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Abstract: Microfluidics, as one of the most valuable analytical technologies of this century, has played
an important role in various fields. Particularly, out-of-channel microfluidics, often referred to as open
microfluidics (OMF) has recently drawn wide research attention among scholars for its great potential
in convenient manual intervention. Much recent research has been geared toward bare droplets and
particle-armed droplets (namely liquid marbles, LMs), which could serve as independent systems in
OMF. Their versatile applications include but are not limited to nanomaterials preparation, energy
harvesting, cell culture and environment monitoring. These applications are mainly attributed to the
excellent independence, low reagent consumption and short reaction time of separate droplets and
LMs. In addition, more operation features, such as diverse handling options, flexible controllability
and high precision, further enable droplets and LMs carrying small liquid biochemical samples to
be manipulated in an open environment freely. Considering the emergence of important research
on bare droplets and LMs, this paper systematically reviews the state of the art in the fundamentals
and manipulation of the two novel platforms under the frame of OMF. First, the intrinsic property of
bare droplets on solid substrates, especially on superhydrophobic ones, is discussed, followed by the
formation mechanism of nonwetting LMs and the effect of coating particles on LMs’ performance.
Then, friction obstacles and actuation principles raised in driving droplets and LMs are further
analyzed theoretically. Subsequently, several classical types of manipulation tasks for both droplets
and LMs, namely transportation, coalescence, mixing and splitting, are discussed with a focus on
key techniques to accomplish the tasks aforementioned. Finally, the fundamental and manipulation
similarities and differences between bare droplets and LMs are summarized and future developments
towards droplet- or LM-based microreactors and microsensors are recommended accordingly.

Keywords: droplets; liquid marbles; open microfluidics; manipulation; hydrodynamics

1. Introduction

Miniaturization has become one of the dominant themes in the fields of chips, micro
electromechanical systems (MEMS) and other electronic components. As a prominent example
of MEMS extension, microfluidic platforms are no exception and have been developing
towards miniaturization in the past decades [1]. By definition, microfluidics aims to ma-
nipulate limited fluids at the microscopic scale, where the effect of surface tension is much
greater than that of gravity and could thus be adopted in various manipulation tasks [2–6].
The microscale nature of microfluidics features numerous advantages, such as tiny device
size, low reagent consumption and short reaction time. These advantages render microflu-
idic platforms, especially droplet microfluidic platforms, excellent miniaturized reactors or
sensors with much more controllable conditions. This demonstrates great inventiveness and
superiority in biochemical analysis and micro-/nano-fabrication that are incomparable to
traditional technologies [7–12].
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While conventional microfluidics operates small volumes of fluid within closed channels,
open microfluidics (OMF), as its name indicates, manipulates fluids freely in an open environ-
ment [12,13]. Here fluids, especially discrete liquids, interact with the external environment
partially or absolutely. This breaks the barrier of enclosed space in which fluids are stored and
provides more operational possibilities. As independent functional platforms in OMF, bare
droplets and liquid marbles (LMs), namely sessile pure droplets and core–shell droplet
systems respectively, possess many unique features besides the inherent advantages of
conventional droplet microfluidics [14]. Droplets on a solid surface are usually directly
exposed to air and isolated by the liquid–air interface, which means that there is a flexible
operating room allowing for convenient surface modification. For example, reagents can
be arbitrarily added into bare droplets and products can be easily removed reversely [15].
Furthermore, bare droplets on a superhydrophobic surface keep sphere shapes, which
offers a microscale 3D liquid interior space. Based on the above features, droplets in OMF
have excellent performance in cell culture, materials synthesis, biochemical analysis, and
clinical therapies [16–20]. Unfortunately, the vast liquid–air surface of droplets also poses
some problems. Here liquids are more susceptible to external contamination and may
evaporate rapidly, resulting in a short lifecycle. By contrast, an LM, which is a bare droplet
encapsulated by multilayered hydrophobic particles, could effectively reduce the evapora-
tion rate of the core liquid and provide an isolated environment under the protection of the
particle shell, allowing for sufficient running time in operation [21,22].

In addition, compared with bare droplets, LMs exhibit the features of high stability, good
elasticity, low friction and reliable three-phase contact, offering more options for liquid han-
dling [23,24]. For example, LMs can be manipulated on a liquid surface or even inside carrier
liquid, greatly expanding the use scope of droplet systems [25–27]. Meanwhile, the transition
between the stable state and the collapsed state of a particle shell gives LMs the information
transfer capacity. Thus, they can serve as various microsensors on certain occasions for
gas sensing, water surface contaminant detection and water system remediation [28–30].
However, LMs also have some undesired drawbacks such as low environmental sensitivity
and complicated intervention steps, due to the overprotection of the multilayered particle
shell. Despite this, droplets and LMs are still important and complementary microsystems
from life sciences to industrial applications, significantly promoting the development of
OMF and further droplet microfluidics.

This paper reviews recent studies on bare droplets and LMs, from fundamental fea-
tures to manipulation techniques, as schematically shown in Figure 1. First, it discusses the
fundamentals of droplets and LMs, including the intrinsic property of droplets on a solid
surface, the mechanism of LM formation, and the particulate factor that affects the perfor-
mance of LMs. Subsequently, it presents the friction obstacles of droplets and LMs that
have to be overcome in actuating on different carrier substrates and classifies the general ac-
tuation principles for effective liquid manipulation. A comprehensive understanding of the
properties of droplets and LMs lays the basis for further discussion on efficient operations.
Later, several manipulation tasks of droplets and LMs are respectively discussed, including
transportation, coalescence, mixing and splitting. Then, representative techniques used for
manipulation are presented, and the characteristics exhibited by bare droplets and LMs in
handling processes are analyzed and compared. Finally, the similarities and differences
between droplets and LMs in fundamentals as well as operations are briefly summarized,
and future research directions towards these two emerging OMF platforms are outlined
based on the above discussion.
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Figure 1. The research strategy for fundamentals and operations of bare droplets and LMs in OMF.
The discussion on the fundamentals of bare droplets and LMs mainly involves their formation
mechanisms, basic properties, friction obstacles and actuation principles. The operation tasks of
droplets and LMs can be divided into four types based on specific functions: transportation for
transferring objects simply, coalescence for merging two isolated samples, mixing for blending
different contents in reactions and splitting for cutting an origin sample into multi-samples.

2. Fundamentals of Bare Droplets and Liquid Marbles
2.1. Bare Droplets on Solid Substrates

A droplet is a tiny volume of liquid isolated by a liquid–air interface and ubiquitous
in nature. For example, thousands of free raindrops falling from the sky can rest on various
substrates and turn to the sessile status. On a concrete surface, droplets look floppy. However,
when on a solid surface such as plant leaves, they behave pretty firmly. These unusual dy-
namic behaviors of droplets on a solid surface endow them with a wide range of potential
applications with enormous advantages and have attracted the attention of interdisciplinary
researchers. In recent years, research on bare droplets on a solid surface has investigated
its functions in terms of handling small amounts of liquid samples, harvesting low-grade
energy sources, manufacturing functional materials, and sensing chemical and biological
analytes [31]. In order to understand the mechanism behind these related applications,
learning more details about droplets on a solid surface is necessary, especially on a super-
hydrophobic surface.
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Theoretically, droplets often have three wetting states on a solid surface: completely wet,
partially wet and completely dry, Figure 2a. In most cases, droplets on a solid surface stay in
the partially wet state. The three states are the reasonable result of surface tensions among
solid/liquid/gas phases, and these states are expressed macroscopically as a difference in
the magnitude of the equilibrium contact angle θeq [32]. Based on the contact angle of a
droplet on solids, solid surfaces can be further classified into hydrophilic and hydrophobic
types roughly, Figure 2b. When 0

◦
< θeq < 90

◦
, a surface is hydrophilic, while 90

◦
< θeq <

180
◦
, the surface tends to be hydrophobic. Particularly, for θeq ≥ 150

◦
, this surface can

be defined as superhydrophobic, which is preferred and often adopted in manipulating
bare droplets.
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Figure 2. (a) Different wetting states of droplets resting on solid substrates. (b) Conceptual diagram
of three-phase contact angle. (c) Two common states of droplets on a topologically patterned surface.

In nature, there are various superhydrophobic surfaces, such as lotus leaves, rice leaves,
and Brassica oleracea leaves. On these natural surfaces, droplets behave like balls that can
be easily actuated [33]. In addition to the inherent hydrophobicity, some plant surfaces
also show distinctive properties and behaviors. For example, rice leaves could transport
droplets on their surface unidirectionally and hogweeds may even transport droplets
against gravity [34,35]. By studying the superhydrophobicity exhibited by plants, it is
found that higher hydrophobicity is congruent with rougher solid surfaces [36,37]. Inspired
by these plant surfaces, many superhydrophobic surfaces with similar structures have been
created artificially and applied in surface self-cleaning and anti-icing [38,39]. Moreover,
by figuring out the mechanisms behind extraordinary droplet transportation phenomena
in nature, the potential application of water droplets on superhydrophobic surfaces has
been successfully demonstrated, such as 3D cell culture, blood type testing and detection
of multiple analytes from a single sample [16,19,40].

