravity.

As an alternative to light and magnetic fields, gradients in
surface charge density have also been recently suggested to
modulate and control droplet transport on superamphiphobic
surfaces.' These surfaces were realised by coating glass slides
with a thin nanoporous silica layer, which was subsequently
rendered hydrophobic by chemical vapour deposition of fluorinated
alkyltrichlorosilanes. On such surfaces, controllable charge density
gradients can be created due to the contact electrification generated
by the impact of water droplets. In particular, these gradients can be
regulated by controlling the kinetic energy and surface tension at
which the droplets impact on the surface. By controlling these
surface charge density gradients, the transport velocity of the droplet
could also be regulated as a consequence, reaching values around
1ms ', orders of magnitude higher than those achieved with most
other strategies so far (Table 1).

3.2.3 Electrowetting. The wetting properties of a dielectric
surface can also be modulated by applying an electric field."
This phenomenon, known as electrowetting, has been broadly
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adopted and developed to manipulate droplets on surfaces in a
controllable way.?® If a droplet of a polarisable liquid is resting on
an insulator (a dielectric), the application of a voltage V between an
electrode underneath it and the liquid generates opposite charges
at both sides of the dielectric (Fig. 8). The result is a local reduction
in the surface tension 7y at the solid-liquid interface given by

¢
(V) =74 — QVZ (12)

where ¢ and d are the permittivity and the thickness of the
dielectric, respectively. By incorporating the previous expression
in eqn (2), an effective voltage-dependent contact angle can be
defined as
)
V
ZdVIa

cos 0F = cos 0, + (13)
and the driving force Fp can be determined using eqn (11). An
applied voltage, therefore, reduces the contact angle and makes
the surface more wettable so that a droplet can be transported
down any electrically controlled wettability gradient in accordance
with eqn (12) and (13). While early electrowetting designs relied
on grounding the droplet between two surfaces or on the insertion
of a conducting wire in the droplet,*® a more convenient design
for transporting droplets on surfaces relies on grounding the
droplet directly with the underlying substrate (Fig. 8a).">

In order to modulate the wetting properties of a surface, an
alternative to the use of independently addressable electrodes relies
on the use of photoconductive materials (optoelectrowetting).'® In
this case, an electric field parallel to the surface is applied with two
external electrodes to generate a linear decrease of voltage along the
photoconductive material; the local voltage can then be modulated
by light illumination, thus inducing a change of contact angle
according to eqn (13) (Fig. 8b).'® This approach offers some
advantages over more traditional electrowetting devices mainly
connected to the use of light to trigger droplet motion: compared
to the pixellation introduced by any electrode, light control of
surface wettability appears continuous even for the smallest
droplet sizes; moreover, complex manipulation patterns can be
easily generated by shaping the incident light with, e.g., commer-
cial projectors.

3.3 Motion due to Marangoni flows

In Section 3.2, we have seen how droplet transport on solid
surfaces can be initiated by a spreading coefficient S varying in
space due to surface wettability gradients (eqn (10)). According to
the definition of spreading coefficient (eqn (1)), however, a
droplet can also be driven into motion on a solid surface because
the surface tension v, at the liquid-air interface is not uniform,
thus giving rise to Marangoni flows (Fig. 5¢).*> These flows always
cause the liquid to flow away from regions of low surface tension.
In their presence, eqn (10) cannot be simplified to eqn (11), and
the droplet will be subject to an additional drive imposed by the
viscous stress that the Marangoni flows generate at its base.” In
the case of linear gradients, the driving force is then given by

dS 3d“/| N
Fr = R2 haindl - a .
p=T (dx 2 dx )e,

(14)
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Fig. 9 Simplified schematics of droplet transport due to thermal gradients.
When a liquid droplet rests on a solid surface in the presence of a linear
thermal gradient, (a) the droplet typically moves towards colder regions due to
Marangoni flows, unless (b and c) the surface is designed so that the surface
energy is lower towards warmer regions. The motion of the droplet then
depends on the balance between the two terms induced by the Marangoni
flows and the spreading coefficient S (egn (15)): the droplet can move either (b)

towards colder regions if the Marangoni term predominates or (c) towards
warmer regions if the spreading coefficient term predominates.

