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Abstract
The liquid marble is a small liquid droplet coated with a thin layer of hydrophobic powder. This
seemingly simple object challenges our state-of-the-art knowledge in physics, surface sciences
and microfluidics. As such, liquid marbles have been the subject of numerous research works
throughout the past two decades. A liquid marble consists of two components, namely the liquid
content and the marble coating. The liquid content is usually an aqueous solution, whereas the
coating consists of various types of fine hydrophobic powder. The porous powder coating traps
air and physically isolates the liquid content from its surroundings. A liquid marble behaves like
a soft solid due to the unique combination of a liquid content and a flexible solid shell. These
features allow a liquid marble to transport small volumes of liquid with virtually zero loss and
even to float on a carrier liquid.
Recent advances in liquid marble research have provided various manipulation techniques with
a wide range of applications. One of the most prominent recent applications is the threedimensional (3D) cell culture within a liquid marble. The liquid marble presents a simple,
flexible and economic means for culturing 3D tissues such as spheroids. The ability to float
increases the effective lifespan and mobility of a liquid marble. On the other hand, the marble
coating has been undergoing major improvements thanks to continuous engineering efforts.
Recent advances allow for new manipulation techniques and further enhance the application
potential of liquid marbles.
This thesis studies the manipulation of a floating liquid marble from different perspectives. The
research aims to develop manipulation techniques for liquid marbles and to understand their
mechanisms. First, we present an overview of the current manipulation techniques. This
overview enables us to discover the gap of knowledge and to develop the most suitable
technique and to explore the various scientific aspects of a floating liquid marble. Next, we
choose to investigate the technique of autonomous self-propulsion of a floating liquid marble
and to determine its operational parameters. The knowledge of the operational parameters for
self-propulsion leads us to more fundamental questions regarding the static and dynamic
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behaviours of liquid marbles. Specifically, what are the forces involved during the motion and
how do we measure them?
To understand the static behaviour of a floating liquid marble, we study its deformation, which
is arguably the most basic property. Since the coating is hydrophobic, a floating marble does not
coalesce with the carrier liquid. Instead, it sits on the slightly depressed liquid surface while
experiencing deformation itself. We develop a convenient way to approximate the deformation
of a floating liquid marble. Building on our previous findings, we further examine the floating
mechanism and conclude that the surface tension of the carrier liquid is the dominant cause of
floating. We then construct a scaling relationship between the various geometric parameters of
the liquid marble.
The self-propulsion technique under investigation uses the Marangoni solutocapillary effect,
where the volatile compound within the floating marble evaporates and deposits itself on the
carrier liquid surface. This mechanism provides the driving force which is the local surface
tension gradient of the carrier liquid. The evaporation rate of a floating marble is therefore
critical for determining its driving force. Thus, this thesis also studies the evaporation rate of a
sessile liquid marble containing a binary mixture and the temporal effects on the effective
density and surface tension. The study provides an approximation to the evaporation rate of the
floating liquid marble, which is even more complicated.
As for the dynamic behaviour, we determined the friction force of a floating marble by
measuring its coefficient of friction. We applied the knowledge of magnetically actuated
floating marble to devise a novel and simple experimental setup. We analysed the motion paths
of a floating marble pair under the attractive capillary force. By selecting suitable parameters,
we analyse the motion data using established theories. The combined knowledge that arises
from the extensive works mentioned above establishes the basis for future applications of
floating liquid marbles.
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Chapter 1 Introduction
1.1 Background and Motivation
A liquid marble is a small liquid droplet coated with a thin layer of hydrophobic powder. The
liquid content of the marble is usually water or some aqueous solution, whereas the coating
consists of a wide range of powder materials. Both the liquid content and the coating can be
functionalised to enhance their properties. The size of a liquid marble spans several orders of
magnitude, ranging from less than 1 μl
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to more than 1,000 μl.2 Due to the hydrophobic,

porous marble coating and trapped air, the liquid content has no direct physical contact with its
surroundings.3, 4 Hence, it is able to roll around on solid surfaces without leaving a liquid trail
and even float on a liquid bath, unlike an uncoated droplet.2, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 As the
liquid marble is a composite entity, it displays the characteristics of a soft solid. The liquid
marble is stable and can be used to store or transport small quantities of liquid reliably.
Numerous reviews have been published with regard to the special properties of a liquid
marble.4, 17, 18, 19, 20, 21 The next chapter presents a detailed review article on the properties and
manipulation methods of liquid marbles. The article analyses methods used to enable the liquid
marble to perform a given function such as motion, mixing, wettability increase, evaporation,
deformation and marble shell opening. With the aforementioned functions, the liquid marble
can be used as a micromixer,22,

23

gas sensor,24,

25

cell culture platform26,

27, 28

and

accelerometer.29 In this thesis the application of the liquid marble as a cell culture platform will
be emphasised.
A liquid marble is able to float on a liquid bath provided the powder coating is made of
a compatible material. Since the liquid content does not mix with the carrier liquid, the floating
marble can be used as a transportation vehicle as well. Additionally, the marble motion across
liquid surfaces creates much lower resistance compared to solid surfaces. The carrier liquid
reduces the evaporation rate of a floating marble, thus prolonging its effective lifetime.
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It has been reported that a liquid marble can be used as a culture platform to produce
three-dimensional (3D) cell clusters, also known as spheroids.9, 27, 28 Such a possibility offers
invaluable insights into cell interactions in a 3D environment. The liquid marble is considered to
be a flexible platform as the volume of the marble can be easily changed to accommodate more
culture media. Gas exchange occurs through the porous marble coating, enabling aerobic cell
activities within the marble.26 Conversely, the liquid marble can be sunk into lighter fluids to
create an anaerobic environment.12 Since cell growth studies can last up to several days, the
prolonged lifetime of floating marbles is highly desirable. Despite such advantages and potential
applications, most studies of floating marbles focussed on novel materials and marble actuation.
This thesis seeks to address this general lack of understanding with regards to the fundamental
mechanics of a floating marble.
The present work investigated the fundamentals of a floating marble to further understand
its properties and expand its applications, especially in the biomedical field. We studied the
deformation, floating and evaporation mechanisms of a floating marble. With this knowledge,
we explored the parameters of motion of a floating marble, including marble propulsion using a
permanent magnet and surface tension gradient. This marble motion can be used for
transporting and accurate positioning, as well as internal mixing of the liquid content, which
aids cell growth. Furthermore, collision of two marbles could result in merging, allowing liquid
mixing from separate marbles.

1.2 Research Scope and Objectives
The research works of this thesis are limited to marbles of small and medium sizes,
encompassing volumes ranging from 1 μl to 50 μl. Both the liquid content and powder coating
consist of single materials, therefore Janus marbles are not discussed. The powder coating is
assumed to be uniformly distributed across the marble surface, therefore detailed
characterisation of the marble coating structure and its corresponding effects will not be covered.
The research works in this thesis are divided into two main topics, namely the statics and
the dynamics of a floating marble. The first topic includes studies on the deformation,
2

evaporation and floating mechanisms of the marble, whereas the second topic discusses the
motion characteristics of a floating marble. The objective of this thesis is to explore the
fundamental parameters of a floating liquid marble and to describe its motion.

1.3 Thesis Framework
This thesis is divided into ten chapters. Chapter 1: Introduction; Chapter 2: Theoretical
Background; Chapter 3: Research Methodology; Chapter 4: Published paper (1)– Manipulation
of Liquid Marbles; Chapter 5: Published paper (2) – A floating self-propelling liquid marble
containing aqueous ethanol solutions; Chapter 6: Published paper (3) – Deformation of a
Floating Liquid Marble; Chapter 7: Published paper (4) – Floating Mechanism of a Small
Floating Liquid Marble; Chapter 8: Published paper (5) – Evaporation of Ethanol–Water Binary
Mixture Sessile Liquid Marbles; Chapter 9: Published paper (8) – Measuring the Coefficient of
Friction of a Small Floating Liquid Marble; Chapter 10: Conclusion.
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Evaporation (5)
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Motion

Gravity

Magnetic force
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Proof of
concept
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Application (6)

Shape (3)(4)
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Mixing

Surface
tension
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Light

Shell opening
and closing

Characterisation
of motion
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Figure 1-1 Linkage of journal articles. Articles are numbered according to the list of
publications in section 1.4
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Figure 1-1 illustrates the overview and the linkage of journal articles contained in this
thesis. The main body of this thesis consists of articles one to five and article eight. Article six
and seven are collaborative studies that are related to the thesis topic. Article numbers are listed
according to the content flow instead of chronological order.
Chapter one presents the introduction to the research works. This chapter contains the
brief outline, motivation and scope of the research, thesis framework, as well as the list of
publications. Chapters two and three discuss the basic theoretical background and research
methodology that form the framework for the main body of the thesis.
The main body of the thesis begins with Chapter four, which is a review of the currently
available methods to manipulate a liquid marble. This chapter presents an overall view of what
is known with regard to liquid marble properties and the various types of liquid marbles that can
be formed. We also comprehensively analysed different marble manipulation methods. The
insights obtained from this review provide the knowledge of the properties and manipulation of
a liquid marble.
Chapter five explores the state-of-the-art self-propulsion method of a floating liquid
marble, based on the proof of concept as reported by Bormashenko et al.30 The self-propulsion
utilises the Maragoni solutocapillary phenomenon, where a surface tension gradient is created to
drive the floating marble. The surface tension gradient is provided by a volatile compound in
the liquid marble, which acts as a fuel. Chapter five determines the operational parameters that
enable such self-propulsion. The parameters investigated were the concentration of the volatile
compound and the geometry of the available movement area. The marble motion can be
described using the Newtonian equation of motion. However, some parameters of the equations
such as the contact radius, the coefficient of friction and the surface tension gradient are yet to
be determined due to their complexities.
Since a liquid marble behaves like a soft solid, it deforms and deviates from a perfect
sphere at moderate volumes. The deformation of a liquid marble on a solid surface is well
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understood, but the deformation of a floating marble is not. When a marble floats on a liquid
surface, both the marble and the liquid surface deform, which adds to the complexity of the
issue. Chapter six investigates the deformation of a floating marble by using a convenient oblate
spheroid model.
Chapter seven reveals further insights into the floating mechanism of a small liquid
marble. By studying how a liquid marble stays afloat, we were able to confirm the dominance of
surface tension forces, as well as deriving scaling relationships between critical marble
parameters. These parameters include the dimensionless contact radii and the meniscus angles,
which are required for solving the equation of motion as discussed in Chapter five.
The porous coating of a liquid marble allows for evaporation which shrinks the marble
to eventual collapse. Hence, the evaporation rate influences the effective lifetime of a liquid
marble. For a self-propelled floating marble containing a binary liquid (aqueous ethanol was
used in our case), the surface tension gradient is created through the evaporation of the volatile
compound. Therefore Chapter eight is dedicated to the understanding of the evaporation process
of a marble containing a binary liquid.
Chapter nine reports the measurement of the coefficient of friction of a floating marble,
which is needed for solving the equation of motion discussed in Chapter five. Since the floating
marble is small and straddles two fluids, the Stokes friction was used to determine the
coefficient. Our study involves the application of the capillary force induced by the floating
marbles themselves and analysis of the marble motion paths. Utilising the method from the
study by Khaw et al.11, we used magnetic force to position the marbles. This study is made
possible by knowledge regarding the contact radius and the meniscus angles studied in Chapter
seven.
Finally, Chapter ten provides a conclusion, recommendation and suggests future works
that may arise from this thesis.
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Chapter 2 Theory
This section discusses the fundamental theories and general assumptions that form the basis for
the research of this thesis. First, we introduce the Bond (Eötvös) number, Bo, which is the ratio
of gravitational force to surface tension force. A small Bond number (Bo < 1) means that
surface tension dominates over gravity. Since the shape of a liquid marble is heavily influenced
by these two competing forces, the Bond number will be used extensively throughout the thesis.
The Bond number of a liquid marble can be written as:

Bo 

 m gr 2
,
 am

(1)

where ρm is the effective density of the marble, g = 9.81 m/s2 is the gravitational acceleration, r
is the radius of an undeformed spherical marble and γam is the surface tension between the air
and the marble. The density of air is assumed to be zero as all the relevant component densities
are about three orders of magnitude as large. The radius of the marble r is usually calculated
from the dispensed volume, V, which is an experimentally measureable quantity. Since r is the
radius of a sphere, the volume V is determined as:

4
V  r 3 .
3

(2)