Superhydrophobic surfaces of plants have a large number of microstructures. Due
to the microstructures, the actual surface area is much larger than its geometrical surface
area, especially the superhydrophobic surface with many pre-designed microstructures.
It means that the actual surface energy is higher than the geometrical surface energy. At
the same time, on these surfaces, the equilibrium state of a droplet changes and can be
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divided into two opposite states, namely the Wenzel state and the Cassie–Baxter state,
Figure 2c. In the Wenzel state, droplets completely pass through the space between the
surface pillars, while in the Cassie–Baxter state, the droplet stays on top of the surface
pillars [41]. The calculation of the contact angle in both states generally requires a certain
degree of correction according to the detailed surface microstructures. The apparent contact
angle of a droplet in the Wenzel state and the Cassie–Baxter state can be represented by θw
and θD respectively and calculated as [42,43]:

cosθw = rcosθeq (1)

cosθD = f1cosθeq − f2 (2)

where r, f1 and f2 are the surface roughness, the total area of the solid–liquid interface and
the total area of liquid–gas interface in a plane geometrical area, respectively. Accordingly,
the free energy of a droplet in the Cassie–Baxter state is smaller than that of the Wenzel
state, so it is well expected that the droplet should be in the Cassie–Baxter state when
being driven.

2.2. Liquid Marbles from Nature to Lab

An LM is a nonwetting droplet system, generally consisting of a liquid core and a particle
shell, Figure 3a. Its prototype is also derived from the natural world. In order to avoid the
problem caused by the honeydew that accumulates in the habitat, the aphid secretes wax
particles to wrap the honeydew, which can be easily pushed and removed, Figure 3b [44].
This product, prepared by the aphids for survival, was gradually discovered by scholars and
named as LMs [45]. Interestingly, after extensive research, it was found that the protection of
the particle shell allows LMs to operate not only on solid surfaces but also on liquid surfaces
and even inside another liquid [25,26]. Furthermore, LMs show many advantages over
bare droplets, including good robustness, slow evaporation, high elasticity and low friction.
Considering these advantages, LMs have been developed as advanced micro-reactors or
sensors that could be widely used in cell culture, diagnostics and therapeutics [23,46–50].
The widespread application of LMs relies heavily on their overall quality, which is largely
dependent on the combination choice of core liquid and coating particles. The viscosity and
volume of the core liquid, as well as the size and the hydrophobicity of the coating particles
all contribute to the properties and performance of LMs to a certain extent. This section
thus focuses on the formation mechanism of LMs and outlines the particulate factors that
affect their whole performance.
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2.2.1. Formation Mechanism

The formation of an LM involves a simple process whereby hydrophobic particles
spontaneously arm onto the surface of a liquid droplet, Figure 3c. The principle of surface
energy minimization could be adopted to explain the particle arming process. In this process,
it is assumed that the coating particles are smooth and uniform and the random deposition
of particles onto the droplet does not change the original liquid surface area. Comparing
the surface free energy G of the core–shell system before and after LM formation, only two
parts of G will be changed here: a part of the solid–air interfacial area ASA converts to
the solid–liquid interfacial area ASL, while a part of the liquid–air interfacial area ALA of
the droplet is occupied by particle aggregates, Figure 3d. Calculating the corresponding
surface free energy G of interface changed regions as:

Before particle adsorption

G1 = γSA ASA + γLA ALA (3)

After particle adsorption
G2 = γSL ASL (4)

where γSA, γLA and γSL are the interfacial tension of the solid–air, liquid–air and solid–liquid
interface, respectively. Therefore, the energy difference ∆G among them can be deduced as:

∆G = (γSL − γSA)ASA − γLA ALA (5)

According to Young’s law, the energy difference ∆G of LM formation further turns
to [51]:

∆G = −
(
cosθeq ASA + ALA

)
γLA (6)

And the ratio of liquid–air interfacial area to solid–air interfacial area is expressed as:

ALA
ASA

=
1− cosθeq

2
(7)

In a simplified model, the ratio could be either zero or greater than zero [51]. As a result,
∆G must be less than zero, which means the surface free energy of the system consisting
of the liquid droplet and solid particles becomes less than that of a single droplet. Thus,
the arming process is instinctively spontaneous and the final core–shell system should be
stable without extra interventions.

2.2.2. Particle Effects on Marble Performance

The stability of LMs represents their capability to withstand external disturbances.
Higher stability means that LMs can bear more vital external forces, which is an essential
prerequisite for LMs to work in various environments. The lifetime of LMs determines
its survival time. In other words, the longer lifetime, the longer the service time, which
is critical to the biological applications of LMs. Unlike bare droplets on a solid surface,
whose performance is only directed by liquid properties and environmental factors, the
robustness and lifetime of LMs can also be greatly affected by particle properties, such as
hydrophobicity, size and the number of layers, Figure 4 [52].

While preparing LMs, both hydrophilic and hydrophobic particles could be used.
However, particles with various wettabilities bring about different properties. In order to
obtain a more stable LM, particles with a contact angle θ = 90

◦
are preferred for maintaining

the smallest surface energy in theory [51,53,54]. To obtain a longer service period, coating
particles with higher hydrophobicity are in needed [55]. The size of coating particles becomes
another vital factor to be considered. In the monolayer state, LMs prepared by larger-sized
particles tend to be more stable. This conclusion has been drawn in stability experiments
of LMs [56,57]. Nevertheless, an increase in the particle size leads to a decrease in the
effective surface tension and consequently reduces the lifetime of floating LMs on the
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water surface [55]. In addition, the size of coating particles constantly affects the layout
of particles on the droplet surface, with larger particles forming monolayers and smaller
ones forming multilayers [58,59]. Also, the number of particle layers is key to determining
the overall performance of LMs [60]. Generally, multilayered LMs have better mechanical
robustness than those monolayered marbles [59,61,62]. At the same time, multilayered LMs
have a longer lifetime than monolayered LMs. It is because the single-layer LMs expose
more liquid–air interface than bare droplets owing to the incompressibility of the interface,
dry much faster instead. However, for multilayered LMs, due to the rapid rise of the ratio
between the height of the porous media and the typical length of the interface, the drying
rate will slow down obviously [63].
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2.3. Friction Obstacles in Driving Small-Volume Liquid

Friction is common in life and often acts as a hindrance most of the time, increasing
unavoidable energy consumption. The process of driving droplets on solids cannot either
avoid the obstruction of friction. However, the friction mechanism of droplets on a solid
surface is quite different from that of the solid–solid friction, as its friction force is attributed
to the viscosity of the fluid. The friction mechanism of droplets on a solid surface can be
divided into static and dynamic forms, where static friction is always greater than dynamic
friction [64]. Interestingly, the nonstick property of the droplet on a superhydrophobic
surface makes it possible to roll like a sphere, resulting in the corresponding friction
mechanism being further altered, Figure 5a [65–67]. By contrast, LMs generally exhibit a
similar or even better nonstick property than bare droplets on a superhydrophobic surface.
The reason behind this is that bare droplets contact with the substrate directly, while LMs
are separated from the substrate by a large number of air cushions and solid particles,
Figure 5b. Hence, there should exist some differences in the friction mechanism between
LMs and droplets. Nevertheless, when studying the motion of LMs, they are still treated as
spherical droplets on a continuous superhydrophobic surface, which is clearly different
from their discrete particle distribution. In addition, it is worth noting that there is a special
case of the LM–substrate contact. When the particle shell of an LM is monolayered and the
particles are quite small (~nm), the intermolecular force can be prominent and the liquid
core will come into direct contact with the substrate below [61]. This contact form differs
from those of conventional LMs and also of bare droplets. Therefore, this unique LM may
have unique dynamic behaviors in movement.
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Figure 5. (a) Schematic of three different kinematic states of droplets on a solid surface. (b) Snapshots
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The friction of droplets on a solid surface is manifested as lateral adhesion force, and
when acting together with external forces the droplets will be deformed, forming a contact
angle difference in the front and rear directions (θRear and θFront). Subsequently, when
the external force is large enough, the contact angle difference will exceed the tolerance
range and the induced movement happens [64]. Thus, the static lateral adhesion force FLA
can be described by the surface tension, the contact angles and the contact width L of the
droplet [68]:

FLA = kLγLA(cosθRear − cosθFront) (8)

The dimensionless factor k here accounts for the precise shape of the solid/liquid/air
three-phase contact line of the droplet, which was calculated to be between 1/2 and π/2.
Therefore, to drive a bare droplet on a solid surface, the drive force FD needs to be strong
enough to defeat the static lateral adhesion force FLA. When the motion starts, the static
lateral adhesion force FLA converts to the kinetic viscous force FKin. For keeping the motion
of the bare droplet, FD must balance FKin carefully after the motion is initiated [64].

The friction mechanism of a droplet rolling on a superhydrophobic surface is related
to the viscosity of the liquid, and its steady velocity on an inclined surface is determined by
the rate of energy dissipation versus the rate of change of gravitational potential energy [65].
Similarly, the friction mechanism of an LM is also attributed to the viscosity of the liquid
core and can be subdivided into two types. One is the energy consumption to break the
contact line, and the other is the viscous dissipation in the bulk of LMs [69,70].