This principle for droplet transport can be enacted by
inducing surface tension gradients at the liquid-air interface
in different ways. Two of the most common strategies include
the generation of temperature gradients (Section 3.3.1) and,
more recently, of concentration gradients (Section 3.3.2).

3.3.1 Thermal gradients. If a liquid droplet rests on a solid
surface subject to a linear thermal gradient (Fig. 9), eqn (14) can
be expressed as

(15)

dS  3dp,\dT .,
dr " 24dr

Fp = 1'[R2 (7 =+ aex

According to this equation, the direction in which the droplet
moves (i.e. away or towards higher temperatures) is determined
by a balance of two contributions to the driving force.>'” A first
contribution, due to Marangoni flows, always drives the droplet
towards larger values of surface tension yj,, i.e. towards colder

dy
regions since usually d}TIil

< 0 (Fig. 92).>"” A second contribution is

due to the spreading coefficient S and always drives the droplet
towards regions of lower surface energy (i.e. of larger S).>'” Whether
this direction is towards colder or warmer regions of the surface will
depend on the actual material that the surface is made of. When the
two terms are comparable, the net displacement of a droplet is not
obvious and will depend on the exact experimental implementation
(Fig. 9b and c);"” however, if there is no or negligible contribution
from the solid (as often the case), then droplets always move
towards colder regions (Fig. 9a) according to

dyl dTA
R2 a &7 .
dT dx

Fp (16)

m

2
3.3.2 Concentration gradients. Even in the absence of a

thermal gradient, a linear gradient of surface tension y;, of any

other origin can still lead to droplet transport according to the

more general version of eqn (16):

dyla A

b
Fn = = R? . 17
) dx © (17)
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Fig. 10 Simplified schematic of droplet transport due to concentration
gradients. A concentration gradient along the liquid—air interface induces a
gradient of surface tension y,. If the contact angle hysteresis is low, this
gradient can lead to droplet motion due to Marangoni flows. Control over
such a gradient in concentration can be achieved with solvent vapours
induced by nearby droplets®® or, in a more precise fashion, by localised
vapour sources (p, represents the partial vapour pressure).*® The direction
of the motion will depend on the actual concentration profile of the vapour
field around the droplet and can be towards the source or away from it.*°

The necessary gradient can, for example, be induced by
variations of composition along the liquid-air interface (Fig. 10).
This naturally occurs in evaporating droplets of two or more miscible
liquids: as liquids typically display different volatilities and evapora-
tion tends to proceed faster near the droplet’s edge, a gradient in
concentration of the more volatile liquid can form between the
droplet’s apex (higher concentration) and its edge (lower concen-
tration). If the liquids have also different surface tensions, this
concentration gradient translates in a surface tension gradient and
drives the formation of Marangoni flows towards higher 7;,.>° When
radially symmetric, these flows either favour or prevent the droplet
from spreading on the surface depending on whether they point
outwards or inwards. In the latter case, the contracted droplet shows
a significantly lower contact angle hysteresis than droplets made of
its individual components, so that, when biased by, e.g., a second
droplet evaporating nearby, these flows can lead to motion
(Fig. 10)."® This is, for instance, the case for mixtures of water and
propylene glycol, with water being the component of higher volatility
and surface tension. Droplets of this mixture can sense each other
and can display a wealth of emerging spontaneous behaviours,
including attraction, chasing, coalescence and repulsion.'”® More
intricate and controllable motion patterns have recently been
demonstrated by inducing deterministic concentration gradients
on the droplet’s liquid-air interface by means of nearby localised
sources of vapour, thus enabling the precise contactless long-range
manipulation of droplets on pristine substrates (Fig. 10)."