In the regime of small Bond numbers, a liquid marble resting on a solid surface adopts
the shape of a spherical cap. Consequently, the marble geometry can be described analytically
with the knowledge of the marble volume and the apparent contact angle θ or the contact radius
r0. Note that the apparent contact angle is discussed here because the true microscopic contact
angle is obscured by the coating powder and cannot be measured.31 Using the apparent contact
angle, the volume of the spherical cap, Vcap is described as:

Vcap 

hm
6

3r

2
0



 hm2 

3
rcap

3

cos  2cos  12 ,

(3)

where hm is the marble height, rcap is the radius of the spherical cap, θ is the apparent contact
angle and r0 is the contact radius as shown in Figure 2-1.
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In the regime of large Bond numbers (Bo > 1), gravitational force becomes significant
and the marble shape starts to flatten out. In this case, the marble shape has to be described more
generally using the Young-Laplace (YL) equation.4 Regardless of marble size, the shape of the
marble is assumed to be axisymmetric. As such, the YL equation is usually written in a
convenient parametric form as:32, 33

dz
d 2  m gz sin  dx
 cos  ,
 sin ,
 

,
ds
ds
ds b  am
x

(4)

where b is the apex curvature of the marble, s and ω are the arc length and inclination angle
(relative to horizontal) respectively. These quantities are defined with reference to the x-z
coordinate system shown in Figure 2-1. As there is no closed analytical solution to Equation (4),
numerical methods were used instead.

x


s

z

hm

2r 0
Figure 2-1 Schematic of a sessile liquid marble. x and z are located at the marble apex and
indicate the coordinate system; hm is the marble height; θ is the apparent contact angle; s and ω
are the arc length and inclination angle at any point on the marble.
As shown in Equation (4), b, ρm and γam must be determined to describe the marble
shape. The density ρm is calculated by measuring the weight and volume of the marble, whereas
b and γam are calculated by fitting a theoretical curve on the side view image of the marble using
an image analysis software. The details of this procedure are elaborated in Section 3.4 “Image
Analysis”. For large marbles, γam could be approximated using the convenient “puddle height
method” instead, where:4
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2

(5)

For a floating liquid marble, the shape of the unsubmerged portion can be described
using the same method. The submerged portion most likely requires solving a coupled YL
equation which involves the simultaneous description of two interdependent fluid interfaces.
Due to its complexities, the determination of the submerged interface of a floating marble is
beyond the scope of this thesis. Nonetheless, the floating position of the marble can be
determined using the vertical force balance with the coordinate system shown in Figure 2-2.

z
Water
level

x

a

hm


m

r

w

r0





h

Figure 2-2 Schematic of a floating liquid marble. The floating marble shown here is idealised
as a perfect sphere. The spatial variables x and z denote the coordinate system, the water level is
indicated by the two curves at the side. ρ is the densities of the different phases indicated by
their corresponding subscripts (a for air, m for marble and w for water). The angles α, β, and θ
are the inclination, meniscus and apparent marble contact angles respectively. The radii r and r0
are the undeformed sphere and contact radii respectively. The heights hm and h are of the marble
and meniscus respectively.
The vertical force balance is used to determine the floating position of a liquid marble.
The summation of forces in the vertical direction (z) can be written as:34, 35, 36, 37
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F( z )  Fw  Fb r0 , h,   Fs r0 , ,    0 ,

(6)

where Fw is the weight of the marble, Fb is the buoyancy force and Fs is the surface tension
force. The weight of the marble can be directly measured and is usually a predetermined
quantity. The buoyancy force, Fb is determined by calculating the combined displaced weight of
the submerged and partially submerged portion of the marble, which is a function of r0, h and α.
Similarly, the surface tension force, Fs is described as a function of r0, α and β. α is calculated
whereas r0 and β can be measured.
For a solid spherical particle straddling two fluid phases, the circular line where the
particle surface meets the two fluids is called the three-phase contact line (TPCL). This contact
line applies to the case of a floating marble as well. Although the marble contains liquid, this
liquid is isolated from the surroundings by the marble coating, which is a solid. Therefore, at the
TPCL, the solid coating particles are in contact with the carrier liquid. This means that the three
contact angles can be determined using the Neumann triangle if all the component densities and
surface tensions are known, such that:

 


   am   lm   al  0

(7)




where  am ,  lm and  al are the surface tension vectors of the air-marble, carrier liquid-marble
and air-carrier liquid interfaces respectively. The surface tension values determine the
magnitudes of the vectors whereas the contact angles determine their relative directions.
Conventionally, these quantities can be determined using a contact angle goniometer or
taken from the literature. However, the conventional method does not take into account the
extremely uneven surface of the marble coating and pockets of trapped air within. As such, the
true contact angle is only relevant at the microscopic (individual particle) scale. Due to technical
limitations, we were unable to measure such microscopic contact angles. Therefore, only the
visible apparent contact angle will be discussed in this thesis. Since the apparent contact angle
considers the marble coating as a single entity, the properties of the particle material such as
contact angle can no longer be applied to the Neumann triangle. This essentially creates an
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additional unknown and renders the Neumann triangle unsolvable without prior knowledge of
one of the contact angles. This is why β was measured to solve for the other unknowns. Once r0,
h, α and β are known, hm can be determined. The detailed theoretical discussions can be found in
Chapter 6 and Chapter 7.
With all the geometric parameters known for a floating marble, the dynamic analysis
can begin. In this case, the horizontal force balance is applied. The summation of forces in the
horizontal direction (x) can be written as the so-called equation of motion:33, 38, 39, 40


 

F( x )  mx  Fd  Ff  Fd  6 f drx ,

(8)

where m is the marble mass, Fd is the driving force, Ff is the friction force from Stokes’ law, fd
is the coefficient of friction of the floating marble and μ is the dynamic viscosity of the carrier
liquid. The driving force term depends on the mode of propulsion of the floating marble. In this
thesis, two modes will be discussed: (i) propulsion using Marangoni solutocapillary action
where the propulsion force arises from the surface tension gradient, and (ii) propulsion using
capillary forces from two floating marbles in proximity. In both modes, Fd is a function of x.
Consequently, solving Equation (8) will describe the motion of the floating marble at any point,
which is useful for path predictions. Equation (8) can only be solved if the unknowns in both
force terms were determined. In mode (i), Fd is proportional to the surface tension gradient of
the carrier liquid  which there is no known measurement method yet. Also, fd is
undetermined for a floating marble. This thesis divides the problem and measures fd using mode
(ii), which has a known Fd, albeit a complicated one. The detailed implementation of both
modes (i) and (ii) will be discussed in detail in Chapter 5 and Chapter 9, respectively. Currently,
we have yet to develop feasible ideas to measure the surface tension gradient  .
In the discussion of a static floating marble, the effect of line tension on the deformation
of the marble is neglected as the component forces are much greater than the controversial line
tension values.41 For a floating marble in motion, the fluid flow around the marble is assumed to
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be laminar, as the parameters were preselected such that the Reynold’s number is smaller than
one. The Reynold’s number, Re is calculated as:

Re 

2  w xr0



,

(9)

where r0 is the floating marble contact radius, x is the floating marble velocity relative to the
carrier liquid, ρw and μ are the density and dynamic viscosity of the carrier liquid respectively.
These general theories and assumptions form the framework of our understanding of the
research topics in the present thesis. The following chapter discusses the general research
methodologies that apply these theories and assumptions to yield useful research data.
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Chapter 3 Research Methodology
This chapter discusses the general research methodology that applies to all the works in the
thesis unless stated otherwise. The methods specific to particular research articles are not
covered in this section, but are elaborated within respective articles.

3.1

Preparation and Characterisation of Liquid Marbles

In general, a liquid droplet was dispensed using a micropipette (Thermo Scientific Finnpipette
4500

0.5-10

μl)

onto

a

hydrophobic

powder

bed

to

form

a

liquid

marble.

Polytetrafluoroethylene (PTFE) powder (Sigma-Aldrich® 1 μm nominal diameter, ρ=2.2 g/cm3)
was used as the hydrophobic coating material for the liquid marbles. PTFE was chosen as the
coating material due to its excellent hydrophobicity and chemical inertness. The droplet was
rolled around on the powder bed until its surface was coated entirely with the powder, and the
liquid marble was formed. The liquid marble was carefully transferred onto a clean stainless
steel teaspoon and rolled around to dislodge the excess powder. The liquid marble was
subsequently ready for use. As the time taken for the preparation of a liquid marble was
negligibly small (~1x101 s) compared to the timescale of its evaporation (~1x103 s),31, 42, 43 the
effects associated with evaporation during the preparation process were neglected. All marbles
were prepared in situ prior to the start of any experiment.
The volume of the liquid marble can be controlled using the micropipette, which has a
range of 0.5 to 10 μl with an uncertainty of ±4.3 %. For liquid marble volumes larger than 10 μl,
the dispensing action was repeated to add up toward required volume. The volume discussed
here was the dispensed volume of the micropipette instead of the true liquid marble volume
which includes the powdered coating and trapped air. The volume of the liquid marble was
measured through imaging and subsequent evaluation as described in Section 3.4. The weight of
the marble was measured using a precision balance (RadWag® AS82/220.R2 Analytical
Balance) with an uncertainty of ± 0.015 mg.
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All the preparation, characterisation and experimental works were conducted under the
lab conditionsof one atmospheric pressure, a temperature of 293.5 ± 0.5 K and a relative
humidity of 57.3 ± 3.0 %. These values were obtained using a USB temperature recorder
(Senonics Minnow 1.0 TH).

3.2 Experimental setup
Mechanical supports such as frames and holders were made of poly(methyl methacrylate)
(PMMA). The parts were designed and cut to size using a CO2 laser machine. The starting
materials were PMMA slabs with a thickness of 4.5 and 10 mm. These mechanical supports
were customised for holding the camera, the lens and the Petri dishes in the experiments.

3.3 Image Acquisition
All images of the liquid marbles were taken using a USB colour camera (EO®-5012C 1/2"
CMOS or XIMEA MQ013CG-ON). The camera was fitted with EO® telecentric (0.3x, 0.7x or
1.0x) or Nikkor Micro lens (60 mm f/2.8D) with a C-mount adapter, depending on the required
magnification and the field of view. All cameras were operated using software supplied by the
vendor. Selected camera-lens pairs were calibrated at specific resolutions using a sub-millimetre
physical scale. Video recordings were saved as uncompressed AVI file format and then split
into a sequence of still frames to facilitate subsequent frame-by-frame image analysis. Static
images are side views of the marbles, whereas video recordings are top views of the marbles.

3.4 Image Analysis
Static liquid marble images were analysed using ImageJ (National Institutes of Health, USA)
with the low-Bond axisymmetric drop shape analysis (LB-ADSA) plugin.44 The plugin enables
the analysis of the marble side view and determines the contact angle, contact area, surface area,
volume, inverse square of the capillary length (c=ρmg/γam) as well as the apex curvature of the
marble. The software does so by fitting a theoretical curve onto the outline of the side view of a
marble. As the parameters were iteratively optimised, the entire curve becomes incident on the
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marble outline. With a known density, the effective surface tension of the marble can then be
calculated. A screenshot of the optimisation process is shown in Figure 3-1.
(c)

(a)

1 mm
(b)

(d)

1 mm

Figure 3-1 Screenshot of ImageJ with LB-ADSA optimisation process, shown with side views
of a marble, optimisation controls and results: (a) Initial curve position (in green) in the vicinity
of the marble profile; (b) Optimised curve fits marble profile exactly in spite of rough powder
coating surface; (c) Optimisation controls. All parameters were set to automatic optimisation
using the gradient energy method except marble height (indicated as h in the control); (d) Table
of optimised results show calculated contact angle, marble volume, surface area, contact surface
area, apex curvature, inverse square of capillary length and marble height.
Image sequences of a moving marble were analysed using MATLAB® (MathWorks) to
determine its instantaneous position. Since the marble shape is circular from the top view, a
MATLAB code was written to extract the centroid position of circular shapes. The code
involves:
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(1) RGB to 8-bit black-and-white image conversion.
(2) Binary image conversion using pixel value threshold.
(3) Hole filling.
(4) Noise removal using filter with pixel size threshold.
(5) Labelling of all remaining objects.
(6) Second pass filter using circularity threshold (optional).
(7) Determination of object centroid position.
(8) Iteration of above steps for every frame.
(9) Compilation of numerical data.
The full MATLAB code for this image analysis procedure is provided as follows.
Table 3-1 MATLAB program for tracking the liquid marble
%
%
%
%

Program reads specified number of files and outputs positions of
particles at different times. Valid if and only if there are two
particles. Use for black object and white background. Object will
be inverted to white for analysis purposes.