Based on the motion of nonwetting droplets, it is known that bulk viscous dissipation
is an important factor in the deceleration of these droplets, and its energy dissipation rate

.
E

can be estimated by the following equation [69]:

.
E = η

∫
Vd

(→
u
)2

dΩ (9)

where η is the viscosity of the liquid, Vd is the volume over which viscous dissipation occurs
and

→
u is the velocity field in the droplet and dΩ is the micro-element volume. According to

the energy conservation law, the deceleration of a nonwetting droplet can be described as:

.
Eτ =

7
10

mu2
0 (10)

where τ ∼= 2S/u0 is the time of slowing, m is the mass of the droplet and u0 is the initial
velocity of the marble center of mass. Considering the

∣∣∣∇→u ∣∣∣ ∼= u0/R0, in which R0 is the
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radius of the droplet, Vd ≈ l3, l is the radius of the contact area and m = 4
3 ρπR3

0, so the
distance necessary for stopping S can be calculated by [65]:

S = 1.5
ρu0R2

0
ηl2 (11)

This is the formula for the motion distance of LMs under the control of body viscous
dissipation. With this equation, the friction mechanism of LMs can be initially judged and
then the driving strategy can be adjusted based on the detailed friction mechanism [69].

A further difference to bare droplets is that LMs can stably float on a liquid surface.
An LM floating on a liquid surface will often form a meniscus, which makes the friction
mechanism differ from those of the LMs on a solid surface and also in the carrier liquid.
This interesting feature enables more choices of transportation for LMs [27]. For calculating
the Stokes drag Ff force in transportation, the effect of the meniscus must be taken into
account, and a correction factor has to be introduced [71,72]:

Ff = 6πβµR0v (12)

where µ is the dynamic viscosity of the carrier liquid, v is the horizontal velocity of the
LM, and β is the correction factor for the coefficient of friction. The friction is not a fixed
value but is proportional to the velocity, which is consistent with the motion of an object in
a liquid.

2.4. Actuation Principles of Small-Volume Liquid

As mentioned above, the primary obstruction to the smooth motion of droplets comes
from lateral adhesion force. Meanwhile, an LM confronts less resistance because of the presence
of a particle shell and thus its motion on the liquid surface presents a different frictional
mechanism. Regardless of the detailed friction mechanism, the motion will be initiated anyway,
as long as the applied driving force is strong enough. With the advancement of theory research
and manipulation technology, more actuation strategies have emerged for overcoming friction
in transporting small-volume liquid. The principles of these strategies can be mainly classified
into wettability gradients, body forces and other schemes for special purposes, Figure 6.
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2.4.1. Wettability Gradients

Solid surfaces are generally considered to be isotropic and their surface energy should
be uniform in all directions. The total energy Uγ of a droplet on these solid surfaces is thus
identified as a constant. However, when there is a surface energy gradient on the solid
surface, the total energy of the droplet–surface system will have a spatial gradient, which
eventually creates a driving force to move the droplet. A general expression for the driving
force is given as [31]:

FD = −∇Uγ (13)

Wettability is the macroscopic manifestation of the difference in the surface energy of
a solid surface. Hence, the driving force can be expressed with the contact angle as follows:

FD = πl2γLV
dcosθ

dx
(14)

Here θ is the contact angle of the droplet to the surface, which is a function of the position
x of the plane. The detailed expression of the driving force depends on how the wettability
gradient is generated. When the wettability gradient is created by surface chemistry, the
contact angle of the droplet is determined by the chemical composition of each location,
and the driving force can be expressed by Equation (14) [73]. Moreover, to modulate droplet
motion more easily, the substrate surface can be modified with stimuli-responsive molecules
that change wettability in response to external stimuli. When the wettability gradient is
formed by adjusting roughness instead, the contact angle needs to be modified according
to the characteristics of the surface microstructure, so that the driving force expression will
be adapted [74]:

FD = πl2γLV
dφ

dx
(
cosθeq + 1

)
(15)

where φ is the surface area fraction. The actuation methods that focus on the substrate
surface, although they are effective in driving bare droplets, do not work for an LM. This
is because the over-protection of the particle shell causes the liquid core of the LM to be
isolated from the substrate, preventing it from responding to the change in substrates.

Electrowetting is also a useful phenomenon that can be adopted to actuate droplets.
This phenomenon shows highly controllable characteristics after introducing a dielectric
layer (known as electrowetting on dielectric, EWOD) and has been widely used in droplet
manipulation [75]. Its actuation principle can also be attributed to the wettability gradients.
The surface tension of a droplet on a dielectric layer becomes smaller under the influence
of the voltage, and the Lippmann equation can describe its variation [76]:

γSL(V) = γSL −
ε0εr

2d
V2 (16)

where V is the voltage, ε0 is the vacuum dielectric constant, εr and d are the effective
dielectric constant and the thickness of the dielectric layer, respectively. The decrease in
solid–liquid surface tension will eventually lead to a decrease in the contact angle of the
droplet, which can be obtained by combining Young’s equation and Equation (16) [75]:

cosθU
eq = cosθeq −

ε0εr

2dγLV
V2 (17)

Combining the equation above with Equation (14) will yield the driving force of
this electrowetting actuation method. Unlike previous methods of modifying substrates,
electrowetting directly affects the liquid content. Therefore, the electrowetting approach
can not only achieve the driving of bare droplets efficiently but also apply to the effective
actuation of various LMs [77].
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2.4.2. Body Forces

The body force means a noncontact force that can act uniformly on each volume
element of the target body. Hence, body forces are a good choice in manipulating all types
of liquid with small volumes. The most common body force is gravity, which often spears in
the actuation of droplets and LMs. Examples of gravity-driven droplets are easy to find in life,
such as the fall of a raindrop, or the sliding of a droplet on a car’s windshield. Unfortunately,
gravitational droplet actuation exhibits many inherent restrictions. For instance, it cannot be
manually controlled and is always downwards. As a consequence, the motion direction
of both droplets and LMs is fixed. Apart from gravity, some other body forces can also
be used to drive small volumes of liquid. These body forces, including but not limited to
electric, magnetic, and sound fields induced forces, possess distinctive features that are
attractive in manipulation and beyond.

When a small-volume liquid carries free electrons, the free electrons will be redis-
tributed on the surface by the presence of an electric field and eventually generate an
electrostatic force [78]. In contrast, an electric dipole can be formed for liquids without
electrons in the electric field, due to the electric polarization. When the electric field is nonho-
mogeneous, the forces at the different ends of the liquid volume are not equal, and may even
move small-volume liquid against gravity [79]. This dielectrophoretic force can be calculated
by the following equation [80]:

FD = 2πR3ε1

[
(ε2 − ε1)

(ε2 + 2ε1)

]
∇U2 (18)

where R is the radius of the small-volume liquid, U is the electric field, ε1 and ε2 are the
dielectric constants of the liquid and the environment, respectively. By contrast, when the
external field is a magnetic field, it is generally necessary to add magnetic components to
the droplet-based system. Otherwise, it cannot effectively responds to the magnetic field
applied. The corresponding driving force Fm comes from the magnetic field and can be
calculated by the following equation [81]:

Fm =

(
M
ρ

)
χ

Bm

µ0
∇Bm (19)

where M is the mass of the magnet, χ is the magnetic susceptibility of the magnetic particles,
Bm is the magnetic field applied, and µ0 is the permittivity of free space. However, the
main concern is that the magnetic particles may detach when the resistance is greater than
the capillary force for adsorbing particles in bare droplets and especially LMs.

In terms of the acoustic field, the propagation of sound energy is simpler and more
direct. Acoustic waves can inspire any object within the field theoretically, and the move-
ment of small-volume liquid can be easily achieved through fine control of waveforms [82–85].
Unfortunately, due to the complicated action form of acoustic waves, the driving force of the
acoustic field is hard to be derived quantitatively in the same way as calculating either electric
or magnetic force. Despite this, this body force still attracts scholars’ interest [86]. Part of the
reason is that its contactless nature shows a significant advantage, making it not easy to
fail in LM manipulation, just as the wettability gradient does. In addition, this avoids the
cross-contamination of target droplets and LMs from contacting with external objects. In
summary, apart from being able to drive droplets and LMs simply, the body force enables a
controlled operation that is also meaningful for LMs, namely the reversible opening and
closing of the particle shell, which will be discussed in detail in the following section.

2.4.3. Other Schemes

Surface tension affects the wettability of droplets and is also responsible for the rise
of liquid in capillary tubes. When a wettable capillary tube is inserted into a liquid, the
liquid will climb up against gravity under the influence of surface tension. Additionally,
the formation of Laplace pressure difference is also related to surface tension. When the
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liquid surface is in a curved state, a Laplace pressure difference appears between the inside
and outside of the curved liquid surface under the action of surface tension. With some
special structures, the capillary rise and Laplace phenomena can be employed together
for the transfer of small volumes of liquid [87]. Furthermore, the Marangoni flow is also a
valid method to drive tiny droplets, aided by the surface tension difference induced by a
temperature or concentration gradient [73,88]. Apart from being able to drive droplets on
solid surfaces, Marangoni flow can also drive LMs on liquid surfaces in a unique way [89].
Using similar temperature or concentration gradients, a surface tension difference will
be induced near the carrier fluid of floating LMs and thus Marangoni flow generates.
Eventually, independent LMs tend to move with the flow of the carrier fluid [25,90]. This
interesting carrier-based driving method efficiently actuates LMs on various liquid surfaces,
enabling floating LMs to function as a versatile platform with tremendous potential.