3.4 The Leidenfrost effect

A liquid droplet can hover over a surface whose temperature is
much higher than the liquid’s boiling point T}, (Fig. 11a). This
is due to the formation of a thermally insulating vapour layer
between the liquid and the solid that prevents the fast evaporation
of the droplet. This phenomenon, known as the Leidenfrost effect,
causes a reduction of the liquid-solid drag thanks to the inter-
mediate vapour layer and was exploited to spontaneously transport
droplets over asymmetric ratchet-like surfaces (Fig. 11b).>°

3.5 SLIPSs

Slippery Liquid-Infused Porous Surfaces (SLIPSs) are special surfaces
created by filling a solid porous material with a lubricating

This journal is © The Royal Society of Chemistry 2020
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a

Fig. 11 Simplified schematics of droplet transport due to the Leidenfrost
effect. (a) A liquid droplet can hover over a surface maintained at a
temperature T higher than the liquid's boiling point T,, due to the formation
of a thermally insulating vapour layer between the liquid and the hot solid.
This vapour layer reduces the liquid—solid drag, thus easing the spontaneous
motion of droplets on the surface. (b) On a ratchet-like surface, the droplet
motion can be biased in a direction determined by the underlying structure.?®

Porol
materll"eﬁ
g -

Fig. 12 Simplified schematics of droplet transport on SLIPSs. (a) Slippery
Liquid-Infused Porous Surfaces (SLIPSs) are special surfaces created by
filling a solid porous material with a liquid. (b) The resulting thin layer of
liquid covering the surface often induces low contact angle hysteresis,
thus significantly reducing the threshold for droplet transport on them by
different mechanisms.

liquid (Fig. 12a). They were originally inspired by the carnivorous
Venezuelan Nepenthes pitcher plants which exploit microscopic
hairs to create a water slide causing ants to slip to their death and
nourish the plant. The resulting thin layer of liquid covering the
surface of the porous substrate determines its properties at the
interface. As discussed in depth in a recent review on the topic,*°
SLIPSs have been the subject of intensive research because of
their self-healing, anti-icing, anticorrosion and anti-biofouling
characteristics as well as for their excellent liquid repellency.
In fact, SLIPSs are often characterised by a low contact angle
hysteresis (<10°), thus easing the transport of droplets made
of a liquid immiscible with the infused liquid (Fig. 12b).
Beyond the use of body forces (Section 3.1), the dynamical
manipulation of liquid droplets on SLIPSs has also been
achieved either by using stimulus-responsive liquids for infusing
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the porous substrate or by using stimuli-responsive materials for
fabricating it.*

4 Applications of droplet transport

In the previous section, we have reviewed the main principles
that have been put forward to control droplet transport on
surfaces. The range of applications where these strategies have
been employed is broad (Fig. 13). Often, these applications rely
on a liquid droplet’s inherent nature as a tiny self-contained
compartment, thus allowing the handling of small volumes of
liquids and materials within it. In this section, we will review
some major examples of such applications, which we have
broadly classified in four main categories: manipulation of
matter and information (Section 4.1), harvesting of matter and
energy (Section 4.2), manufacturing and materials processing
(Section 4.3), and chemical and biological analysis (Section 4.4).