clear; clc;
% clear cache
startfile = 1;
% input starting file number
endfile = 126;
% input final file number
fps = 50;
% input frame rate
scale = 30.765;
% image scale, in pixels/mm
time = linspace(0, endfile / fps, endfile); % effective time interval
% Threshold pixel value that distinguishes object from background.
threspixval = 172;
% Objects smaller than threshold pixel size will be removed as noise.
threspixsize = 1000;
% Frame-by-frame image analysis starts here.
for k = 1 : endfile
% Filename calling procedures. Filetype is .jpg. Filenames have 6
% numerical characters e.g. "000126.jpg".
str1 = sprintf('%6.6d%d', k - 1 + startfile);
str2 = '.jpg';
str3 = strcat(str1,str2);
filename = sprintf(str3);
IM1 = imread(filename);
% Image processing procedures to obtain objects.
IM1 = rgb2gray(IM1);
IM2 = IM1 < threspixval;
IM2 = imfill(IM2,'holes');
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IM2 = bwareaopen(IM2,threspixsize);
% Object labelling and centroid measurement procedures.
IM3 = bwlabel(IM2, 8);
marbleMeasurements = regionprops(IM3, IM2, 'all');
numberOfmarbles = size(marbleMeasurements, 1);
allmarbleCentroids = [marbleMeasurements.Centroid];
centroidsX = allmarbleCentroids(1:2:end-1); % centroid x-component
centroidsY = allmarbleCentroids(2:2:end);
% centroid y-component
% Calculates distance between centroids.
distance(k,1) = ( ( centroidsX(1,2) - centroidsX(1,1) ) ^ 2 + ...
( centroidsY(1,2) - centroidsY(1,1) ) ^ 2) ^ 0.5;
% Establishing central reference point.
if k == 1
center = ( centroidsX(1,2) - centroidsX(1,1) ) / 2;
else
center = center;
end
% Compiling centroid position for marble 1.
pos1(k,1) = centroidsX(1,1);
pos1(k,2) = centroidsY(1,1);
% Compiling centroid position for marble 2.
pos2(k,1) = centroidsX(1,2);
pos2(k,2) = centroidsY(1,2);
end;
% Changing reference of marble position to central reference point,
% instead of default Matlab coordinates.
ref1 = min( pos1(:,1) );
ref2 = max( pos2(:,1) );
for k = 1:endfile
pos1(k,1) = (-( pos1(k,1) - ref1 ) + center ) / scale;
pos2(k,1) = ( ( pos2(k,1) - ref2 ) + center ) / scale;
end
% This is the output data. column 1 is position of marble 1, column 2
% is position of marble 2. All positions in mm, time in s.
posxcombined = cat(2, pos1(:,1), pos2(:,1));
figure;
plot(time, posxcombined(:,1), 'r'); hold on;
plot(time, posxcombined(:,2));
xlabel('Time (s)');
ylabel('mm');
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3.5 Measurement Statistics
All measurements conducted for the characterisation works were carried out at least ten times to
ascertain the repeatabilities. This includes the accuracy measurement of the micropipette
dispenser, electronic balance, laboratory conditions and liquid marble weights. Experimental
runs are triplicated instead due to constraint of resources.
The error of one standard deviation, ± 1 σ, is used to indicate measurement equipment
and experimental errors. Experimental errors are shown as error bars in graphs in the results
section of individual research works whereas equipment error is reported as it is.
Combination of different sources of errors generally require error stacking. In our case,
the equipment errors are negligibly small compared to experimental errors. Therefore, only the
experimental errors are considered in determining the total errors in the results.
With the above established research methodology, the following chapters present the
research works conducted for this thesis.
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Chapter 4 Manipulation of Liquid Marbles
Microfluid Nanofluid 2015, 19 (3), 483-495.
This chapter presents an overview of the distinctive properties of liquid marble and the state of
the art of manipulating liquid marbles. The review analyses the various functions liquid marbles
can perform and the corresponding techniques to achieve them. Most of the review focusses on
liquid marbles on solid surfaces as most works on liquid marbles are based on the sessile
platform. Manipulation of a floating marble can be considered as an extension of the techniques
for solid surfaces.
The review provides the basis for our choice of marble manipulation in the subsequent chapter,
i.e. self-propulsion of a floating marble containing aqueous ethanol. The self-propulsion method
is not covered in the review as it was a new technique developed after the review paper was
published.
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Abstract A liquid marble is a liquid droplet coated
with hydrophobic powder which enables the marble to
be manipulated like a soft solid. Recently, liquid marbles
have been used in applications such as microbioreactors
for three-dimensional cell cultures and could be a new platform for digital microfluidics. Despite its potential significance, there is a lack of a systematic, thorough review and
discussion on the manipulation schemes for liquid marbles.
This paper presents past and recent manipulation schemes
for liquid marbles. This paper discusses the major working principles, their advantages and drawbacks. Finally,
the paper concludes with recent applications and the challenges of this research area.

proposed for inhibiting the wetting of liquid droplets on a
solid surface. These solutions can be broadly classified into
two categories, namely superhydrophobic surfaces and liquid marbles. By studying one of the best examples of naturally hydrophobic surfaces—the lotus leaf, the relationship
of surface microstructures and superhydrophobicity was
well understood (Barthlott and Neinhuis 1997). Numerous
techniques are available for creating superhydrophobic surfaces. Another approach to anti-wetting is engineering the
liquid droplet instead of the surface, leading to the development of liquid marbles. The scope of this paper is the
manipulation schemes of liquid marbles, and hydrophobic
surfaces will not be discussed further.
A liquid marble is a liquid droplet coated with particles
preventing the liquid to wet the carrier surface which can
be a solid or liquid surface. Due to the non-wetting property, a liquid marble exhibits very low friction with its carrier surface. This characteristic allows liquid marbles to
move easily without leaving behind any trail. A liquid marble can roll around on solid surfaces, float (Gao and McCarthy 2007; Lee and Kim 2008; Bormashenko et al. 2009a,
b; Bormashenko and Musin 2009; Dupin et al. 2009; Zhang
et al. 2012) or even sink (Bormashenko et al. 2012a, b, c;
Mele et al. 2014) in liquids and still maintain its integrity.
In the nature, insects such as aphids manipulate liquid marbles for their survival (Pike et al. 2002). In the laboratory,
simply rolling a liquid droplet over a bed of hydrophobic powder can create a liquid marble. The powder coats
and assembles itself on the droplet, effectively creating a
protective coat (McHale et al. 2007; McHale and Newton
2011). Although various coating materials have been successfully used to create liquid marbles, a majority of them
are hydrophobic particles with diameters in the microscale
(≤100 μm). Many types of liquids have been encapsulated
as liquid marbles, and the selection of the coating-liquid

1 Introduction
If a liquid droplet is placed on a solid surface, the bottom of
the droplet wets the surface. As the sessile droplet moves,
the liquid usually leaves a trail on the surface resulting in
a loss in droplet volume and its content. Due to the viscous
force, a liquid droplet is resistant to any form of movement.
This phenomenon prevents small quantities of liquid to be
transported efficiently on a planar surface as relatively large
forces are required for actuation and manipulation. The
problem is even more serious as the droplet volume continuously decreases due to evaporation and liquid trail loss.
In the past two decades, a variety of solutions have been
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pair will ultimately determine its properties and possible
manipulation schemes. The coating ability of some powders has been studied quantitatively and independently by
McEleney et al. (2009) and Zang et al. (2013). Table 1 lists
the various liquid-coating pairs reported in the literature.
Liquid marbles have been drawing much attention from
the research community due to its many interesting and
useful properties. As mentioned above, a liquid marble is
inherently non-wetting. This feature enables the transport
of liquid through large distances without mass loss and
utilising a minimum amount of energy. For digital microfluidics, samples in liquid marbles can be transported with
minimal effort and practically zero contamination, a major
advantage compared to sessile droplets. Miniature electric
generators (Yang et al. 2012), ferrofluidic bearing (Bormashenko et al. 2008) and even an accelerometer (Zeng and
Zhao 2010) based on liquid marbles have been proposed. A
liquid marble is relatively robust as it behaves like a soft
solid. A liquid marble can survive impacts and even be handled with tweezers (Zhao et al. 2010). The ease of handling
increases the chance of survival of a liquid marble in laboratory processes and therefore its efficacy. As the coating
material is porous, gas exchange between the liquid and the
surrounding can still occur. The liquid content of a marble
could evaporate like its uncoated counterpart (Dandan and
Erbil 2009; Tosun and Erbil 2009; Doganci et al. 2011) at
a rate that depends on its coating condition (Laborie et al.
2013). Recently, these two features have been exploited
by biomedical researchers for a new cell culture platform
(Arbatan et al. 2012a, b; Tian et al. 2013; Sarvi et al. 2014)
and sensors for detecting gas pollution (Tian et al. 2010a,
b). Liquid marbles can even be coalesced to form a larger
marble via impact (Dorvee et al. 2004; Planchette et al.
2013). A larger marble can be formed by direct liquid addition (Bormashenko et al. 2010a; Xue et al. 2010). Merging
ability demonstrates the suitability of a liquid marble as a
micromixer or a microreactor (Xue et al. 2010; Zhao et al.
2012).
Several excellent review papers have discussed the various properties and applications of liquid marbles (Aussillous and Quere 2001, 2006; Bormashenko 2011; McHale
and Newton 2011; Yan et al. 2011; Bormashenko 2012).
These reviews mainly focus on the fundamental physics,
properties and applications of liquid marbles. We present
here a systematic review of the manipulation schemes for
liquid marbles. These schemes are classified according
to the nature of the actuating energy as electromagnetic,
mechanical and others. Within the electromagnetic category, the liquid marble can be manipulated via the electrostatic or magnetic force. The mechanical category covers manipulation concepts using the gravitational force
and pressure gradient. Finally, the other category involves
the pH change, surfactant concentration, ultraviolet (UV)

irradiation and temperature change. Figure 1 shows an
overview of the various schemes, methods, associated functions and applications.

2 Manipulation schemes
2.1 Electromagnetic schemes
2.1.1 Electrostatic force
An electric field can deform, move or change the wettability of a liquid marble. If the liquid marble is stationary, the
additional electrostatic energy applied to the marble causes
an increase in surface energy that deforms the marble. A
simple experiment was conducted by Aussillous and Quere
(2006) to demonstrate the electrostatic effect by using a
charged Teflon stick to lift a liquid marble against gravity. Bormashenko et al. (2012a, b, c) applied an electric
field on a liquid marble. The electrostatic force deforms
the marble such that its contact area with the solid surface
is reduced. The applied electric field generates an upward
force that opposes gravity, such that F ∝ E2, where F is
the force opposing gravity and E is the applied electric
field. This investigation was extended by the introduction
of composite marbles consisting of different polar liquids.
Bormashenko et al. (2012a, b, c) demonstrated that if two
marbles are placed in contact with each other in an electric field, one of the marbles climbed on top of the other so
that the dipole moments are aligned with the direction of
the external electric field, as shown in Fig. 2a. This effect is
possible because the energy provided by the external electric field exceeds that of the gain in gravitational potential
energy through the climb.
The wettability of a liquid droplet is changed under an
applied electric field. This phenomenon has been known
as the electrowetting, and the increase in wettability is due
to a decrease in interfacial energy as shown by Vallet et al.
(1996):

E(V ) = E(0) −

ε 2
V
2d

(1)

where E is the interfacial energy, V is the applied voltage,
ε is the permittivity, and d is the thickness of the insulator.
When there is a difference in interfacial energy or wettability between the two ends of a droplet, droplet movement
can be induced. For a sustained and directional movement,
electrode fingers were used to apply the electric field to the
marble, as shown in Fig. 2b. Newton et al. (2007) used a
finger electrode set-up to move liquid marbles coated with
lycopodium powder.
Using the electric field as a means to manipulate a
liquid marble is attractive because there is no need for a
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Hydrophobic

Water (Eshtiaghi et al. 2010; Eshtiaghi and Hapgood 2012), mixture
of water and alcohol (Whitby et al. 2012; 2013)
Poly(diallyldimethylammonium chloride) (PDDA) (Bhosale and
Panchagnula 2010), water (Bhosale et al. 2008)
Water and various organic solutions
Galinstan (liquid metal)
Water
Water
Water
Water (Chin et al. 2013), galinstan (Sivan et al. 2013)
Water
Water
Water
Water