The transportation of droplets can be efficiently achieved by machining the wedge-
shaped corner structure. In this structure, the liquid will rise, which is consistent with the
phenomenon of capillary rise in life and the rise in height H can be determined by the
equation below [91]:

H =
2γLVcosθeq

ραgy
(20)

where α is the wedge angle and y is the position of the liquid surface. If there is a wedge
angle gradient from bottom to top, the rise height will be larger. In addition, the conical
structure with a radial gradient is valid for droplets’ spontaneous motion. According to
the Laplace equation, the value of the pressure difference is inversely proportional to the
radius of curvature. The total Laplace pressure is zero when the substrate surface is flat,
and the Laplace pressure becomes asymmetric when the substrate surface has a structural
gradient, which can be used to transport droplets. The driving force of a droplet on the
conical structure can be calculated by the following two equations [92]:

FLaplace−hydrophilic = γLV

(
1

R1
− 1

R2

)
STCL−barrel (21)

FLaplace−hydrophobic = γLV

(
1

R1
− 1

R2

)
STCL−clamshell (22)

where STCL−barrel and STCL−clamshell represent two forms of three-phase contact lines for
droplets on a conical structure, R1 and R2 are respectively the local radii of the conical
structure at two opposite sides of the droplets. Not surprisingly, these two transportation
methods for small-volume liquid based on special structures also severely rely on the
perception of the substrate surface. As a result, LMs cannot be aided by these two special
structures to release their fantastic performance.

3. Transportation of Bare Droplets and Liquid Marbles

The versatile application of small-volume liquid heavily relies on the detailed means
of manipulation, particularly the way of transportation, one of the most fundamental
tasks in liquid manipulation. However, different transportation methods have respective
requirements or technical restrictions on the wide use of droplets and LMs, which are
serving as independent systems in OMF. For instance, traditional transportation based on
different substrate surfaces requires small volumes of liquid to contact well with the surface
and delicate surface processing is needed. Transportation assisted by external fields often
requires a precise adjustment of the action of these fields. In more detail, the droplet motion
on the solid surface with a wettability gradient usually involves processing microstructures
or regulating surface chemistry [93–95]. Particularly, the motion on some special surfaces
demands the machining of specific morphological features, such as the wedge corner and
the conical structure [35,96]. In addition, the use of Marangoni flow to drive droplets and
LMs requires fine control of the liquid components. Furthermore, for external fields, the
transportation driven by an electric field must be controlled under an appropriate voltage;
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otherwise, irreversible damage to the system will occur [97,98]. The magnetic-field actuated
transportation needs the incorporation of magnetic materials anyway and these materials
tend to detach in moving under a strong magnetic field [99–101]. Moreover, the propagation
of acoustic or light fields is affected by the relevant working environment, so acoustic- and
optical-driven motions may only be adopted on specific occasions [26,84,102,103]. Based on
the detailed mechanisms, the transportation of droplets and LMs here can be systematically
classified as spontaneous motions and motions with external assistance, as illustrated by
Table 1.

Table 1. The approaches, driving force, and principles in both the spontaneous motions and external-
field actuated motions of bare droplets and LMs (note: Different quantities of “#”and “}” symbolize
the relative capacity of various approaches in actuating bare droplets and LMs, respectively).

Motion Forms Approaches Driving Force Principles

Spontaneous motions

surface textures ##
surface tension

surface texture gradient
surface chemistry ## surface tension surface chemistry gradient

Marangoni flow #/} surface tension temperature gradient
concentration gradient

wedge corner # capillary force gradient structures
conical structure # Laplace pressure

Motions with external
assistance

electric field ###/}}}
electrostatic force electrostatic effect

dielectrophoretic force dielectrophoresis
surface tension electrowetting

magnetic field ##/}}} magnetic force magnetic field action
acoustic field ##/}} acoustic force acoustic wave action

optical-induced temperature gradientoptical field #/}} surface tension optical-induced molecular structure change

3.1. Spontaneous Motions

As a common form in liquid transportation, spontaneous motions can be easily achieved
by changing environmental factors, where a tiny liquid can move smoothly without the
assistance of an external field. Modifying or manufacturing the substrate surface with
different wettabilities and morphologies is usually an efficient way to realize spontaneous
droplet motion. Recently, many types of specific substrates have been artificially fabricated
and applied in droplet transportation, such as the substrate with a wettability gradient, a
wedge-shaped corner structure, and a conical structure. This approach lies in the fine modi-
fication of solid substrates, so it cannot be used for inducing the spontaneous motion of LMs.
However, the actuation using the Marangoni flow is a type of carrier-based transportation that
does not ask for liquid contents to sense substrate structures. Its unique actuation principle
permits an LM to have spontaneous motions as well, but the motion is so arbitrary that it
is hard to predict its routes. Generally, the advantages of spontaneous motions for small-
volume liquid are obvious. Once the change of environmental factors is accomplished, the
small volume of liquid will follow a predetermined route to move and no extra energy
will be consumed during the entire process. Moreover, proper modifications to multiple
substrate properties can be combined to greatly enhance the efficiency of transportation.
Nevertheless, the spontaneous motion of droplets and LMs also exhibits some drawbacks,
for example, the single path and the inability to regulate readily.

3.1.1. Surface Textures

In 1978, Greenspan first pointed out that a water droplet would spontaneously move
when the substrate had a wettability gradient [104]. Whereafter, the motion mechanism
of droplets moving on a solid substrate was analyzed [105]. With this concept proven,
more researchers have developed numerous methods to process wettability gradients and
then achieved various spontaneous motions of small-volume liquid [93,96,106]. Among
these methods, manufacturing surfaces with different degrees of roughness for control-
ling the wettability gradient is one of the most classical methods. Advances in micro-
and nano-fabrication technologies offer a variety of options for processing surface texture
gradients, including scanning probe lithography, photolithography and scanning beam
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lithography. Readers can learn more details in a review that summaries the novel technolo-
gies on microstructure and nanostructure fabrication [106]. Furthermore, this review also
offers a decision-making tool for helping researchers identify which strategy to choose for
fabricating the structure with predefined properties. A recent study has demonstrated the
concept of scalable multifunctional surfaces and structural gradients on graphene-related
materials [93], showing variations in the structure, wettability and other properties. This
study presents another viable approach to processing surface textures. In another work
inspired by the natural mist collection of nano-buccal beetles and desert cacti [96], porous
copper nanopillars were manually prepared on a curved surface of acupuncture needles
with glancing angle deposition. This work successfully combines the Laplace pressure
difference induced by the curved structure and the wettability gradient, improving the
efficiency of mist droplet collection greatly, Figure 7a.
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Figure 7. (a) Fog collection with a hydrophilic needle, a superhydrophobic needle and a bioinspired
design needle respectively from top to down [96] (Reproduced with permission from American
Chemical Society, 2021). (b) Aggregation and motion of droplets on horizontally positioned multiple-
shape gradient surfaces [107] (Reproduced with permission from American Chemical Society, 2017).
(c) Two droplets attract each other and coalesce due to the Marangoni flow (scale bar: 5 mm) [89]
(Reproduced with permission from Springer Nature, 2015). (d) The motion of an LM containing
70 vol% aqueous ethanol solution, which is caused by the Marangoni flow of the water carrier [90]
(Reproduced with permission from American Chemical Society, 2015). (e) Anti-gravitational droplet
motion on the structure of wedge corner with an opening angle gradient [35] (Reproduced with
permission from Springer Nature, 2016).
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3.1.2. Surface Chemistry

Another classical method of creating a wettability gradient is to control surface chem-
istry. The surface chemistry gradient is usually determined by surface functional groups.
Thus, adjusting the functional group composition or concentration of the substrate can
effectively regulate the related surface energy. In 1992, Whitesides et al. first utilized chemi-
cal gradients to achieve a spontaneous motion of droplets, by depositing silanes on a carrier
surface [105]. Subsequently, a variety of creative strategies have been developed to fabricate
chemical gradient surfaces for realizing spontaneous droplet motion. For example, a way
to transform self-assembled films on silicon and gold substrates into gradient surfaces
was reported by Han’s team, named the “space-limited plasma oxidation” method [108].
Hernández’s group developed another simple strategy to produce a chemical gradient on
the graphene surface, which just used a physical mask to cover the surface during plasma
processing [94].

The driving capability of the wedge-shaped pattern surface with a width gradient
comes from the difference in wettability between two sides of the contact line. By setting
the wedge-shaped part of the pattern as hydrophilic and the other part as hydropho-
bic, transportation occurred when droplets touched the contact line of these two parts,
Figure 7b [95,107]. For example, Li and his team prepared a sample of a wedge-shaped
surface with Ag/Cu by adhering to a wedge-shaped mask on copper and then dipping the
whole into Ag(NH3)2OH for the reaction [95]. Subsequently, they placed a droplet with
30 vol % PG on this wedge-shaped surface. The shape of the droplet became irregular in
the limit of the wedge-shaped contact line. Eventually, due to the asymmetry of the shape,
a water vapor difference appeared in the vicinity of the droplet and the Marangoni stresses
that could drive the droplet were then generated.