4.1 Manipulation of matter and information

Transporting materials and information in small volumes is
one of the simplest tasks that can be performed with moving
droplets (Fig. 13). This simple task has formed the core of
droplet-based technologies such as:

e Digital microfluidics

Digital microfluidics is a technology for liquid-handling
based on the parallel manipulation of individual droplets on
an array of electrodes (Fig. 14a).>' This technology can be
considered as one of the first examples of application for the
programmable transport of droplets on solid surfaces, and it
developed in parallel to the advancements in electrowetting
research (Section 3.2.3). By employing an array of independent
electrodes beneath the dielectric, the solid surface can be
discretised into pixels of controllable wettability, so that multi-
ple small liquid droplets can be generated, moved, merged and
split simultaneously relying on electrical control.** Due to its
unique selling points (e.g. instrumental simplicity, flexible
device geometry and compatibility with other technologies),
digital microfluidics has found broad appeal as an alternative
to traditional microfluidics for the generation, manipulation,
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Fig. 13 Family tree of the applications for the programmable transport of droplets. All applications of the programmable transport of droplets require the
manipulation of matter and information first (Section 4.1). A second layer of tasks can then be added on top of this fundamental task to harvest matter and
energy (Section 4.2), to manufacture materials (Section 4.3), and to analyse chemical and biological systems (Section 4.4).
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Fig. 14 Examples of manipulation of matter and information with moving
droplets. (a) A digital microfluidic device capable of creating droplets from
reservoirs ("Reagent 1", "Reagent 2", “Sample 1" and “Sample 2"), and
transporting them to be mixed, analysed and discarded. Reproduced from
V. Srinivasan et al., Lab Chip, 2004, 4, 310-315% with permission from The
Royal Society of Chemistry, copyright 2004. (b) Surface cleaning by a
droplet moved using surface acoustic waves. Stains formed by melamine
microparticles on a strip are collected when the droplet moves along its
surface. Reproduced from M. K. Tan et al.,, Lab Chip, 2007, 7, 618-525*
with permission from The Royal Society of Chemistry, copyright 2007.
(c) When propelled towards each other, droplets can either rebound (top)
or coalesce (bottom) depending on their velocity and impact geometry.
These discrete phenomena, when combined with tracks to lead droplets,
can be used to create AND/OR and NOT/FANOUT logic gates. Adapted
and reproduced with permission from H. Mertaniemi et al., Rebounding
Droplet—Droplet Collisions on Superhydrophobic Surfaces: from the
Phenomenon to Droplet Logic, Adv. Mater., 2012, 24, 5738-5743.*! Copyright
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

mixing and compositional analysis of microdroplets.*! Since
the first experimental demonstrations, significant and constant
research effort, as reviewed elsewhere,®® has indeed allowed
digital microfluidics to evolve into a mature technology for lab-
on-a-chip applications, some of which are discussed in the
following sections due to their interest in chemistry, physics,
materials science and clinical medicine.**™*°

e Cargo pick-up and removal

During their motion, droplets can collect other liquids or
solids encountered in their path, such as dust particles, stains
and/or solvents (Fig. 14b).* Because of this feature, moving
droplets have therefore become an important aid in many self-
cleaning technologies as reviewed elsewhere.”’ Droplets can
indeed help remove fouling substances, thus leaving the under-
lying surface clean and in full working conditions. As seen in
Section 3.1, modifying the chemical and physical properties of the
surface can significantly reduce the threshold for droplets’ motion
due to, e.g., gravity, thus favouring self-cleaning applications. This
approach can also be enhanced with the use of SLIPS surfaces
(Section 3.5) and active transport phenomena mediated by, e.g,
electrowetting (Section 3.2.3).

e Droplet logic

Two or more moving droplets can also be exploited to
implement simple logic operators on a surface. On superhydro-
phobic surfaces, for example, the collisions of two pure water
droplets can be controlled to lead to either coalescence or reboun-
cing based on their velocity and impact geometry (Fig. 14c).*!