Hydrophobic glass beads

Hydrophobised fumed silica

Hydrophobised titanium dioxide (TiO2) (Tan et al. 2014)
Tungsten trioxide (WO3) (Sivan et al. 2013)
Latex (Dupin et al. 2009; Fujii et al. 2011)
Poly(methyl methacrylate) (PMMA) (McEleney et al. 2009)
Spiropyran (Nakai et al. 2013)
Alumina
Poly(perfluoroalkyl ethyl acrylate) (Cengiz and Erbil 2013)
Poly(N-isopropylacrylamide) (PNIPAM) (Yusa et al. 2014)
Poly(lactic acid) microparticles (Matsukuma et al. 2013)
Poly(methylsilsesquioxane) (Ogawa et al. 2014)

0.021
0.08
<1
42
N/A
40
8–60
N/A
1–10
4.4

<0.01 (particle)
0.2–5 (aggregate)

65–106

5–30
0.03 (particle)
~100 (aggregate)

Hydrophobised
Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobised
Hydrophobic
Hydrophobised
Hydrophobic
Hydrophobic

Hydrophobised

Hydrophobised

Hydrophobic
Hydrophilic

Hydrophilic

0.1–0.13

Mixture of water and glycerol (Bormashenko et al. 2012a, b, c), water
(Bormashenko et al. 2009a, b, c, 2010a), ferrofluid (Bormashenko et al.
2008)
Aqueous sodium dodecyl sulphate (SDS)
Mixture of water and glycerol (Bormashenko et al. 2012a), water
(Bormashenko et al. 2010b, c)

Hydrophobised
Hydrophobic
Hydrophobic

9–320
0.01–0.45
<70 (aggregate)

Hydrophobised

Water
Water

2
~0.01

Graphite micropowder (Doganci et al. 2011)
Carbon black

Hydrophobised copper (McEleney et al. 2009)
Iron oxide nanoparticles (Fe3O4) (Zhao et al. 2010; Zhang et al. 2012;
Zhao et al. 2012)
Iron oxide nanoparticles combined with fluorinated decyl polyhedral
oligomeric silsesquioxane (FD POSS) (Xue et al. 2010)
Polyvinylidene fluoride (PVDF)

Polyethylene (PE) (Bormashenko et al. 2012a, b, c)
Silica powder (SiO2)

Hydrophobic

Hydrophobic

0.1–200

<1

Hydrophobic

17–30

Mixture of water and glycerol

Water (Tosun and Erbil 2009; Bormashenko et al. 2010a; Eshtiaghi et al.
2010; Tian et al. 2010a, 2010b; Eshtiaghi and Hapgood 2012; Cengiz and
Erbil 2013), hydroxyl propyl cellulose (HPC), ferrofluid (Nguyen 2013),
liquid containing cell culture (Arbatan et al. 2012a; Sarvi et al. 2014),
ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM BF4)
(Yang et al. 2012), phenolphthalein (Tian et al. 2010a, b), cobalt chloride
(Tian et al. 2010a, b)
Water, ionic liquids

Polytetrafluoroethylene (PTFE)

Water affinity

Particle diameter (μm)

Water (Inoue et al. 2011), mixture of water and glycerol (Aussillous
and Quere 2006), mercury (Zeng and Zhao 2010)

Mixture of water and glycerol (Aussillous and Quere 2006; Bormashenko
et al. 2012a, b, c), water (Newton et al. 2007; Bormashenko et al. 2010b;
Hashmi et al. 2012)

Lycopodium

Perfluorinated oligomeric tetrafluoroethylene (OTFE) (Gao and McCarthy 2007)

Liquid content

Coating material

Table 1  Composition of liquid marbles
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Hydrophobised
0.065
>10 (length)
Methylene blue solution
Perfluorodecanethiol-grafted silver nanowires (Miao et al. 2014)

Hydrophobic
Hydrophobised
Mixture of water and alcohol
Water
Molybdenite (Whitby et al. 2013)
Fluoroacrylic copolymer and cellulose acetate
nanofibers (Mele et al. 2014)

Particle diameter (μm)
Liquid content
Coating material

Table 1  continued

1–20
<1
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physical contact between the electrodes and the liquid.
Also, accurate control can be easily achieved by varying
the applied voltage. However, the main drawback of this
scheme is the required high voltage, ranging from hundreds to thousands of volts. Furthermore, Newton et al.
(2007) observed that some of the coating material was
inevitably charged and ejected from the liquid marble during transport.
2.1.2 Magnetic force
Using magnetism is one of the most popular manipulation schemes of liquid marbles due to its simplicity.
Magnetism is effective at a relatively long range and
requires no physical contact. Small permanent magnets
are available off the shelf and can be incorporated into
miniature devices and do not require external power supply. However, magnetism can only be utilised if the liquid marble consists of a magnetic coating or has a magnetic content. Magnetite is a common material for this
application because it can be either used as the coating
or suspended as micro- or nanoparticles to form a magnetic liquid.
Applying a magnetic field can change the shape and
wettability of a liquid marble. This effect was studied and
known as magnetowetting (Nguyen 2012, 2013). For a sessile ferrofluid marble coated with PTFE, the liquid marble
deforms under the influence of a permanent magnet. The
magnetic Bond number was used as an independent variable to characterise the height h and the contact radius of the
marble l, as shown in Fig. 3. The dimensionless height and
contact radius are normalised by the undeformed radius R:
h* = h/R, l* = l/R.
Assuming that the magnetic force is much larger than
the weight of the marble and the magnetic flux density
imparted onto the liquid marble is much larger than the
critical magnetic flux density, the scaling relationships
can be obtained as l* ~ Bm1/4, h* ≈ 2 for small, spherical
marble and l* ~ Bm1/4, h* ≈ Bm−1/2 for larger, puddleshaped marble, where Bm is the magnetic Bond number,
Bm = RMB/σ, M is the magnetisation density of the ferrofluid, B is the magnetic flux density, and σ is the apparent
surface tension of the marble (Nguyen 2013). Relationships
are derived from the increase in surface energy due to the
above deformation and the gained magnetic energy.
The threshold magnetic field needed to induce droplet
movement has been experimentally investigated by Zhao
et al. (2012) using a magnetite coating and Bormashenko
et al. (2008) using a ferrofluid droplet. Both reported that
the threshold magnetic force is equal to the frictional force
between the marble and its carrier surface. Magnetic mixing of liquid marbles has been demonstrated by Dorvee
et al. (2004) and Zhao et al. (2010).
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Fig. 1  An overview of different
manipulation schemes. Each
scheme consists of several
methods with their capabilities
shown. These capabilities lead
to applications which are listed
accordingly

Fig. 2  Electrostatic manipulation. a The climbing phenomenon of different liquid
marbles under an electric field.
The dipole moments within
the liquid marbles align with
the electric field. Note that the
coating material is not illustrated. b Motion caused by the
electrowetting effect. A liquid
marble with difference between
the receding and advancing
apparent contact angles. The
arrow indicates the direction of
movement

The deformation of the rolling liquid marble was studied in detail by Nguyen, and the relationship between the
magnetic field, movement speed and the marble shape was
derived
as (Nguyen
 2013):

R

1
1
−
Radv
Rrec

1

∼ CaBm 4


5
1
−
∼ CaBm 4
R
Radv
Rrec
for larger, puddle-shaped marble


1

(3)

where Radv and Rrec are the advancing and receding radius,
respectively, Ca is the capillary number Ca = μU/σ, where
μ is the dynamic viscosity and U is the movement speed of

for small, spherical marble

(2)
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Fig. 3  Magnetic manipulation:
a, b various parameters used to
characterise the deformation of
a liquid marble under the influence of magnetic field for both
the static and dynamic cases
(Nguyen 2013). c Manipulation of liquid marble using the
magnetic field. From left to
right, the iron oxide nanoparticles are concentrated downwards when a magnet is brought
into proximity. The process is
reversible as the nanoparticles
reassembled themselves after
the magnet is removed

the marble. The left side of the equations yields a dimensionless number for the deformation of the marble, while
the right side takes into account the external magnetic field,
ferrofluid magnetisation (from the Bond number) as well as
the speed, viscosity and surface tension of the marble (from
the capillary number).
The ability of the magnet to “open” and “close” the
hydrophobised iron oxide-coated liquid marble was
reported by Zhao et al. (2010, 2012) and Xue et al. (2010).
The mechanism of the rearrangement of surface particles is
described and is simplified in Fig. 3c. The magnetic field
strength required to open the marble was determined experimentally. Moreover, the liquid content can be accessed
from the top without rupturing the marble. Liquid exchange
can be conducted conveniently, and optical probing is

possible too. This feature allows the liquid marble to be
used as a reactor. Droplet deposition into liquid marbles
was demonstrated by Xue et al. (2010), making the liquid
marble a viable option as a microreactor.
2.2 Mechanical schemes
2.2.1 Gravitational force
One of the simplest ways to initiate the movement of a liquid marble is allowing it to roll down an inclined plane.
Gravitational potential energy is converted into kinetic
energy leading to a downward movement. Mahadevan and
Pomeau (1999) established a model of a rolling droplet on
a superhydrophobic surface, which also applies to a liquid
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Fig. 5  Two marbles with different coating and water dyed with different colours. Fluid from the PVDF-coated marble is flowing into
the other marble

Fig. 4  A droplet rolling down an inclined plane under the influence
of gravity

marble, as verified by Aussillous and Quere (2004). For a
steady rolling motion down a plane, droplet velocity can
be determined by balancing viscous dissipation and the
decrease in gravitational potential energy (Mahadevan and
Pomeau 1999):

UR3 ρg sin α ∼ µ (∇u)2 dV
(4)

2.2.2 Pressure gradient
A micropump based on liquid marbles has been demonstrated by Bormashenko et al. (2010a, b), by utilising the
concept of difference in Laplace pressure. The Laplace
pressure of a water droplet can be found as (Finn 1986):

P = P0 +

Vd

where U is the velocity of the centre of the mass of the
marble; u is the velocity field in the droplet; Vd is the volume which viscous dissipation occurs; μ is the dynamic
viscosity of the liquid.
Considering the local viscous dissipation to height l
(Fig. 4), the magnitude of fluid velocity in this region can
be written as |∇u| ∼ U/R and Vd ∼ l3. Substituting these
relationships in Eq. (4) and solving for steady-state velocity, the marble velocity can be determined as (Mahadevan
and Pomeau 1999):
3

U∼

(6)

where P is the pressure inside the droplet and P0 is the
atmospheric pressure.
By coating a liquid marble with different materials, the
difference in surface tension σ results in a difference in
Laplace pressure. Bormashenko et al. (2010a, b) connected
the two marbles with a polyethylene (PE) tube as shown in
Fig. 5, allowing liquid transport from one marble to another
until the pressures were equalised.
The advantage of this method is that no external energy
supply is required. The pressure difference provided the
energy for the liquid transport. Instead of surface tension,
the marble radii could be varied to produce the different
Laplace pressures. Nevertheless, a means to sustain the
pressure difference is needed before this concept could be
incorporated into a microfluidic device. Also, as the marble
at the receiving end grows, the coating material to liquid
volume ratio will decrease. If the amount of injected liquid
exceeds a critical value, the marble might rupture.

1

R5 ρg sin α
σ Bo− 2 sin α
σ 2 sin α
∼
=
1
µl3
µ
µR(ρg) 2

2σ
R

(5)

This relationship shows that the speed of the marble is
determined by the angle of inclination, dynamic viscosity,
surface tension and Bond number. Furthermore, smaller
droplets roll faster than their larger counterpart, which is in
good agreement with Richard and Quere’s (1999) experimental results. The degree of control provided by moving
a droplet using only gravity is limited, as loss of potential energy is non-reversible and droplet movement is unidirectional. Yang et al. (2012) demonstrated that it is possible to generate small amounts of electricity by rolling an
ionic liquid marble down an inclined layer of interdigitated
electrodes. A simple liquid marble-based accelerometer
was created by Zeng and Zhao (2010) by utilising gravitational force. Planchette et al. (2013) utilised gravity to control the speed of droplets to be merged with liquid marbles.

2.3 Other schemes
Instead of treating the coating material of a marble as
just an inert protective layer, a number of reported studies attempted to chemically change the properties of the
coating particles or to engineer new coating materials
with specific properties. The reviews encompassed thus
far have all featured the change in wettability of the coating material via chemical scheme. Since the integrity of
the liquid marble depends on the hydrophobicity of the
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coating material, decreasing the hydrophobicity would
eventually lead to the destruction of the liquid marble.
Most of the research efforts involving chemically manipulating the coating material were conducted with liquid
marbles floating on a solution. The chemical composition
of the solution can be more precisely controlled, and the
destruction of the liquid marble is more visible. Controlling the coating properties enables a liquid marble to be
used as a chemical sensor. In the presence of a chemical
substance, the marble generates a response visible to the
naked eye.