3.1.3. Marangoni Flow

Marangoni flow is mainly attributed to surface tension gradients and occurs where
the difference of surface tension exists at the liquid interface. Cira et al. mixed propylene
glycol with water to produce two-component droplets that showed significant volatility
and surface tension differences. When these droplets were deposited at distances of several
radii, the water vapor at the adjacent end would interact. This interaction resulted in
less evaporation of water at the adjacent end than that at the distal end, which further
caused a difference in the concentration of propylene glycol. Hence an asymmetry in
surface tension would occur at both ends, resulting in a reasonable driving force [89].
Finally, this force would defeat the viscous drag force and achieve droplet motion and
coalescence, Figure 7c. A similar approach can also be used for LMs’ transportation.
Bormashenko and co-workers placed LMs prepared from the mixture of alcohol and water
on a water surface [90]. The alcohol in the LM evaporated from the micropores among
coating particles and condensation occurred when the alcohol vapor reached the water
surface, leading to a local decrease in surface tension on the water surface. Once the alcohol
in the LMs evaporated asymmetrically, a surface tension gradient appeared around the LMs
on the water surface and then Marangoni flow would emerge to drive the LMs randomly,
Figure 7d.

3.1.4. Substrate Structures

Apart from the wettability gradient and the Marangoni flow, some other meaningful
schemes can also realize the spontaneous motion of droplets. Generally, the scheme of
processing special structures on substrates differs from those schemes with wettability
gradients, and its driving force usually comes from the capillary force or Laplace force.
There are two types of special structures in driving droplets: the structure of the wedge
corner and the conical structure with a radius gradient. Interestingly, processing an opening
angle gradient on the structure of the wedge corner can effectively increase the height
of anti-gravitational rise with the help of capillary force, Figure 7e [35]. For the conical
structure with a radius gradient, it is often found on plants in nature for collecting water
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mist, whose driving force comes from the Laplace pressure difference caused by a radius
gradient. However, the gradient of Laplace pressure difference has a limited ability to
drive droplets, so it is usually combined with a wettability gradient to improve the driving
efficiency. More details on the droplet motion by utilizing structure gradients could be
found in a recent review by Li and Guo [87].

3.2. Motions with External Assistance

There are two categories in which the external field can achieve the motion of a small-
volume liquid. The first one is attributed to an indirect effect. This category achieves
motions indirectly by modulating the properties of droplets and LMs or even the surround-
ing environment, such as temperature, surface wettability, and substrate morphology. The
success of these indirect motions owes to the emergence of responsive materials, mainly mag-
netically and optically responsive materials. The application of these materials enhances the
motion controllability of droplet-based systems, allowing the motion to be flexibly adjusted
in time and spatial dimensions. The well-known EWOD method can be classified into this
category. Another category is applying an external force directly to the small-volume liquid
system to overcome the friction resistance and realize controllable actuation. These direct
forces mainly come from electric, magnetic and acoustic fields. This category has an obvi-
ous advantage of transient responsiveness, which enables the direction of external forces to
switch in seconds. However, these forces applied directly on liquid targets, especially LMs,
have to be finely controlled to avoid system destruction. For example, strong electric or
acoustic fields may cause unpredictable damage to the particle shell of LMs, and uncertain
magnetic fields would make the magnetic materials around LMs detach anytime.

3.2.1. Electric Field

As one of the most common energy sources, the electric field plays an important role
in microfluidics, especially droplet microfluidics. Numerous studies have demonstrated
that the electric field can easily transport small-volume liquid on various substrates, and
even some usual electrical phenomena in our daily life, such as electrostatic induction, can
be adopted to transport droplets. Washizu et al. have implemented electrostatic driving
through a delicate electrode arrangement [109]. They placed a droplet on a hydrophobic
insulating layer-coated substrate with electrodes on the bottom. Once the electrode near
the droplet was energized, the droplet generated induced charges and then moved toward
the electrode under the electrostatic force, Figure 8a. The use of electrostatic force is also
an effective way to transport LMs. When a charged cylinder approached an LM, similar
movements were observed [70]. Bormashenko’s group investigated the transportation of LMs
in an electric field [110], confirming the use of the electric field to promote the climbing of
liquid parts inside a composite LM composed of diiodomethane (or methylene iodide) and
water, Figure 8b. This unique marble transportation behavior can be attributed to the dielectric
force from molecular polarization, which requires neither the modification of the particle
nor the liquid core, and thus it has since been widely used in the manipulation of LMs. In
terms of adopting dielectrophoretic force to transport LMs, the study reported by Ooi and
co-workers is worthy of attention [111]. The team has successfully achieved the picking up
and placing of LMs at specified positions by using an electrode with a high-voltage bias,
Figure 8c. When the lifting force derived from the effect of dielectrophoresis was stronger
than gravity, the LM was picked up and then could be transferred vertically. Moreover, they
investigated the effect of a nonuniform direct current (DC) electric field on actuating floating
LMs [71]. Subsequently, Jin et al. have further expanded and enriched the application
of dielectrophoretic force in manipulating various LMs and realized the trapping and
positioning of a floating LM by specific electrode configurations, Figure 8d [112,113].
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Figure 8. (a) A droplet moving on a hydrophobic insulating substrate under the electrostatic force
caused by specific energized electrodes. (b) Schematic of a water marble climbing on the methylene
iodide marble in an electric field [110]. (c) Snapshots of a picking-up and placing process of LMs
through dielectrophoretic force [111] (Reproduced with permission from Springer Nature, 2018).
(d) The positioning of a floating LM by the dielectrophoretic force [113] (Reproduced with permission
from Springer Nature, 2019). (e) The comparison of a droplet and an LM actuated by EWOD, respectively.

Among various ways to accomplish small-volume liquid transportation using electric
fields, the electrowetting phenomenon is worthy to be considered. As an indirect way to
drive droplets, the direct driving force of electrowetting comes from the modulation of
surface tension by the electric field [76]. To avoid droplet electrolysis caused by the effect
of working electrodes, a dielectric layer is needed and usually coated uniformly on the
electrode, namely EWOD. In early studies [114], most designs of EWOD were grounded
by clamping a grounding plate to the droplet or inserting a wire into the droplet, showing
certain limitations in driving droplets. Later, the design of the EWOD was gradually
improved and it is possible to ground from the dielectric layer, greatly increasing the
flexibility of droplet transportation [115]. The EWOD way is also a boon for driving LMs.
This way avoids the requirement to touch the substrate and directly affects the liquid inside
LMs. Moreover, the combination of EWOD with separate LMs solves the dilemma of
droplets in electrowetting actuation. The electrocapillary pressure may cause the droplet
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to be irreversibly trapped in the gaps of microstructures on a superhydrophobic surface,
while an LM cannot penetrate the microscopic voids of the substrate with its core liquid
due to the presence of the particle shell, Figure 8e [98]. Nevertheless, constant attention
needs to be paid to the state of LMs when the voltage is increased, because the liquid can
penetrate the coating particles at excessive working voltages and some particles may even
be ejected from the marble surface randomly [77]. Despite all this, the transportation of
small-volume liquid employing electrowetting is still an effective and promising approach.

3.2.2. Magnetic Field

Magnetic actuation is a quite convenient means to implement oriented transportation,
even with a small permanent magnet. Therefore, actuation strategies based on magnetic
fields are attracting more interest from researchers. For efficient transportation, the most
straightforward approach is to add enough magnetic particles into the droplet and then
utilize the magnetic force to overcome motion frictions. However, the detachment of
magnetic particles is a critical issue that has to be considered, as mentioned in the study
of the fundamentals of magnetically driven droplets by Long’s team [81]. To demonstrate
the feasibility of magnetic manipulation, Zhang et al. combined the droplets containing
magnetic particles with substrates carrying surface energy traps, completing the all-round
operations of droplets, Figure 9a [116]. Yang’s group used a superhydrophobic electro-
magnet needle to attract the magnetic beads inside a droplet, which lifted the droplet and
allowed the droplet to move freely [117]. Later, Li and co-workers further simplified the
approach to operate droplets with magnetic particles [100]. This team used only two steel
beads and a magnetic control system to realize the transportation, splitting, releasing and
rotation of different droplets. A few interesting methods that even do not require magnetic
particles tightly bound with droplets have also been reported. Recently, some researchers
have used magnetically responsive materials as substrates. The surface topography of
these substrates could be governed by magnetic fields, which have been demonstrated in
actuating droplets indirectly [118,119]. Furthermore, Fan et al. reported a more exciting
way to actuate droplets that could change the droplet into a crescent shape and even realize
cargo transfer [120]. This is because the properties of a ferrofluid droplet allow it to satisfy
a variety of shape requirements under the control of a magnetic field. This team precisely
regulated the shape of a ferrofluid droplet to encapsulate cargo inside, enabling cargo
collection, transportation and targeted release, Figure 9b.