7888 | Chem. Soc. Rev., 2020, 49, 7879-7892

View Article Online

Chem Soc Rev

By designing superhydrophobic tracks crossing at desired
impact parameters on a copper plate, different logic elements
could therefore be demonstrated based on this droplet bouncing
mechanism: namely, AND/OR and NOT/FANOUT Boolean operators
as well as a flip-flop memory.**

4.2 Harvesting of matter and energy

Beyond manipulating materials suspended or dissolved within
them, moving droplets can also be employed to harvest matter,
generate energy or transfer it during their transport (Fig. 13).
This principle has, for example, been employed for the following
applications:

e Water harvesting

Water harvesting is the collection of water from the environment
for its reuse. This is possibly one of the simplest applications where
the directional transport of droplets has been successfully employed
as water must simply be directed to a collection point without
requiring high levels of droplet transport programmability. In
nature, many organisms, including plants, insects, reptiles and
birds, have developed surfaces and structures that allow them to
harvest water (often in harsh environmental conditions) by exploit-
ing the directional transport of droplets.*® Examples are varied and,
among others, include spider web silk fibres** and cactus spines to
capture water from fog condensation (Fig. 15a)> as well as the

A

0 246810
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Fig. 15 Examples of water and energy harvesting with moving droplets.
(a) A droplet moving and coalescing with another near the base of a cactus
spine. Adapted by permission from Springer Nature Customer Service Centre
GmbH: Springer Nature, J. Ju et al., Nat. Commun., 2012, 3, 1247,° Copy-
right 2012 Springer Nature. (b) Water condensing on a cooled silicon 1 cm
wafer bearing a wettability gradient. The wafer is most hydrophobic in the
centre and becomes more hydrophilic towards the edges. The condensing
droplets move outwards towards the edges, visible as radial streaks, carrying
thermal energy with them. Adapted with permission from S. Daniel et al.,
Science, 2001, 291, 633-636.1 Reprinted with permission from AAAS.
(c) Voltage generated by droplets moving down a graphene/PTFE surface
under gravity due to the triboelectric effect (setup schematically shown in
the inset). Each spike corresponds to a new droplet sliding down the surface.
Adapted with permission from S. S. Kwak et al, ACS Nano, 2016, 10,
7297-7302.42 Copyright 2016 American Chemical Society.
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peristome of carnivorous pitcher plants for enhancing prey-trapping
mechanisms.® These natural structures typically exploit chemical
and structural gradients in surface energy or asymmetric geometries
for the directional collection of water droplets (Sections 3.2.1 and
3.2.2), and have been the inspiration for the realisation of
manmade surfaces and materials for the harvesting of liquids,*®
e.g. for harvesting fog from air*® or for the directional pumping of
water and oil droplets on SLIPSs (Section 3.5).**

e Heat transfer

Droplet motion can be harnessed to enhance the perfor-
mance of industrial heat exchangers.'" In such devices, a cold
liquid flow is typically used to extract heat from a hot vapour.
The heat exchange is mediated by a thermally conductive wall
which separates the two phases. However, vapour condensation
at this wall can strongly hamper the performance of the heat
exchanger by forming a thin thermally insulating liquid film.
This phenomenon can be moderated by using substrates with
wettability gradients to remove the droplets away from the
point of condensation (Section 3.2.2), thus continuously renew-
ing the surface of the exchanger and improving the overall heat
transfer through it (Fig. 15b)."*

e Electricity generation

The possibility of generating electricity by moving droplets
of rain, seawater, sweat or ionic liquids on an appropriate
surface is an exciting application of droplet transport that has
emerged more recently. One of the first demonstrations of
this concept was obtained by reversing -electrowetting
(Section 3.2.3):*” high power densities (up to a few kW m~?) could
be generated by moving an array of droplets of a conductive fluid
on multilayered dielectric surfaces made of tantalum pentoxide
coated with a thin fluoropolymer film.>” Alternatively, electricity can
be generated by dragging liquid droplets of salt (NaCl), acid and
alkali solutions on a graphene surface at controllable speeds with a
Si0,/Si wafer.** In this case, the interface between the moving
droplet and the underlying graphene substrate forms a pseudo-
capacitor due to the generation of an electrical double layer. This
pseudocapacitor, which charges and discharges at the front and
rear of the moving droplet, can generate an electric power on the
order of a few tens of nanoWatts (<20 nW), enough to demon-
strate several prototype devices such as velocity and handwriting
sensors™ and, more recently, an all-weather solar cell that can be
triggered both by sunlight and raindrops.* When using graphene,
the production of electric power can be increased by modifying the
properties of the underlying surface. For example, a boost of two
orders of magnitude in the generated electric power compared to
the previous case can be achieved when droplets are moved
on graphene monolayers deposited on polytetrafluoroethylene
(PTFE) substrates, due to the strong negative triboelectric potential
characterising these surfaces (Fig. 15¢).*”