Fig. 6  Deformation of a cooled liquid marble. As ice starts to form
inside the liquid marble, Marangoni convection forces liquid movement to the bottom edge of the marble. Eventually, the marble
deforms enough to adopt a “flattened” shape

2.3.1 Temperature change

this finding does not contradict previous works as it determined that the evaporation rate was significantly lowered
for liquid marbles with multilayered coatings due to porous
media effect. Previous studies on evaporation rate indicated
that coating particles formed multiple layers on liquid marble surface (Dandan and Erbil 2009; Tosun and Erbil 2009;
Cengiz and Erbil 2013).
The long lifetime of a liquid marble is needed for biomedical applications where cell cultures usually require
extended periods of storage time. Shen’s group grew various cell types inside a liquid marble (Arbatan et al. 2012a;
Tian et al. 2013; Sarvi et al. 2014), demonstrating the
importance of prolonging the marble lifetime.
On the other hand, a liquid marble can be deformed by
freezing. Both Zang et al. (2014) and Hashmi et al. (2012)
reported that the spherical liquid marble could be reversibly
flattened into a shape of a flying saucer at low temperatures
due to the Marangoni convection within the marble. For a
sessile liquid marble placed on a cold substrate, ice formation starts at the bottom of the marble. Hashmi et al. (2012)
postulated that due to the warmer coating particles, the liquid in the vicinity impede ice formation at the bottom edge
of the marble. This results in a thermal and surface tension
gradient in the liquid which drives the Marangoni convection as shown in Fig. 6.
The detailed study by Zang et al. also concluded that the
hydrophobicity of the coating material determines the shape
of the frozen marble since the Gibbs free energy barrier is
influenced by the wettability of the coating material. A frozen liquid marble can be transported much easier compared
to its liquid counterpart as it is much more robust. Also,
the reversible deformation suggests that the frozen marble
can be thawed and studied subsequently. Yusa et al. (2014)
destroyed a liquid marble by lowering the temperature utilising the thermally reversible phase separation properties
of poly(N-isopropylacrylamide) (PNIPAm) (Fujishige et al.
1989). A liquid marble coated with PNIPAm was destroyed
when the temperature dropped below its lower critical solution temperature.

It is well known that the coating material of the liquid
marble acts like a porous shell that allows gas exchange
without direct fluid contact (Bormashenko et al. 2009a).
In fact, a liquid marble evaporates, shrinks, deforms and
eventually collapses over time. This phenomenon has
been reported by many authors, and the evaporation rates
have been studied in detail for various coating materials
(Dandan and Erbil 2009; Tosun and Erbil 2009; Doganci
et al. 2011). The lifetime of a liquid marble can be estimated by controlling the temperature, humidity and the
volume of the marble. In high humidity, a liquid marble
could last for days (Tosun and Erbil 2009; Nakai et al.
2013). The evaporation rate of a liquid marble has been
established and can be described as (Erbil et al. 2002;
Dandan and Erbil 2009; Tosun and Erbil 2009; Doganci
et al. 2011):
∂V
=
−
∂t



4DM W PVS
RT ρ



3π 2 V
2 − cos θ + cos3 θ

1
3

(1 − RH)f (θ )

(7)
where t is time, V is the marble volume, D is the vapour diffusion coefficient, θ is the contact angle in radians, MW is
the molecular weight of water, PVS is the saturation vapour
pressure at temperature T, R is the gas constant, and RH is
the relative humidity and finally f(θ) is given by:




f (θ ) = 4.4785 × 10−5 + (0.31665)θ + 5.8 × 10−2 θ 2




− 4.439 × 10−2 θ 3 + 5.165 × 10−3 θ 4

(8)

In a recent detailed investigation, Laborie et al. (2013)
concluded that the evaporation rate of a liquid marble is
higher than that of an uncoated water droplet, provided that
the liquid marble coating consists of a monolayer of particles. The main reason is that particle monolayer incompressibility forces a constant evaporation rate as opposed to
a decreasing one for its uncoated counterpart. Nevertheless,
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UV irradiation-assisted isomerisation. The process yielded
merocyanine (MC), which is more hydrophilic than SP, as
shown in Fig. 7. This change was verified with the rupture
of the liquid marble which would otherwise have remained
stable for more than a week in dark and humid conditions
(Nakai et al. 2013). The method of UV irradiation provides
remote control capability to liquid marble manipulation,
but might not be suitable for marbles containing sensitive
biological samples.

Fig. 7  Chemical structure of the reversible isomerisation of SP and
MC. UV irradiation changes SP into MC, while visible light irradiation reverses the effects

2.3.3 Surfactant concentration
Bormashenko and Musin (2009) demonstrated that the
integrity of a liquid marble floating on water can be altered
by changing the surface tension of the carrier liquid, in this
case water with the presence of silicon oil or kerosene.
The qualitative study concluded that surface tension of the
carrier liquid must be higher than that of the liquid marble to maintain its integrity. The argument is that it is more
energetically favourable for the coating particles to adhere
to the fluid with lower surface tension, as shown in Fig. 8.
This phenomenon allows a liquid marble to work as a sensor of pollutants on water surface.

2.3.2 Irradiation
The wettability of some specially coated liquid marbles can
be changed without any physical contact by optical irradiation. Currently, only the UV spectrum has been used. Using
a photoresponsive material as the coating material makes
this scheme possible. UV radiation induces surface structural changes of the coating material, resulting in a significant increase in wettability of the liquid marble to the point
of rupture. Tan et al. (2014) used hydrophobised titanium
dioxide as the photoresponsive coating material. Charge
carriers were created when titanium oxide was irradiated
with UV. The charge carriers migrated to the material surface which then facilitated the formation of hydrophilic
hydroxyl groups. Zhang et al. (2012) created liquid marbles
coated with stimuli-responsive magnetic particles (RMPs)
whose hydrophilicity increases when protonated. The
RMPs were in turn coated with silica loaded with photoacid
generator (PAG). When irradiated with UV, the photoacid
generator protonated the RMP and caused the coating
particles to become hydrophilic. Another UV responsive
liquid marble was created by Nakai et al. (2013). Spiropyran (SP) powder was used as the coating material with

2.3.4 Change in pH
Besides detection of pollutants, Fujii et al. (2010, 2011)
and Inoue et al. (2011) both developed liquid marble coatings that are responsive to pH changes. Styrene terminated
poly (2-(diethylamino) ethyl methacrylate) latex coating
that is neutrally charged and hydrophobic in alkaline environment. If the liquid marble is floated on an alkaline solution, it is stable for a long time. As the pH decreases, the
coating material of the liquid marble becomes hydrophilic
and therefore destroys it. When the pH of the carrier liquid

Fig. 8  Effect of liquid surface
tensions on the integrity of
liquid marbles. a Stable liquid
marble condition. The coating
particles tend to adhere to the
liquid marble and form a stable
shell. b Unstable liquid marble
condition. The coating particles
tend to adhere to the carrier
liquid and destroy the liquid
marble
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drops below 7, the latex rapidly changes into a hydrophilic
material and destabilises the liquid marble.
The liquid marble reported by Inoue et al. behaves in an
opposite manner as it is stable in an acidic environment and
responds to alkaline instead. The coating material is poly(6(acrylamido) hexanoic acid)-grafted silica particles which
becomes hydrophilic at pH 10 (Inoue and Fujii 2011).

liquid marble to last for several days, making it an excellent
cell culture platform. Furthermore, large liquid marbles can
be formed with suitable coating material. Cengiz and Erbil
(2013) produced a liquid marble up to 1 ml using a stabilised coating material. Massive liquid marbles such as these
can contain large amount of nutrients needed by the cells,
potentially rendering nutrient addition and waste removal
unnecessary. On the other hand, accelerating evaporation
causes the liquid to be removed with the coating shell left
behind. Usually, the shell is too weak to support itself and
collapses. Eshtiaghi et al. (2009, 2010) stabilised the dried
shell and created a hollow sphere. These shells have large
surface areas which can act as a scaffold for cell growth.
Tian et al.’s (2013) demonstrated cell culture in liquid
marbles placed on a petri dish. The concept can be further extended to submerged liquid marbles. As shown by
Bormashenko et al. (2012a, b, c), liquid marbles can be
submerged to form a Pickering emulsion. Once the liquid
marbles are submerged in an organic liquid, gas exchange
is prohibited. This creates a condition which is favourable
for anaerobic cell growth or monitoring aerobic cells in an
anaerobic environment.
Another important aspect in cell growth is real-time
imaging and monitoring. Bhosale et al. (2008) created a
transparent coating material based on fumed silica nanoparticles. This allows researchers to have constant tracking
of cell growth. Real-time imaging in liquid marble would
allow researchers to study cell behaviour in a true threedimensional environment.
In Miao et al.’s (2014) recent work, a liquid marble
coated with silver nanowires was used as a miniature,
rate-controllable catalytic reactor. The high surface area of
the catalytic nanowires facilitates reaction, while the liquid marble volume controls the reaction rate. The authors
reported high reaction efficiency with their low-cost solution. This could drastically reduce the amount of reactant required since the catalytic reaction can take place in
microlitre-sized liquid marbles.

3 Applications
A liquid marble can be deformed using magnetic force
(Newton et al. 2007; Bormashenko et al. 2012a, b, c) or
temperature change (Hashmi et al. 2012; Zang et al. 2014).
In the presence of external stimuli, the marble deforms.
The input energy is converted to surface energy of the marble. Consequently, the marble adopts a more stable shape
through energy conservation. Deformation is usually visible and measureable, which makes it potentially useful as
a visual sensor.
The motion of liquid marbles under magnetic (Newton
et al. 2007) or gravitational force (Aussillous and Quere
2004, 2006) is potentially useful for digital microfluidics.
Miniature accelerometers and electric generators have been
developed based on liquid marble motion (Zeng and Zhao
2010). Liquid marbles coated with magnetic particles can
be opened and closed reversibly. The liquid content can
then be partially exposed for convenient liquid addition or
removal. This feature enables a liquid marble to be used as
a microreactor or a micromixer. Since only marble shell is
manipulated, any liquid content can be used.
If liquid marbles are impacted together with a sufficient
momentum, they merge and form a single larger marble.
Dorvee et al. (2004) have used magnetic force to merge
two marbles and mix their liquid contents. A quantitative
study by Planchette et al. (2013) determined that the impact
velocity, marble and coating particle diameters affect the
ability of the marbles to coalescence. Large liquid marble
volume, small coating particles and large impact speed
facilitate the merging process (Planchette et al. 2013). After
merging, the coating material rapidly reassembles itself at
the outer shell of the marble as deduced by both Dorvee
et al. and Planchette et al. Bormashenko et al. (2010a, b)
achieved mixing of liquid marbles by connecting two of
them with a miniature bridge that allows liquid passage.
This function enables a liquid marble to be used as an efficient and precise micromixer, as the volume of the constituent liquids can be accurately controlled.
One of the unique features of a liquid marble compared
to a droplet is the limited evaporation. As gas exchange
across the marble shell is inevitable, the marble volume can
be stabilised by changing the temperature and humidity of
its surroundings. Reducing the evaporation rate causes a