Compared to bare droplets in the air, the addition of magnetic particles of LMs can
combine with the fabrication of their particle shells. Hence, the introduction of magnetic
components is no longer restricted to the interior of the droplet and can also be accom-
plished by modifying the particles on a liquid–air interface. This feature reduces the risk
of cross-contamination of the sensitive liquid core and greatly expands the inner space of
LM-based microreactors. Certainly, the balance of forces still needs to consider, ensuring
the driving force is sufficient to defeat the motion resistance but the magnetic particles
do not break away from the surface at the same time. Zhao et al. have demonstrated the
feasibility of magnetic actuation for LMs [121]. They synthesized magnetic LMs using
hydrophobized Fe3O4 nanoparticles and then realized the transferring of LM through
a magnet bar, Figure 9c. Xue and his team further explored the possibility of magnetic
LMs acting as microreactors by combining magnetic nanoparticles with fluorinated decyl
polyhedral oligomeric silsesquioxane, stabilizing the LM prepared by low surface tension
liquid [122]. The movement of LMs on a liquid surface can also be driven by a magnetic
field, which was demonstrated by Khaw and co-workers, Figure 9d [99]. In addition, due
to their low friction and high stability, LMs outperform droplets when driven by gravity
on the magnetically responsive material substrate, Figure 9e [123]. This way utilized the
magnetically responsive materials directly as a broad liquid substrate, eliminating the need
for troublesome machining of magnetically responsive microspheres.
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Figure 9. (a) The transportation, fusion, mixing, MPs extraction and dispensing of droplets containing
magnetic particles [116] (Reproduced with permission from John Wiley and Sons, 2013). (b) Snapshots
of ferrofluid droplets that collect, transport and release delicate objects [120] (Reproduced with
permission from PNAS, 2020). (c) Schematic diagram of transferring LMs between two parallel plates
by a magnetic bar [121]. (d) Schematic of the movement of magnetic LMs on the water surface [99].
(e) Schematic diagram of the motions of LMs and droplets on a controllably magnetic deformed
substrate [123].

3.2.3. Acoustic Field

Compared to the electric and magnetic fields, the acoustic field shows fewer limitations
on the property of target objects. This is due to the transfer of acoustic energy being simpler
and much more direct. Theoretically, acoustic waves can inspire any object within their
effective range. Reasonable control of the active form of acoustic waves can precisely work
on the motion of bare droplets. In 2004, researchers first used lithographic techniques to
modify the surface hydrophobicity for creating virtual tracks and successfully confined
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the droplet motion induced by surface acoustic waves in these tracks, Figure 10a [102].
Subsequently, based on a slanted finger interdigitated transducer, Bourquin et al. controlled
the movement direction of droplets by regulating the action position of surface acoustic
waves, Figure 10b [124]. In addition, surface acoustic waves could also be used to indirectly
trigger the movement of droplets. By the action of the surface acoustic wave, the continuous
phase fluid would continuously drive the discrete phase droplets on its surface to the
capture zone [83]. Recently, a more exciting work was presented by Yang’s group. Here
droplets were restricted on a PTFE thread and driven by the sound sources on either side
of the droplets, rather than the common surface acoustic waves [125].
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Figure 10. (a) Snapshots of droplets moving along a pre-designed track for merging under the action
of surface waves [102] (Reproduced with permission from Springer Nature, 2004). (b) Two droplets
with different orientations merge at specific positions under the asymmetric action of surface acoustic
waves [124] (Reproduced with permission from Royal Society of Chemistry, 2010). (c) An LM is
levitated by sound waves [126] (Reproduced with permission from American Chemical Society,
2015). (d) The levitation and coalescence of multiple LMs in a sound levitator (scale bar: 2 mm) [127]
(Reproduced with permission from American Chemical Society, 2017).
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Similarly, acoustic-field actuation is also a remarkable way in LMs transportation.
At the same time, the properties of LMs permit more operation opportunities and per-
form better in acoustic actuation. For instance, the high stability of LMs allows them to
safely suspend in an acoustic levitator, providing a convenient way to transport LMs,
Figure 10c [126]. Acoustic-field actuation is not limited by the number of LMs within a
certain working range, and thus this means is quite effective for triggering multiple LMs to
collide and merge with each other, Figure 10d [127]. In addition, the particle shell can also
be redistributed under the appropriate action of the acoustic field, a feature that permits the
LM to be opened like a handy toolbox only when in service. However, there is also a risk
for the acoustic manipulation process, which is that it may break up if the field strength is
excessively strong, especially in the open air.

3.2.4. Optical Field

Optical-field actuation is generally not as direct as electric, magnetic, or acoustic fields in
driving droplets or LMs. This actuation approach heavily relies on light-responsive materials.
Moreover, optical actuation usually requires a light transmissive environment, and the heat
load accompanying the light field will accelerate the evaporation rate of the liquid, which
may sharply shrink the service period of small-volume liquid. However, this approach is a
remote, contactless and indirect actuation way, without the limitation on the working path in
an open environment. Azo–benzene molecules are one of the most classical photosensitive
materials that can undergo photoisomerization. When irradiating an azo–benzene molecule
with UV light, the molecule becomes cis-isomeric with a higher surface free energy. Con-
versely, irradiation with blue light reverses the cis-isomer to a trans-isomer with a lower
surface free energy. Based on this, Ichimura’s team used this material to modify the substrate
surface and successfully shifted droplets by adjusting the related optical field, Figure 11a [128].
With advances in materials technology, more materials with photothermal-response prop-
erties have been developed and applied for actuating droplets. Hwang et al. introduced
polypyrrole nanoparticles covered by N-vinyl pyrrolidone dispersions into a 10-µL droplet
to improve its photothermal properties [129]. When the droplet was irradiated with a
near-infrared laser, the temperature of the irradiated region increased. As the temperature
changed, a surface tension gradient was formed at the droplet-air interface, which in turn
led to the formation of an internal Marangoni flow, causing the droplet to move imme-
diately, Figure 11b. Although LMs cannot be driven on the solid substrate modified by
light photoisomerization molecules, their unique properties inspire more explorations in
controlled optical manipulation. Chu et al. proposed a convenient and long-range method
for manipulating LMs [26]. In their work, the CHCl3 LMs encapsulated by photothermal
nanoparticles could stably stay in the water. Under the irradiation of a near-infrared laser,
the photothermal nanoparticles emitted a large amount of heat, which vaporized CHCl3
and formed air pockets. Subsequently, the LMs gradually float up from the bottom as the
airbag grew, making the LMs a maneuverable platform in the water. Further adjustment
of the laser irradiation enables the LMs to ascend, shuttle, suspend or even horizontal
movement inside the liquid, Figure 11c.
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Figure 11. (a) The motion of an olive oil droplet on a silica plate modified with CRA−CM, due to
the asymmetrical irradiation [128] (Reproduced with permission from The American Association
for the Advancement of Science, 2000). (b) PPY droplet motions on a lubricated surface by NIR
irradiation [129] (Reproduced with permission from John Wiley and Sons, 2022). (c) The shuttling
process in three cycles numbered from (1) to (6), the short-period suspending and the horizontal
movement of an LM in liquid controlled by a laser [26] (Reproduced with permission from American
Chemical Society, 2016). (d) The Marangoni regime and anti-Marangoni regime motions of LMs [130]
(Reproduced with permission from John Wiley and Sons, 2016). (e) Snapshots of the light-driven
LMs observed by thermography and the delivery of materials and objects by a light-driven LM [25]
(Reproduced with permission from John Wiley and Sons, 2016).
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Interestingly, photosensitive materials are not only feasible for modifying solid substrates
but also for liquid carrier surfaces, which in turn provides more options for the transportation
of LMs on a liquid surface [103]. Furthermore, LMs can stably remain spherical on liquid,
a feature that endows them with unusual dynamic behaviors when moving. For example,
LMs may show anti-Marangoni flow movements on the surface of an aqueous solution
containing surfactants [130]. The reason is that when the liquid thickness is less than the
threshold value, the region irradiated by UV light undergoes a significant deformation,
due to the accumulation of Marangoni flow. Thus, an LM will move against the Marangoni
flow under the effect of gravity. When the liquid thickness is larger than the threshold
value, the deformation caused by the UV light irradiation is not enough to actuate the
LMs in the opposite direction, Figure 11d. In addition, the dynamic behavior of LMs on a
liquid surface can be controlled by the temperature gradient in its vicinity, as long as the
difference in surface energy based on temperature difference is significant enough. For
instance, when the near-infrared light was shone on one side of the LM prepared with
photothermal powders, the temperature of the particles on the water surface increased
rapidly and the nearby liquid was heated [25]. This asymmetric heating would cause a
surface tension gradient in the liquid on both sides of the LM, which created a driving force
strong enough to drag cargo, Figure 11e.