4.3 Manufacturing and materials processing

While transporting materials, droplets can also be employed for
manufacturing, either by working as self-contained chemical
reactors or by modifying the underlying substrate (Fig. 13).
Often, in these applications, droplets leave behind trails of
material during their motion. An intrinsic downside is therefore

This journal is © The Royal Society of Chemistry 2020
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the higher risk of surface defect formation that can pin the
contact line and increase contact angle hysteresis (Section 2).
This risk can be mitigated with a careful design of the substrate-
droplet system employed for the specific application:

e Compartmentalised reactions

Because of their self-contained nature, small droplets spon-
taneously lend themselves to act as mesoscopic mixers and/or
reactors of materials dissolved or suspended within them. Their
small scale means that droplets are particularly convenient for
efficiently screening reaction conditions. The collision and coales-
cence of two (or more) droplets can therefore be harnessed to
initiate a reaction controllably in space and time,** such as for
acid-base neutralisation and for monitoring pH.'> Another
example includes the formation of inorganic salts by merging
droplets containing precursor compounds (Fig. 16a).” Further-
more, nylon 6-6 was recently synthesised by combining magnetically
actuated droplets on a SLIP surface compatible with both aqueous
and organic liquids:*® the two reactants, hexamethyl diamine and
adipoyl chloride, were respectively contained in droplets based
on water and heptane, and reacted at the interface between the
two liquids upon merging.

e Deposition and printing

Moving droplets can be used to deposit continuous trails of
materials (such as colloids and polymers) contained within
them along their path, thus offering alternatives to conventional
ink-jet printing techniques for printing 2D and 3D patterns on
both planar and curved surfaces.* The main obstacle for this
sort of applications is the pinning of the contact line, which is
typically aggravated in the presence of any material suspended
or dissolved within the droplet (Section 2). Binary droplets are a
good candidate to mitigate this issue due to their low threshold
to motion and increased compatibility with different chemical
species due to their multicomponent nature (Section 3.3.2). In
this context, binary droplets of toluene and nonane were
employed to deposit gold nanoparticles in controllable patterns
(Fig. 16b), and even to realise working sensors capable of detecting
strain and volatile organic compounds.*® Binary droplets have also
been employed to print organic materials, such as polymers:
arbitrary macroscopic 2D patterns of polyvinyl alcohol or poly-
ethylene glycol were indeed deposited on pristine substrates by
manipulating binary droplets of water and propylene glycol
containing different concentrations of either polymer."*