4 Conclusion and perspectives
Many aspects of research on liquid marble have been
advanced within the past two decades. Liquid marbles can
be produced easily with a wide range of materials. Numerous manipulation schemes arose from a better understanding of the fundamental properties of a liquid marble.
Various applications have been explored for liquid marbles, including, but not limited to sensors, cell culture and
micromixers. Despite the recent advances, some important
issues have yet to be addressed.
From the reviewed literatures, production of the liquid
marble almost invariably involves rolling a liquid droplet
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on a powder bed. This is achieved either manually or using
a laboratory granulator, which utilise the same concept discovered decades ago. There is a need for a method that can
produce liquid marbles that have consistent volumes automatically and on a larger scale. The Pickering emulsion
polymerisation method seems to be a promising lead (Guan
et al. 2014).
Furthermore, although a liquid marble is known to be relatively more robust compared to an uncoated liquid droplet,
special care is still required in terms of handling and transport. Recently, several works attempted to address this issue
by engineering a stabilised liquid marble shell to enhance
its integrity and to reduce evaporation rates (Fujii and
Murakami 2008; Braun and Cardoso 2012; Chin et al. 2013;
Matsukuma et al. 2013; Wu et al. 2013; Ueno et al. 2014).
More recently, nanofibers have been used as the coating
material for enhanced mechanical strength. It is reported that
nanofibers can form a networked, three-dimensional coating which has superior strength compared to its conventional
loose powder-based counterpart (Mele et al. 2014). This
departure from conventional coating materials could generate renewed interests and radical discoveries. More progress
in this aspect is speculated within the next few years.
As liquid marbles have very low coefficient of friction with its solid or liquid carrier, they can easily move
with just a slight disturbance. Since many of the abovementioned applications involve the in situ manipulation of
the liquid marble, precise delivery to a target site is still a
major challenge. Manipulation using magnetic schemes is
a straightforward solution, but the challenge remains unaddressed for non-magnetic liquid marbles.
Except for deformation, all the manipulation schemes
discussed here involve a non-reversible destruction of
a liquid marble. This can be used as a delivery system to
transport a liquid sample to a location and to manipulate
it if there is a need. Upon manipulation, however, not only
the liquid content is delivered but also the coating material.
The problem arises if a clean and uncontaminated location
is required. A further complication is the possible reaction
between the coating material and the carrier liquid. Surprisingly, none of the reviewed references proposed an efficient and effective method to remove the unwanted coating
material. A removal method would be a significant benefit
for application of liquid marbles.
From the review, liquid marble manipulation schemes
seem to be extensive. Nonetheless, we would like to discuss several viable options worth exploring. The irradiation
method currently only involves UV irradiation chemically
changing the liquid marble coating material. Manipulation
using the electrokinetic forces has not been exploited for
liquid marble mixing. Two liquid marbles can be charged
up and then merged by the attractive electric force. Subsequently, mixing of the liquid content can be accelerated

with electrophoresis. Many previous studies have explored
the dynamics of particles floating on water (Kralchevsky
and Nagayama 2000; Singh and Joseph 2005; Vassileva
et al. 2005; Dalbe et al. 2011). Since small liquid marbles adopt spherical shapes, these studies are expected to
be applicable to floating marbles as well. Besides capillary
forces, the Marangoni effect can be exploited to propel the
liquid marble floating on a liquid. A temperature gradient
can be generated on different regions of the liquid which
in turn creates a surface tension gradient needed for the
Marangoni effect.

References
Arbatan T, Al-Abboodi A et al (2012a) Tumor inside a pearl drop.
Adv Healthc Mater 1(4):467–469
Arbatan T, Li L et al (2012b) Liquid marbles as micro-bioreactors for
rapid blood typing. Adv Healthc Mater 1(1):80–83
Aussillous P, Quere D (2001) Liquid marbles. Nature
411(6840):924–927
Aussillous P, Quere D (2004) Shapes of rolling liquid drops. J Fluid
Mech 512:133–151
Aussillous P, Quere D (2006) Properties of liquid marbles. Proc R Soc
A Math Phys Eng Sci 462(2067):973–999
Barthlott W, Neinhuis C (1997) Purity of the sacred lotus, or escape
from contamination in biological surfaces. Planta 202(1):1–8
Bhosale PS, Panchagnula MV (2010) On synthesizing solid polyelectrolyte microspheres from evaporating liquid marbles. Langmuir
26(13):10745–10749
Bhosale PS, Panchagnula MV et al (2008) Mechanically robust nanoparticle stabilized transparent liquid marbles. Appl Phys Lett
93(3):034109
Bormashenko E (2011) Liquid marbles: properties and applications.
Curr Opin Colloid Interface Sci 16(4):266–271
Bormashenko E (2012) New insights into liquid marbles. Soft Matter
8(43):11018–11021
Bormashenko E, Musin A (2009) Revealing of water surface pollution
with liquid marbles. Appl Surf Sci 255(12):6429–6431
Bormashenko E, Pogreb R et al (2008) New investigations on ferrofluidics: ferrofluidic marbles and magnetic-field-driven drops on
superhydrophobic surfaces. Langmuir 24(21):12119–12122
Bormashenko E, Bormashenko Y et al (2009a) Water rolling and
floating upon water: marbles supported by a water/marble interface. J Colloid Interface Sci 333(1):419–421
Bormashenko E, Bormashenko Y et al (2009b) On the mechanism
of floating and sliding of liquid marbles. ChemPhysChem
10(4):654–656
Bormashenko E, Pogreb R et al (2009c) Shape, vibrations,
and effective surface tension of water marbles. Langmuir
25(4):1893–1896
Bormashenko E, Balter R et al. (2010a) Micropump based on liquid
marbles. Appl Phys Lett 97(9):091908
Bormashenko E, Bormashenko Y et al (2010b) Janus droplets: liquid
marbles coated with dielectric/semiconductor particles. Langmuir 27(1):7–10
Bormashenko E, Pogreb R et al (2010c) Interfacial and conductive
properties of liquid marbles coated with carbon black. Powder
Technol 203(3):529–533
Bormashenko E, Pogreb R et al (2012a) Stable water and glycerol
marbles immersed in organic liquids: from liquid marbles to
Pickering-like emulsions. J Colloid Interface Sci 366(1):196–199

13
38

494

Microfluid Nanofluid (2015) 19:483–495
Lee DG, Kim HY (2008) Impact of a superhydrophobic sphere onto
water. Langmuir 24(1):142–145
Mahadevan L, Pomeau Y (1999) Rolling droplets. Phys Fluids
11(9):2449–2453
Matsukuma D, Watanabe H et al (2013) Preparation of poly(lacticacid)-particle stabilized liquid marble and the improvement of its
stability by uniform shell formation through solvent vapor exposure. RSC Adv 3(21):7862–7866
McEleney P, Walker GM et al (2009) Liquid marble formation using
hydrophobic powders. Chem Eng J 147(2–3):373–382
McHale G, Shirtcliffe NJ et al. (2007) Self-organization of hydrophobic soil and granular surfaces. Appl Phys Lett 90(5):054110
McHale G, Newton MI (2011) Liquid marbles: principles and applications. Soft Matter 7(12):5473–5481
Mele E, Bayer IS et al (2014) Biomimetic approach for liquid encapsulation with nanofibrillar cloaks. Langmuir 30(10):2896–2902
Miao YE, Lee HK et al (2014) Catalytic liquid marbles: Ag nanowire-based miniature reactors for highly efficient degradation of
methylene blue. Chem Commun (Camb) 50(44):5923–5926
Nakai K, Fujii S et al (2013) Ultraviolet-light-responsive Liquid Marbles. Chem Lett 42(6):586–588
Newton MI, Herbertson DL et al (2007) Electrowetting of liquid marbles. J Phys D Appl Phys 40(1):20–24
Nguyen NT (2012) Micro-magnetofluidics: interactions between
magnetism and fluid flow on the microscale. Microfluid Nanofluid 12(1–4):1–16
Nguyen NT (2013) Deformation of ferrofluid marbles in the presence
of a permanent magnet. Langmuir 29(45):13982–13989
Ogawa S, Watanabe H et al (2014) Liquid marbles supported by
monodisperse poly(methylsilsesquioxane) particles. Langmuir
30(30):9071–9075
Pike N, Richard D et al (2002) How aphids lose their marbles. Proc R
Soc B Biol Sci 269(1497):1211–1215
Planchette C, Biance AL et al. (2013) Coalescence of armored interface under impact. Phys Fluids 25:042104
Richard D, Quere D (1999) Viscous drops rolling on a tilted non-wettable solid. Europhys Lett 48(3):286–291
Sarvi F, Jain K et al (2014) Cardiogenesis of embryonic stem cells
with liquid marble micro-bioreactor. Adv Healthc Mater
4(1):77–86
Singh P, Joseph DD (2005) Fluid dynamics of floating particles. J
Fluid Mech 530:31–80
Sivan V, Tang S-Y et al (2013) Liquid metal marbles. Adv Funct
Mater 23(2):144–152
Tan TTY, Ahsan A et al (2014) Photoresponsive liquid marbles and
dry water. Langmuir 30(12):3448–3454
Tian J, Arbatan T et al (2010a) Liquid marble for gas sensing. Chem
Commun 46(26):4734–4736
Tian J, Arbatan T et al (2010b) Porous liquid marble shell offers
possibilities for gas detection and gas reactions. Chem Eng J
165(1):347–353
Tian J, Fu N et al (2013) Respirable liquid marble for the cultivation
of microorganisms. Colloids Surf B 106:187–190
Tosun A, Erbil HY (2009) Evaporation rate of PTFE liquid marbles.
Appl Surf Sci 256(5):1278–1283
Ueno K, Hamasaki S et al (2014) Microcapsules fabricated from
liquid marbles stabilized with latex particles. Langmuir
30(11):3051–3059
Vallet M, Berge B et al (1996) Electrowetting of water and aqueous
solutions on poly(ethylene terephthalate) insulating films. Polymer 37(12):2465–2470
Vassileva ND, van den Ende D et al (2005) capillary forces between
spherical particles floating at a liquid–liquid interface. Langmuir
21(24):11190–11200
Whitby CP, Bian X et al (2012) Spontaneous liquid marble formation
on packed porous beds. Soft Matter 8(44):11336–11342

Bormashenko E, Pogreb R et al (2012b) Electrically deformable liquid marbles. J Adhes Sci Technol 25(12):1371–1377
Bormashenko E, Pogreb R et al. (2012c) Composite non-stick droplets and their actuation with electric field. Appl Phys Lett
100(15):151601
Braun H-G, Cardoso AZ (2012) Self-assembly of Fmoc-diphenylalanine inside liquid marbles. Colloids Surf B 97:43–50
Cengiz U, Erbil HY (2013) The lifetime of floating liquid marbles:
the influence of particle size and effective surface tension. Soft
Matter 9(37):8980–8991
Chin JM, Reithofer MR et al (2013) Supergluing MOF liquid marbles. Chem Commun 49(5):493–495
Dalbe M-J, Cosic D et al. (2011) Aggregation of frictional particles
due to capillary attraction. Phys Rev E 83(5):051403
Dandan M, Erbil HY (2009) Evaporation rate of graphite liquid marbles: comparison with water droplets. Langmuir
25(14):8362–8367
Doganci MD, Sesli BU et al (2011) Liquid marbles stabilized by
graphite particles from aqueous surfactant solutions. Colloids
Surf A 384(1–3):417–426
Dorvee JR, Derfus AM et al (2004) Manipulation of liquid droplets
using amphiphilic, magnetic one-dimensional photonic crystal
chaperones. Nat Mater 3(12):896–899
Dupin D, Armes SP et al (2009) Stimulus-responsive liquid marbles. J
Am Chem Soc 131(15):5386–5387
Erbil HY, McHale G et al (2002) Drop evaporation on solid surfaces:
constant contact angle mode. Langmuir 18(7):2636–2641
Eshtiaghi N, Hapgood KP (2012) A quantitative framework for the
formation of liquid marbles and hollow granules from hydrophobic powders. Powder Technol 223:65–76
Eshtiaghi N, Arhatari B et al (2009) Producing hollow granules from
hydrophobic powders in high-shear mixer granulators. Adv Powder Technol 20(6):558–566
Eshtiaghi N, Liu JJS et al (2010) Formation of hollow granules
from liquid marbles: small scale experiments. Powder Technol
197(3):184–195
Finn R (1986) Equilibrium capillary surfaces. Springer, New York
Fujii S, Murakami R (2008) Smart particles as foam and liquid marble stabilizers. KONA Powder Particle J 26:153–166
Fujii S, Kameyama S et al (2010) pH-responsive liquid marbles
stabilized with poly(2-vinylpyridine) particles. Soft Matter
6(3):635–640
Fujii S, Suzaki M et al (2011) Liquid marbles prepared from pHresponsive sterically stabilized latex particles. Langmuir
27(13):8067–8074
Fujishige S, Kubota K et al (1989) Phase transition of aqueous solutions of poly(N-isopropylacrylamide) and poly(N-isopropylmethacrylamide). Journal Phys Chem 93(8):3311–3313
Gao L, McCarthy TJ (2007) Ionic Liquid Marbles. Langmuir
23(21):10445–10447
Guan Y, Meng X et al (2014) Hollow microsphere with mesoporous
shell by pickering emulsion polymerization as a potential colloidal collector for organic contaminants in water. Langmuir
30(13):3681–3686
Hashmi A, Strauss A et al (2012) Freezing of a liquid marble. Langmuir 28(28):10324–10328
Inoue M, Fujii S et al (2011) pH-responsive disruption of ‘liquid marbles’ prepared from water and poly(6-(acrylamido) hexanoic
acid)-grafted silica particles. Polym J 43(9):778–784
Kralchevsky PA, Nagayama K (2000) Capillary interactions between
particles bound to interfaces, liquid films and biomembranes.
Adv Colloid Interface Sci 85(2–3):145–192
Laborie B, Lachaussee F et al (2013) How coatings with hydrophobic particles may change the drying of water droplets: incompressible surface versus porous media effects. Soft Matter
9(19):4822–4830