4. Other Manipulation Tasks of Bare Droplets and Liquid Marbles

While reliable transportation lays the basis for small-volume liquid manipulation,
coalescence is critical to release more functions of these independent systems in OMF such
as microreactors, microsensors and microincubators. Following this, mixing is another
important manipulation task for microreactions in various droplets or LMs, where the
induced microscale flow can bring a few reagents into contact on purpose. The splitting of
droplet samples is also one good example of the diversity of controlled liquid manipulation,
which has an immeasurable potential for applications in split-sample tests and microbial
culture. Coalescence is an easy task for bare droplets and merge naturally upon touching
each other. However, for LMs, coalescence is tough even though the subsequent merging
process after a liquid–liquid connection is consistent with that of droplets, Figure 12a [131].
There usually exists an obstacle of protective particles that need to be overcome, when an
LM merges with either a droplet or another LM. As described, adequate mixing allows for
the full contact of biochemical components within the liquid content, shortening the related
reaction time dramatically. As liquid-based microreactors with 3D interior space, droplets
and LMs can be well mixed in a simple way, such as stirring or shaking. Splitting is the
liquid separation of daughter bodies from their parent counterpart, an operation often used
for waste disposal. The methods of splitting for droplets and LMs have much in common,
although LMs require more energy to break the particle shell. However, the presence of the
particle shell also endows LMs with some unique splitting methods.

4.1. Coalescence

There are two main forms of coalescence for sessile droplets. One drives two sessile droplets
to contact each other, and the other is to add a free drop directly over a sessile droplet. In either
form, the coalescence of droplets begins with contacting simultaneously. During the contact
process, a thin air film between two droplets will be broken. Then a liquid neck connecting
the droplets will emerge and gradually expands under the control of Laplace pressure until
the merging process completes [132]. Considering this, most of the transportation methods
mentioned in the above section could effectively trigger droplet coalescence, for instance,
wettability gradients, electric, magnetic and acoustic fields, as well as the Marangoni flows.
Among these methods, the Marangoni flow seems more straightforward and unique. When
two composite droplets containing liquids with different evaporation rates and surface
tensions are near proximity, these droplets attract each other and coalesce. Moreover, the
coalescence based on concentration differences is selective and only occurs when their
concentrations are similar, Figure 12b [89].
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Figure 12. (a) The coalescence processes of droplet-to-droplet and LM-to-LM. (b) The merging of
droplets with a similar concentration after passing through other droplets under gravity [89] (Reproduced
with permission from Springer Nature, 2015). (c,d) Different fusion processes of LMs under the action of
electric force and gravity, respectively. The red circles outline the particle aggregates ejected in vertical
marble collisions [133,134] (Reproduced with permission from Royal Society of Chemistry, 2017 and
2018, respectively).

The presence of a particle shell in LMs is the most essential distinction from bare
droplets, isolating the liquid core from the outsides and extensively protecting LMs from
external contamination. However, this rounded protection becomes a major impediment to
the coalescence of LMs, confining the penetration of extra reagents, which is not expected
when LM-based miniaturized vessels are applied. In order to explore the great potential of
LMs, it is necessary to use external forces to break up the physical barrier of solid particles
before forming a liquid–liquid bridge. After the liquid–liquid contact, LMs will spontaneously
merge as the whole system evolves towards the minimum surface energy. The use of an
electric field can easily climb over energy barriers and may even break several solid shells
together to complete the coalescence of multiple LMs. Liu et al. have investigated the
phenomenon of LM coalescence with a direct current [133]. Under the action of the direct
current, the contacting marbles were deformed at the liquid–liquid interface and a conical
tip inside the particle shell was formed. Then a liquid connection bridge appeared when
the deformation was sufficient, followed by the growth of this bridge in the rest coalescence
process, Figure 12c. The threshold voltage for this coalescence is affected by the particle size
and the surface tension of the liquid core and increases linearly with the number of LMs.
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It was found later that the severe deformation by collisional squeezing can also construct
liquid bridges to promote LM coalescence. Jin and co-workers systematically studied the
vertical collision-induced merging of two LMs [134]. When the upper LM collided with
the bottom LM with a certain kinetic energy, both LMs would be deformed and internal
flows occurred. The strong internal flow allowed the particles around the contact region
to move rapidly to the periphery and formed an opening liquid neck simultaneously.
Then, the coalescence process was accomplished as the liquid neck grew entirely, with the
ejection of extra particles, Figure 12d. Furthermore, sounds can be utilized as an available
energy source to remove the physical hindrance to LM coalescence [127]. Interestingly,
the connection between LMs under the action of an acoustic field may occur before the
main body collision, and even the liquid cores of LMs remain isolated after contact. It was
believed that this phenomenon was closely related to the intensity of the sound. When the
sound intensity was weak, the liquid cores of suspended double LMs in the air may even
keep isolated without merging into a bigger LM, even if the acoustic field continued
to work.

The controlled opening and closing of the particle shell is one of the most popular
features of LMs, and its implementation creates infinite possibilities for the operation and
application of functional LMs. For example, during the shell opening period, reagents
can be added to target LMs arbitrarily. While the shell is closed again, it can continue
to protect the liquid core from external disturbances. However, opening and closing the
particle shell is still a challenging task, which strongly relies on external assistances, and
the most commonly used ones are magnetic and acoustic fields, Figure 13a–c [121,122,126].
Fortunately, Rozynek and co-authors have recently proposed a different approach to open
and close the particle shell of an LM, expanding the choices to control the particle shell [135].
This group put the droplet with fully covered particles into an electric field. Initially, the
electrohydrodynamic flow was suppressed, due to the weak electric field, the small droplet
deformation and the tightly arranged particle layer. As the electric field strengthened, the
droplet deformation increased and the surface particles tended to detach. At this point,
the electrohydrodynamic flow started to occur and the particles began to move, forming
an opening area in the electric pole of the droplet. Finally, as the electric field strength
gradually decreased until it disappeared completely, the opening area healed, Figure 13d.
This method demands little particle properties and is suitable for droplets covered with
magnetic or nonmagnetic particles, which can be used more widely in biochemical analysis.
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Figure 13. (a) Snapshots of the opening and closing of particle shells in LMs under a magnetic
force [121] (Reproduced with permission from John Wiley and Sons, 2010). (b) The regent addition
and chromatographic analysis in an opened magnetic LM [122] (Reproduced with permission from
John Wiley and Sons, 2010). (c) Opening and closing of particle shells under the action of an acoustic
field [126] (Reproduced with permission from American Chemical Society, 2015). (d) Opening and
closing of particle shells under the action of an adjustable electric field [135] (Reproduced with
permission from American Chemical Society, 2019).

4.2. Mixing

The purpose of mixing is to reduce the time consumption of multiple reactions in
droplet microsystems. By accelerating the internal flow of liquid and promoting different
liquid components to come into contact with each other, a faster reaction rate can ultimately
be achieved. Fortunately, due to the viscosity of a liquid, even simple fluctuations can
induce the occurrence of internal flow in droplets or LMs [136,137]. At present, to further
reduce the time consumption of various reactions, several strategies that can greatly enhance
the mixing effect have been developed. For instance, Wang et al. controlled two different
wetting states of a droplet on the superhydrophobic surface by adding and removing an
electric field, Figure 14a. The fast switching of droplet states could accelerate the internal flow
inside the droplets, which was capable of shortening the complete hybridization of DNA from
12 min to only 10 s [138]. Yang et al. used an electrode needle to control the magnetic beads
inside a droplet, which achieved a similar mixing acceleration [117]. The repeated movement
of the electrode needle on the droplet surface drove the movement of the magnetic beads,
leading to the internal liquid flows, Figure 14b. Li’s team further simplified the method of
using a magnetic field to control and promote the internal flow of droplets, with only two
steel beads instead, Figure 14c [100]. Won and co-workers have proposed another approach
to enhance the mixing effect in droplets by adopting sound fields, Figure 14d [139]. Under
the stimulation of a piezoelectric actuator, microflows would be generated in the vicinity
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of the bubbles inside the droplet, promoting the mixing of the internal components. This
method significantly improves the mixing performance of droplets on open surfaces. In
addition, the direct use of electric fields in LMs is also effective in triggering the mixing
process inside and reducing the related reaction time. For example, Liu et al. systematically
investigated the effect of an electric field on LM coalescence and mixing. Under electric fields,
they have observed an obvious mixing acceleration phenomenon in the micro reaction
process inside LMs, Figure 14e [140]. The reaction of 2-methylindole and aldehyde with the
assistance of an electric field was completed in 6 s, while the traditional heating method
still took at least 12 min to finish.
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Figure 14. (a) The mixing is caused by the switching of droplets between wetting and nonwetting
states [138] (Reproduced with permission from Springer Nature, 2008). (b,c) Acceleration of mixing in
droplets caused by the internal rotation of magnetic particles [100,117] (Reproduced with permission
from Elsevier, 2017; American Association for the Advancement of Science, 2020). (d) The efficient
mixing is assisted by acoustic bubbles [139]. (e) The detailed process of LMs from the separate state,
coalescing state until mixing state, under a well-controlled electric field [140] (Reproduced with
permission from John Wiley and Sons, 2019).
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4.3. Splitting