e Molecular alignment and self-assembly

While depositing, moving droplets can also impart a pre-
ferential direction to the deposited material, thus favouring
processes of molecular alignment and self-assembly. This is,
for example, useful in DNA technology, where the deposition
of linear DNA molecules is key for several single-molecule
genomic approaches, from DNA mapping to sequencing.
DNA-containing water droplets can indeed efficiently deposit,
combine and align DNA molecules on different substrates
(Fig. 16¢) when driven either by body forces®” (Section 3.1)
or chemical wettability gradients*® (Section 3.2.2). Similarly,
the speed at which a binary droplet containing crystallising
polymers (such as polyethylene glycol) moves on a pristine
substrate can be used as a tuneable parameter to control how
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Fig. 16 Examples of materials manufacturing and processing with moving
droplets. (a) A droplet containing copper(i) sulfate is propelled towards a
second stationary droplet containing sodium hydroxide by electrostatic
repulsion from an electrode rod. Upon merging, copper hydroxide is
formed. Reproduced with permission from H. Dai et al, Controllable
High-Speed Electrostatic Manipulation of Water Droplets on a Super-
hydrophobic Surface. Adv. Mater., 2019, 31, 1905449°> © 2019 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim. (b) A binary liquid droplet of
toluene and nonane containing gold nanoparticles moves down an inclined
silicon wafer due to gravity. As the droplet moves, it leaves a trail of
nanoparticles. Scale bar 300 mm. Adapted and reproduced with permission
from G. Konvalina et al., Printing Nanostructures with a Propelled Anti-
Pinning Ink Droplet. Adv. Funct. Mater., 2015, 25, 2411-2419.4¢ © 2015
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Fluorescence micro-
scopy image of human DNA deposited by dragging a droplet (downwards
in frame) on a Zeonex-coated microscope slide. The motion of the droplet
imparts directionality on the deposited DNA, which is aligned perpendicularly to
the droplet edge. Scale bar 200 kilobase pairs in length (108 mm). Adapted with
permission from G. Deen et al.,, ACS Nano, 2015, 9, 809-816%" under an ACS
AuthorChoice License. Permission for further reuse should be sought directly
with the ACS.

the polymer crystallites orient on it, thus determining the
texture of the final deposition patterns.*®

4.4 Chemical and biological analysis

Moving droplets can be exploited to implement fully operational
chemical and biological assays relying on their capability of
transporting and concentrating small quantities of analytes
(Fig. 13). Because of this, they have been broadly embraced in
the following areas:

e Spectroscopy of molecules and biomolecules

The ability to handle and process small liquid volumes
makes moving droplets ideal for the detection and in situ analysis
of molecules and biomolecules when combined, e.g., with
spectroscopy techniques. This is also augmented by the fact that
droplets are often evaporative systems. Evaporation indeed aids
to concentrate small quantities of analytes, thus improving the

7890 | Chem. Soc. Rev., 2020, 49, 7879-7892
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signal-to-noise ratio in the measurement. For example, a digital
microfluidic device was used to implement an efficient in-line
sample purification method of droplets with contaminated peptides
for their analysis with matrix-assisted laser desorption/ionisation
mass spectrometry (MALDI-MS).>* More recently, magnetically
actuated butanol droplets were employed to extract natural
molecules with antibacterial properties produced by two strains
of marine bacteria (prodigiosin from Pseudoalteromonas rubra
and violacein from Pseudoalteromonas luteoviolacea) before also
being analysed with MALDI-MS.*® Similarly, droplet transport
was employed to realise a high-throughput surface-enhanced
Raman scattering (SERS) sensor for the real-time control and
detection of dye-containing droplets on SERS-active surfaces made
with superhydrophobic silver dendritic substrates (Fig. 17a and b):>
much like in a conveyor belt, droplets were employed to transport

a b
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Fig. 17 Examples of chemical and biological analysis with moving droplets.
(a and b) Droplets containing analytes can be transported to a location
illuminated with a laser in order to perform sequential SERS measurements
as schematically depicted in (a). Examples of Raman spectra measured from
droplets containing different concentrations of rhodamine 6G are shown in
(b). Adapted and reproduced with permission from S. Shin et al, A Droplet-
Based High-Throughput SERS Platform on a Droplet-Guiding-Track-
Engraved Superhydrophobic Substrate, Small, 2017, 13, 1602865.° ©
2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Sequence of
images showing the working of a digital micofluidic platform for detecting
antibodies for measles and rubella in human blood. (1 and 2) Paramagnetic
particles functionalised with the virus antigens are mixed with the blood
sample. (3 and 4) Any antibodies present bind to the particles and a magnet
can be used to immobilise them while the mother liquid is removed and the
particles washed in buffer. (5) The attached antibodies are reacted with an
anti-human IgG-horseradish peroxidase conjugate, which binds to the
antibodies. (6-8) After further washing, the attached antibodies can then
be detected by mixing with luminol and H,O, (9) after moving the droplet to
the detection zone. The black arrows show droplet motion. Reprinted with
permission from A. H. C. Ng et al., Sci. Transl. Med., 2018, 10, eaar6076.%°
Reprinted with permission from AAAS.
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rhodamine 6G, Nile blue A and malachite green under a laser spot
on the surface, where the molecule’s Raman fingerprint could be
measured.