13
39

Microfluid Nanofluid (2015) 19:483–495

495
Zang D, Lin K et al (2014) Tunable shape transformation of freezing
liquid water marbles. Soft Matter 10(9):1309–1314
Zeng H, Zhao Y (2010) Dynamic behavior of a liquid marble based
accelerometer. Appl Phys Lett 96(11):114104
Zhang L, Cha D et al (2012) Remotely controllable liquid marbles.
Adv Mater 24(35):4756–4760
Zhao Y, Fang J et al (2010) magnetic liquid marbles: manipulation of
liquid droplets using highly hydrophobic Fe3O4 nanoparticles.
Adv Mater 22(6):707–710
Zhao Y, Xu ZG et al (2012) Magnetic liquid marbles, their manipulation and application in optical probing. Microfluid Nanofluid
13(4):555–564

Whitby CP, Bian X et al (2013) Rolling, penetration and evaporation
of alcohol–water drops on coarse and fine hydrophobic powders.
Colloids Surf A 436:639–646
Wu H, Watanabe H et al (2013) Robust liquid marbles stabilized with surface-modified halloysite nanotubes. Langmuir
29(48):14971–14975
Xue Y, Wang H et al (2010) Magnetic liquid marbles: a “precise” miniature reactor. Adv Mater 22(43):4814–4818
Yan C, Li M et al (2011) Progress in Liquid Marbles. Prog Chem
23(4):649–656
Yang Z, Halvorsen E et al (2012) Power generation from conductive
droplet sliding on electret film. Appl Phys Lett 100(21):213905
Yusa S-I, Morihara M et al (2014) Thermo-responsive liquid marbles.
Polym J 46(3):145–148
Zang D, Chen Z et al (2013) Effect of particle hydrophobicity on the
properties of liquid water marbles. Soft Matter 9(20):5067

13
40

Chapter 5 A Floating Self-propelling Liquid Marble Containing
Aqueous Ethanol Solutions
RSC Adv. 2015, 5 (122), 101006-101012.
In the previous chapter we reviewed the various liquid marble manipulation techniques
developed prior to the start of our research. Subsequently, Bormashenko et al.30 reported the
proof of concept of a self-propelling floating liquid marble. This technique does not require an
external energy input, since the floating marble contains the fuel to drive itself. This concept
significantly simplifies and reduces the cost of the manipulation process as it does not require
bulky external devices or functionalised marble coating.
After careful considerations we decided to work with Bormashenko’s team to explore the
potentials of this technique. This chapter serves as a continuation to the works by Bormashenko
et al.30 to establish the liquid marble self-propulsion technique. In this chapter we discuss the
operational parameters that would allow the liquid marble to propel itself across the surface of a
liquid. Furthermore, we applied the Newtonian equation of motion to describe the liquid marble
dynamics. Analysing this model creates the need for a solution to the various unknown
parameters, which forms the motivation for the subsequent chapters.
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A liquid marble is a droplet coated with hydrophobic particles. A ﬂoating liquid marble is a unique reactor
platform for digital microﬂuidics. The autonomous motion of a liquid marble is of great interest for this
application because of the associated chaotic mixing inside the marble. A ﬂoating object can move by
itself if a gradient of surface tension is generated in the vicinity of the object. This phenomenon is known
as the Marangoni solutocapillary eﬀect. We utilized a liquid marble containing a volatile substance such
as ethanol to generate the solutocapillary eﬀect. This paper reports a qualitative study on the operation
conditions of liquid marbles containing aqueous ethanol solutions in autonomous motion due to the
Marangoni solutocapillary eﬀect. We also derive the scaling laws relating the dynamic parameters of the
motion to the physical properties of the system such as the eﬀective surface tension of the marble, the
Received 7th November 2015
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viscosity and the density of the supporting liquid, the coeﬃcient of diﬀusion of the ethanol vapour, the
geometrical parameters of the marble, the speed, the trajectory and the lifetime of the autonomous
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motion. A self-driven liquid marble has the potential to serve as an eﬀective digital microﬂuidic reactor

www.rsc.org/advances

for biological and biochemical applications.

1. Introduction
We recently successfully used a oating liquid marble, a liquid
droplet coated with hydrophobic particles, as a bioreactor
platform to grow three-dimensional (3D) cell spheroids.1 The
quality of the spheroids depend on the internal mixing process,
which in turn depends on the motion of the marble over the
surface of the supporting liquid. The autonomous motion of
a oating object induced by the Marangoni solutocapillary
eﬀect has been studied,2–6 especially that of a camphor boat.7–11
Floating particles infused with volatile compounds can even be
programmed to “dance”12 or navigate in complex environments.13 The relationship between the translational and rotational motion of a oating object to the surface tension and
concentration was also investigated.14–16 Recently, Bormashenko et al. reported the solutocapillarity driven self-
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propulsion of a oating marble lled with an ethanol/water
mixture.17 With the potential use of a liquid marble as
a digital microuidic reactor platform, manipulation of a liquid
marble attracted great interest from the microuidics community. A liquid marble has been manipulated on a solid surface
using electrostatic18 or magnetic19–22 means to induce the
motion.
The present paper investigates the operation parameters and
dynamic characteristics of the moving, oating ethanol/water
marble. We rst determine the relative sizes of marbles to
their respective boundaries as a condition to initiate the solutocapillary motion. Previous works indicated that a camphor
boat placed inside a small boundary cannot move across the
water surface. In our case, we seek to investigate and explain the
threshold size with respect to the marble size and the driving
force. The marble size was varied using diﬀerent liquid
volumes, while the driving force was controlled by diﬀerent
ethanol concentrations of the marble liquid. Scaling analysis
was carried out to explain the relationship between the size of
liquid surface and the size of the marble. Both experimental
data and the scaling relationships lead to an operation map for
self-propelling liquid marbles.
Next, we investigated the kinematic behaviour of a moving,
oating liquid marble. The marble was placed on an air–water
interface in an annular channel lled with water. The motion of
the marble was analysed by digital image processing. A scaling
analysis was carried out for the speed of the marble and its
volume. We then compared and discussed the data obtained for
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the liquid marbles with those from the previous studies on
camphor boats. In the camphor boat experiments, the camphor
slowly lost its mass but retained its ability to release chemical
reagents. In contrast, the ethanol concentration and the motion
in our experiments decayed over time, due to the limited mass
of ethanol as fuel available in the marbles. Therefore, the
duration of the motion would be an important parameter and
was investigated as well.
Fig. 1 shows the schematic setup of the experiments conducted and reported in this paper. We used rings made of polymethyl methacrylate (PMMA) with diﬀerent diameters to control
the boundary around a oating liquid marble. Aer placing the
marble onto the water surface within the ring, the ethanol diﬀuses
from the marble onto the water surface. Ethanol molecules
absorbed by water lower the surface tension and form a surface
tension gradient in the vicinity of the marble. The gradient and
the corresponding Marangoni force drive the motion of marble.
The driving force for this movement is well understood and is
a product of the characteristic length of the oating object and the
gradient of the surface tension. The movement can then be
described by the Newtonian equation as follows:
m

d~
vcm
¼ F~fr þ aL2 Vg ¼ cLh~
vcm þ aL2 Vg
dt

(1)

where m, and v are the mass, and velocity of the centre of mass of
the marble, respectively. The characteristic length L is of order of

magnitude of the radius of the marble contact area. The friction
force ~
F fr mainly comes from the viscous drag which is proportional to the dynamic viscosity of the supporting liquid h,10 a and c
are dimensionless coeﬃcients. c z 10 represents the friction
factor, which is 3p in case of Stokes drag of a solid sphere in an
unbounded uid. The second term on the right side of eqn (1)
represents the Marangoni force, which is a function of the
gradient of the ethanol concentration c on the water surface.
Previous experiments of Hayashima et al.10 indicated that the
motion of a camphor scraping on the water surface is aﬀected
by the sublimation and dissolution rate of camphor, and the
length of the water chamber. Changing one of these parameters
may result in no motion, oscillatory motion or collisions with
the chamber wall. These previous experiments involved the
variation of the container size. The water temperature was used
to control the sublimation and dissolution rate of camphor in
water. Nagayama et al.23 also reported a numerical simulation
based on the Newtonian equation of motion and reaction–
diﬀusion equations.
In most applications with liquid marbles the temperature of
the carrier liquid is considered as constant. The volume of the
liquid marble is oen the varying independent parameter.
Therefore, we focus on the eﬀects of ethanol concentration, the
size of the liquid marble and the size of the open surface
boundary. A circular chamber was used in the experiments to
reduce the spatial dimension to a single radial distance.
The diﬀusion of ethanol is governed by the reaction–diﬀusion equation14
vc
v2 c
¼ D 2  kc þ f ðx; r; SÞ
vt
vx

(2)

where c is the ethanol concentration, D is the diﬀusion coeﬃcient, k is the combined evaporation and dissolution rate of
ethanol at the water surface, x and r are the position and
nominal radius of the marble respectively, S is the supply rate of
ethanol from the liquid marble to the water surface. The term f
indicates that the driving Marangoni force of the oating liquid
marble can be increased by increasing the supply rates S.
Increasing the concentration of ethanol in the marble can
increase the supply rate.
If the size of the marble increases while the concentration of
ethanol remains constant, the motion is aﬀected by two
competing factors. First, the larger contact surface between the
marble and the open surface will increase the friction term in
eqn (1). Conversely, the larger contact surface increases the
supply of ethanol to the water surface as well as a larger characteristic length, creating a larger concentration gradient and
driving Marangoni force.

2.
Experimental setups: (a) eﬀect of relative boundary size: the liquid
marble is placed in a PMMA ring that determines the domain of the open
surface for its motion. Water from both sides of the ring is connected so
that the same surface level is maintained. (b) Motion of a liquid marble on
a circular channel track: the marble traverses the annular channel,
starting at the right side and moving in a clockwise fashion. After several
laps, the marble movement changes from an (i) oscillatory phase to (ii)
a steady phase, followed by a (iii) decaying phase and (iv) a complete stop.

Materials and methods

Fig. 1

This journal is © The Royal Society of Chemistry 2015

Laboratory-grade pure ethanol (Chem-Supply) was diluted with
deionized (DI) water in diﬀerent ratios. For liquid marble
preparation, the loose polytetrauoroethylene (PTFE, SigmaAldrich®) particles used had a nominal diameter of 1 mm.
Diluted ethanol was dispensed onto the PTFE powder bed and
rolled around until the droplet was completely covered and the
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marble was formed. A pipette (Thermo Scientic Finnpipette
4500, 0.5–10 mL) was used as the dispenser for accurate volume
control. The liquid marble was then rolled around on a clean
stainless steel spoon to dislodge excess powder on the marble
shell. The eﬀective surface tension of the liquid marble was
estimated with the puddle height method.24 The side view of the
sessile liquid marble was imaged with a digital camera and the
maximum height was recorded. The experiment was conducted
in a controlled laboratory environment with a temperature of
19  C and a relative humidity of 62%.
In the experiment shown in Fig. 1(a) the Petri-dish was
partially lled with DI water. Laser cutter machined PMMA
rings with diﬀerent diameters were used for the experiments.
The ring diameter ranged from 15 to 40 mm in 2.5 mm size
increment. The ring was then placed in the Petri-dish to act as
the boundary for the oating liquid marble. More water was
added until the water level approached the top of the ring. The
prepared marble was then carefully placed inside the ring. The
marble movement was then able to be observed. The experiment started with placing the largest ring (40 mm) on the Petri
dish. If the liquid marble was able to move the next ring size was
subsequently tested. If the marble stopped immediately upon
the placement of the ring the preceded ring size was taken as
the critical minimum ring diameter that allowed the marble to
move. This procedure was repeated for the diﬀerent marble
volumes and ethanol concentrations.
In the experiment shown in Fig. 1(b), a circular PMMA slab of
70 mm diameter was xed at the centre of the Petri dish of
140 mm diameter to create an annular channel with a width of
35 mm. The channel was then lled with water. The prepared
marble was subsequently placed in the water channel and the
movement was recorded from above with a digital. The video was
processed to extract the centroid position of the marble from
individual frames using Matlab (Mathworks). With the known
frame rate of the video, the position data was further evaluated
to obtain the velocity and acceleration data of the marble.