Coalescence corresponds to the foundation of the droplet-based microreactor, while
splitting is key for the microincubators to maintain the optimal conditions for cell culture.
For splitting, it is necessary to have a continuous force to keep the liquid deformed until
full separation. Luckily, droplets, as a soft microsystem, require a quite small force for
deformation, so there are many options available for droplet splitting. Electricity has always
been extraordinary in controlled droplet manipulation, and the electrowetting phenomenon is
representative of this. In EWOD, the quick energization of the electrode under a droplet can
finely regulate the droplet’s surface tension, and this characteristic can be exploited to create
a surface tension gradient near the droplet. The lasting effect of the surface tension gradient
can continuously force the droplet to deform until the droplet is separated into two smaller
droplets, Figure 15a [141]. Moreover, this method is also valid in distributing multiple
sub-droplets from a large droplet. Not surprisingly, the use of a magnetic field is another
effective means to assist the splitting operation. For example, Zhang et al. fabricated
high surface energy regions on a low surface energy Teflon membrane as traps, smoothly
completing the droplet dispersion with the assistance of a magnetic field [116]. In this work,
when the original droplet passed through the traps, the majority of droplets kept moving
and the minority of droplets were left in the traps. Gravity, although non-adjustable, still
shows great potential for separating droplets. Accordingly, Mertaniemi’s team prepared
superhydrophobic blades on an inclined superhydrophobic track. When a droplet moved
along the direction of the gravitational gradient, it was split into two parts by the pre-set
superhydrophobic blade above because of strong impacts, Figure 15b [142]. Additionally,
Song’s group has fabricated specific superhydrophobic strips on hydrophilic surfaces to
achieve droplet splitting. When droplets fell and impacted the superhydrophobic strip,
the surface tension in the hydrophilic region would stretch the droplet outward and thus
prevent the contraction of the three-phase contact line. By contrast, the surface tension
on the superhydrophobic strip would like to pull the droplet inward. Finally, under the
surface tension of different directions, the droplet appeared to look like being cut with a
blade, Figure 15c [143].

As aforementioned, the particle shell of LMs has not only increased the difficulty of
merging but also raised the energy requirement for their splitting operation. However,
the particle shell is not always a hindrance to LM splitting. The high stability brought by
the protection of the particle shell permits the separation of LMs to be executed in a wilder
way. For example, the splitting of LMs can be easily done with a solid rod or even just with
a finger, Figure 16a [70]. Furthermore, this high stability of the particle shell facilitates the
LM to be split in more accessible ways. For instance, Bormashenko et al. have discovered
that under the protection of the particle shell, the LM was able to exist stably in the oil
phase and jetting can occur in the oil. This is because Taylor instability appeared when
LM submerged in oil suffered a sufficiently large DC field, forming a cone and ejecting
tiny droplets, Figure 16b [97]. As the DC field can be properly controlled, it is regarded as
an effective method to split LMs. In addition, Wang’s team presented a device to ensure
that LMs serving as 3D cell culture platforms stay in an optimal cellular microenvironment
over time [144]. Among multi-channels with different functions, the working principle of
splitting channels is quite interesting and simple. The splitting of LM is achieved by gravity
through setting copper wires on the falling path of LMs, Figure 16c. More conveniently,
the size of the sub-LM can also be controlled by adjusting the position of the copper
wire. In most cases, the main body of LM protected by a stable particle shell has less
mass loss in splitting, unlike excessive splashing of droplets. Generally, the number of
particles is enough to wrap around the two liquid droplets after harmless splitting. In this
channel, the removal of waste liquid from the culture solution can be thus easily realized
by marble splitting.
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Figure 15. (a) Separation process of liquid droplets by electrode switching [141] (Reproduced with
permission from Royal Society of Chemistry 2002). (b) Schematic of gravity-actuated droplets being
divided into two parts by a superhydrophobic knife [142] (Reproduced with permission from John
Wiley and Sons, 2011). (c) The snapshots of a big droplet split into multiple small droplets by
superhydrophobic stripes. The green shadows circled by red dots show the size and initial landing
position of the big droplet, with a scale bar of 2 mm [143] (Reproduced with permission from the
Royal Society of Chemistry, 2015).

Actually, it is common sense that either droplets or LMs have a spherical appearance
of their daughter after splitting, because spherical condensed matter tends to have the
smallest surface area. However, Liu et al. found some unusual phenomena in their recent
study, where LMs did not spontaneously become sphere-like shapes after being cut, but
could be deformed randomly and even shaped into English letters on demand [145]. The
authors pointed out that this behavior was attributed to the particle surface density. When
the particle surface density is small, the behavior of LMs is closer to liquid droplets. And
when the particle surface density is large enough, its behavior is more like a solid. Therefore,
cutting and separating the LMs with higher particle density is more accessible, just like
cutting a pudding in life, Figure 16d.
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smallest surface area. However, Liu et al. found some unusual phenomena in their recent 

study, where LMs did not spontaneously become sphere-like shapes after being cut, but 

Figure 16. (a) Division of a water marble by a solid rod [70]. (b) Lycopodium-coated marble deformed
in an electrostatic field to a Taylor cone and the related jetting [97] (Reproduced with permission from
Springer Nature, 2013). (c) An LM is split into two daughter LMs, caused by a copper wire during the
fall process [144] (Reproduced with permission from John Wiley and Sons, 2019). (d) An LM is cut
into two portions that are not like the traditional spherical cap [145] (Reproduced with permission
from Springer Nature, 2016). (e) The droplet splitting, accurate transport and release on demand of
LMs, under the decanol liquid lenses action [146] (Reproduced with permission from Royal Society
of Chemistry, 2022).

In the above section focusing on transportation, a method for transporting small-
volume liquid based on concentration gradients was introduced. Recently, Yang et al.
proposed a similar strategy for droplet splitting and the targeted bursting of LMs by using the
concentration gradient [146]. They added two droplets of decanol to an aqueous solution to
act as decanol liquid lenses and operated them with a polypropylene pipette tip. Since decanol
is slightly soluble in water and its concentration decreases radially along the liquid−air
interface of the decanol liquid lens, a surface tension gradient field is formed around it.
As the decanol liquid lens approached the target droplet, an asymmetry surface tension
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would raise around the droplet, leading to the motion of the target droplet. Furthermore,
droplet launching can be achieved when two decanol liquid lenses get close to each other
from the tails of the target droplet separately. When the lenses move together along the
axisymmetric line of the target droplet to the center, droplet splitting can be realized and
this manipulation scheme also enables point splitting of LMs to release different drugs,
Figure 16e.

5. Conclusions and Perspectives

As two promising independent platforms in OMF, bare droplets on solid substrates,
especially on superhydrophobic surfaces, as well as LMs, no matter in air or liquid and
on solid carriers, have attracted more attention among international researchers in the
fields from life science to industrial engineering. In this review, we have comprehensively
discussed recent studies of bare droplets and LMs, from the perspectives of unique fea-
tures, formation mechanisms, and actuation principles to applied techniques in operation.
Considering the exciting advantages and rapidly evolving operational approaches of both
novel OMF platforms, this review also aims to offer a snapshot for those who are interested
in the fundamentals and applications of small-volume droplet systems. It is worth noting
that the porous protective particles, often hydrophobic, enrich the manipulation of LMs
and thus empower LMs to have more functions in versatile applications.

A large number of theoretical studies claim the hindrance of driving droplets and
LMs on solid surfaces due to the liquid viscous dissipation. Although experimental results
with minor differences rightly substantiate this claim, more details on droplets and LMs
should be considered. Numerous works have studied the motion of LMs on solid surfaces
by treating them as droplets on superhydrophobic surfaces, but this analysis fails to take
into consideration the difference between discrete particles and continuous solid substrates.
More efforts are needed to identify this difference for understanding the motion mechanism
of LMs better, which lays the foundation for future applications of LM-based microreactors.

As for manipulation, both droplets and LMs can be effectively manipulated for various
tasks under the appropriate action of an external field. In particular, there are some distinctive
operations of LMs due to the protection brought about by the solid particle shell. For example,
the transportation on or below the liquid surface and the controllable opening and closing
of the particle shell. In general, the absolutely isolated liquid core of LMs cannot interact
directly with the external environment. This results in LMs losing the flexibility to sense the
external wettability as well as tiny structural changes. Therefore, LMs cannot be driven like
droplets by adopting the wettability gradient resulting from the solid surface modification.
However, as hydrophobic particles show less friction on various substrates, LMs usually
experience less resistance in controlled actuation, especially on the liquid surface. Moreover,
LMs prepared with single-layer nanoparticles, as a special case in the marble family, seem to
differ from conventional LMs. They are still able to temporarily possess the ability to sense the
external environment inside the solid surface when certain conditions are met. This particular
LM needs more investigation in the future to develop its potential applications. Among other
manipulation tasks, the particle shell seems to be an obstacle to achieving the operation.
For instance, in the process of LM merging, the extra energy required by the particle
shell makes the corresponding merging operation much more difficult. Nevertheless, the
high stability resulting from the particle shell provides some convenience to the splitting
operation, allowing for a wilder approach and effectively reducing unnecessary liquid
splashing during the splitting process.

In summary, bare droplets and LMs, as essential components in OMF systems, demon-
strate plenty of excellent properties. They have great potential in serving as multifunctional
microreactors, which provides more options for versatile liquid-based applications in many
fields ranging from life sciences to industrial engineering. However, there is still a long
way to go before large-scale commercial use of LMs can be achieved. More details, for
instance, the stability and lifecycle of LMs with different coating particles should be further
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investigated and more cross-disciplinary applications should also be actively explored in
the near future.
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