e Cell-based assays and clinical diagnostics

In parallel with the progress of digital microfluidics technology
(Section 4.1), droplet transport has found broad application in the
development of in vitro biological and clinical assays. Digital
microfluidics was proven to be compatible with the manipulation
of many physiological fluids quite early on, including blood,
serum, plasma, urine, saliva, sweat and tears.*® Moreover, digital
microfluidics platforms have also been applied to grow, transport
and analyse various types of cells, such as mammalian cells,* as
well as microorganisms, such as bacteria, algae and yeast
cells.*® The literature on the topic is therefore vast and includes
immunoassays, nucleic acid assays and cell-based assays, as can
be appreciated from references herein.***® Among recent devel-
opments, a smartphone integrated portable optoelectrowetting
device was employed to monitor water quality based on the real-
time detection of target cells in water samples.*® Excitingly, a
digital microfluidics platform has recently been used as the core
technology to demonstrate a compact, portable, field-deployable,
point-of-care system to perform serological immunoassays for
measles and rubella from human blood samples in remote
settings (Fig. 17¢).*® Similarly, in the wake of antimicrobial
resistance, digital microfluidics has proven valuable in developing a
platform to facilitate detection of antimicrobial resistance genes in
human urine for the diagnosis of antimicrobial resistant urinary
tract infections.*’

5 Conclusions and outlook

In this tutorial review, we have summarised both pioneering
work and recent progress on the programmable transport of
droplets on solid surfaces and its applications. Beyond offering
a current snapshot of this exciting and fast developing research
area in physical chemistry, this tutorial review aims at providing
a pedagogical introduction for anybody approaching the field
ex novo. Due to the field’s ample breadth, we decided to focus on
some fundamental and applied aspects centred on the motion
of droplets on hard surfaces. Even if beyond the scope of this
tutorial review, droplet motion on soft and liquid surfaces is
indeed the object of intensive research too. From a fundamental
point of view, due to the fact that droplets are often evaporating,
their motion is a beautiful example of non-equilibrium physics."**°
As such, understanding and controlling motion mechanisms on a
microscopic level still poses challenges due to the (often) transient
nature and molecular scale of the forces at play.'*'* Among the
various applications of droplet transport highlighted herein, we
would like to outline a few future directions that we envisage will
reinforce existing research areas or open new ones. Firstly, the study
of self-propelling droplets (i.e. droplets capable of triggering their
own motion without external control) is still in its infancy,'® and
could lead to the emergence of collective motion, self-organisation
and other non-equilibrium phenomena useful for the development
of life-inspired microreactors. Secondly, expanding the operations
enabled by droplets beyond reactions and deposition to include,
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e.g. etching, could boost their potential for processing mesoscopic
materials and find use, for example, in microfabrication. Thirdly,
while digital microfluidics is an emerging technology for portable
applications in clinical diagnostics,*>*® the integration of such
platforms with portable devices and wearable electronics can boost
the development of physiological sensors and all-weather energy
harvesting devices.*®* Finally, the computational capabilities
of liquid droplets are particularly interesting as a way to boost
automatisation on digital microfluidics platforms: computation
based on droplet logic could indeed reduce the amount of
external input and feedback required in order to manipulate
droplets in parallel on such devices.
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