3.
3.1

the maximum puddle height, r is the density of the ethanol–
water mixture and g is the gravitational acceleration.
Measurement of the eﬀective surface tension was carried out
to determine the corresponding Bond number for the dimensionless analysis. Bond number can be dened as Bo ¼ rgr2/geﬀ
where r is the radius of the non-deformed spherical marble. As
expected, increasing ethanol concentration lowers the surface
tension of the liquid marble, Fig. 2. The result is similar to that
of a previous study regarding surface tension and ethanol
concentration which does not involve a sessile droplet. The
tting line has the form of geﬀ ¼ g/(1 + ac) where a is a constant
and c is the volume concentration. The trend in Fig. 2 is similar
to previous studies on the correlation between the eﬀective
surface tension and the volume concentration.10

3.2

Marble size relative to working area

Fig. 3(a) shows the minimum or critical ring radius that allows
the movement of a oating liquid marble versus the radius of
the non-deformed marble for diﬀerent ethanol volume
concentrations. The minimum radius was identied when
placing the ring on the water stopped the self-propulsion of the
liquid marble. The marble either ceases to move almost
instantly or wobble about within the ring for a short time. We
only consider the translational self-propulsion as the movement, and observed that threshold values of the ring size and
the ethanol concentration exist for self-propulsion of the
marble. These values vary with marble size, and at the highest
volume concentration (c ¼ 0.17), the marbles of all investigated
volumes move in the smallest 15 mm ring.
Fig. 3(a) indicates that the minimum ring size enabling the
marble movement increases with increasing marble volume

Results and discussions
Eﬀective surface tension of oating liquid marble

Measurement of the eﬀective surface tension of the liquid marble
is a challenging task. The eﬀective surface tension of a liquid
marble is known to depend on the volume and the marble
preparation conditions.25 Additionally, a liquid marble that oats
on a liquid carrier deforms, and a layer of coating is sandwiched
between the marble liquid and the carrier liquid.26 This eﬀect
inuences the distribution of coating particles on the surface of
the liquid marble and consequently impacts its eﬀective surface
tension. Various methods have been utilised to measure the
eﬀective surface tension.24,27–29 However, all of these methods
apply to a sessile liquid marble resting on a solid surface. In our
case, the marbles containing aqueous alcohol solutions moved
rapidly across the carrier surface making accurate measurement
extremely challenging. For this reason, we used the puddle
height method24 to approximate the eﬀective surface tension of
the oating liquid marble. Measuring the puddle height, the
eﬀective surface tension was estimated as geﬀ ¼ h2rg/4, where h is

101008 | RSC Adv., 2015, 5, 101006–101012

Eﬀective surface tension of the liquid marble and liquid droplet1
versus the volume concentration of ethanol. The insets show the
shape of the liquid marble with increasing ethanol concentration. The
top and bottom dashed red lines show surface tension of pure water
(0.0715 N m1) and ethanol (0.0223 N m1), respectively.
Fig. 2
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with increasing Bond number. This behaviour indicates
a scaling law between the R* and Bo.
For the ethanol concentration of 0.02, the 2 mL marble holds
suﬃcient ethanol to sustain movement for several seconds.
Although the self-propulsion is observed, ethanol as fuel dissipates very quickly. Conversely, the marble with the most ethanol
(20 mL marble with 0.17 volume concentration of ethanol)
ceases to move relatively quickly, when it was placed in a small
ring. If the ring size is smaller than a threshold, no marble
movement was observed. The marble may show an overdamped
oscillatory behaviour and it stops at the centre of the ring.
The characteristic time necessary for the acceleration of the
marble to the steady state may be estimated from eqn (1) as:
sm z

m
4pr3 r
¼
cLh 3cLh

(3)

Eqn (2) indicates that re-condensed ethanol will cover the
ring radius R aer a characteristic diﬀusion time, which can be
estimated from the Stoke–Einstein model of diﬀusion as:
sc ¼

R2
2D

(4)

We hypothesise that the marble is able to move if it has
enough time to accelerate before the uniform concentration of
the ethanol inside the ring is achieved. Thus the scaling relationship for radius of the ring can be estimated from sc ¼ sm:
R2
4pr3 r
¼
2D 3cLh
Fig. 3 Condition for self-driving liquid marbles: (a) minimum (critical)
ring radius enabling marble motion versus the diameter of the nondeformed marble for diﬀerent volume concentrations of ethanol. (b)
Radius ratio between the ring and the marble diameter versus volume
concentration of ethanol for diﬀerent marble volumes. (c) Diameter
ratio between the ring and the marble diameter versus Bond number
for diﬀerent volume concentration of ethanol.

and increasing volume concentration of ethanol. The
increasing ethanol concentration increases the concentration
gradient and consequently the driving force of the marble. It is
plausible to introduce the dimensionless ratio R* ¼ R/(r) for
the interpretation of the results of diﬀerent marble volumes,
where R is the ring radius and r is the radius of the nondeformed marble.
Fig. 3(b) shows the ratio R* versus the volume concentration
of ethanol, c, for diﬀerent volumes. The Bond numbers in the
experiments are relatively small (Bo < 1), as the marble is quasispherical even on the water surface. Any ratio that is greater
than this minimum R* will result in marble motion, where
operation region for a self-driving marble is in the upper right
side above the threshold line.
Fig. 3(c) shows the ring to diameter ratio R* versus the Bond
number for diﬀerent volume concentrations of ethanol. The
minimum ratio R* decays with the Bond number, where a low
volume concentration of ethanol causes a faster decrease of R*

This journal is © The Royal Society of Chemistry 2015

or

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8pDr r3
R¼
3ch L

(5)

(6)

Characteristic value of the contact radius can be estimated
from the scaling analysis from Aussillous and Quere for a sessile
marble on a solid surface:17
pﬃﬃﬃﬃﬃﬃﬃﬃ
L ¼ 2=3r3=2 l 1=2 for . 1
(7)
and

pﬃﬃﬃﬃﬃﬃﬃﬃ
(8)
L ¼ 2=3r2 l 1 for Bo # 1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where l ¼ geff =rg is the capillary length. The characteristic
length can be expressed in terms of Bond number as:13
pﬃﬃﬃﬃﬃﬃﬃﬃ
L ¼ 2=3rBo1=4 for Bo . 1
(9)
L¼

pﬃﬃﬃﬃﬃﬃﬃﬃ
2=3rBo1=2

for Bo # 1

(10)

Substituting (9) and (10) into (6) results in the scaling relation for the dimensionless ring ratio:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R
8 pDr 1=8
for Bo . 1
(11)
Bo
R* ¼ ¼ pﬃﬃﬃ
r
6 ch
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sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8 pDr 1=4
pﬃﬃﬃ
Bo
6 ch

for Bo # 1

(12)
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For the purpose of tting the experimental data in Fig. 3(a),
we used a diﬀusion coeﬃcient in the gas phase of D ¼ 3  105
m2 s1, a viscosity of h ¼ 103 Pa s1, a density r ¼ 103 kg m3
and the dimension less coeﬃcient c z 10 resulting in a scaling
factor of 5.55.
3.3

Kinematic behaviour

The position (x, y) of the marble is extracted from the recorded
videos. Fig. 4(a) shows the representative x and y positions of

the centroid of the marble over the lifetime of the
movement. The speed of the marble can be found by
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
vi ¼ ðxiþ1  xi Þ2 þ ðyiþ1  yi Þ2 =Dt, where i indicates the frame
and Dt is the time between two consecutive video frames. The
sinusoidal shape of the position comes from the circular
trajectory of the marble in the annular water channel. The time
history of the speed clearly shows three phases of the movement: the initial oscillatory phase, the intermediate steady
phase and the nal decaying phase. Fig. 4(b) shows the typical
trajectories of the marble in these three phases.
During the initial oscillatory phase the velocity of the marble
has both tangential and radial components. The tangential
component is not oscillatory because the marble follows the

Fig. 4 Kinematic behaviour of a self-driven marble in a circular channel track: (a) full speed and displacement proﬁle with diﬀerent phases (10 mL marble,
concentration 0.09); (b) characteristic marble paths of each phase (10 mL marble, concentration 0.09): (i) the initial oscillatory phase with wavy path
(Video S1†). (ii) The intermediate steady phase with a well deﬁned circular path (Video S2†). (iii) The decaying phase with “stop and go” behaviour (Video
S3†). (c) Time history of the speed of ﬂoating liquid marbles in an annular channel with diﬀerent (i) volumes and (ii) volume concentration of ethanol.
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trajectory in the annular channel. In contrast, the radial motion
is oscillatory because the channel is wide relative to the marble
and the marble bounces from one channel side to the other. The
marble was repelled by the channel wall due to a combination of
the meniscus and lowered concentration gradient eﬀect, as
described in detail by Chen et al.4
Aer the oscillatory phase, the ethanol concentration
decreased and the marble was less energetic. The movement
became steady and the marble proceeded with several laps
around the channel. In this steady phase the speed only has
a tangential component. The marble was not energetic enough
to induce radial oscillations. This change of movement phase
has been observed in oating droplets as well.4
Finally, as the fuel was spent the marble became even less
energetic and entered the decaying phase. Even unidirectional
tangential motion became more diﬃcult. The marble shows
a “stop-and-go” behaviour. As the ethanol concentration
reduced the marble no longer has enough fuel and the corresponding Marangoni force to move. Minor perturbations along
the way will cause the marble to move in an unpredictable
manner until it eventually ceases to move.
Eqn (1) predicts for the steady-state motion of a marble will
have a velocity of:
vcm y

a jVgj
L
c h

(13)

where the characteristic length L is of the order of magnitude of
the radius of the marble contact area. Considering the scaling
laws (7) and (8), relating the radius of the marble contact area L
to the radius of non-deformed marble r discussed above,17
yields the weak dependence of the steady-state velocity of the
marbles:
vcm  L  r1.5  V0.5.

3.4

Duration of the motion

The duration of the motion of the marble relates only to the selfpropulsion time span and not the total lifetime until the
collapse of the marble due to complete evaporation. As the
ethanol concentration within the marble is the driving source of
the motion we expect that a marble with a larger amount of
ethanol will have longer duration of self-locomotion. Fig. 5(a)
shows that increasing the volume of the marble increases the
lifetime of its motion. Increasing the ethanol concentration at
constant volume also increases the amount of ethanol and
hence yields a longer lifetime as well.
However, towards the end of the lifetime, the marble motion
became less predictable due to its the diminishing driving
force. The motion can be interrupted by minute disturbances

(14)

Therefore, for the same concentration of ethanol a smaller
marble will move with a lower speed. The above scaling relationship is recognizable in Fig. 4(c).
Moreover, Fig. 4(c) shows that the speed of the marble
decreases almost exponentially over time. An analysis of the two
governing eqn (1) and (2) reveals that the solution for the
instantaneous speed is complicated. The Newtonian equation
of motion (1) has an inertial term on the le hand side. In
previous quantitative studies on camphor boats, the mass and
supply rate are assumed to be constant, since the amount of
camphor loss due to sublimation is negligible throughout the
duration of the experiment.14 The supply rate of camphor is also
constant because the sublimation process of a pure camphor
boat does not alter its concentration.
The above assumptions are not applicable for the case of
a self-driven oating marble. Although the marble coating
reduces the evaporation rate of ethanol and water, the ethanol
evaporation rate is signicantly higher than that of water under
standard temperature and pressure conditions, especially for
marbles with high ethanol concentration.30 Assuming that the
ethanol–water mixture within the marble is homogenous, then
the evaporation occurs throughout the entire surface of the

This journal is © The Royal Society of Chemistry 2015

marble. Some of the ethanol molecules eventually dissolve in
the liquid carrier, whilst the rest just dissipates into the air.
Therefore, the marble mass will decrease over time.
The evaporation of an ethanol–water mixture is also known to
change the remaining ethanol concentration, which in turn
aﬀects the evaporation rate.31 Thus, the concentration of ethanol
is highly time dependent. Consequently, the supply rate of ethanol
and the surface tension gradient across the marble are also
functions of time. To the best of our knowledge, no work has been
conducted to measure or model the evaporation rate of a oating
liquid marble, especially with an ethanol–water mixture.

Fig. 5 Duration of the motion as function of volume and concentration: (a) lifetime of marble motion versus marble volume at
a constant volume concentration of ethanol 0.09. The insets show
sessile liquid marbles on a solid surface with same volumes and
concentrations. (b) Duration of marble motion versus the volume
concentration of ethanol at a constant volume of 5 mL. Insets show
sessile liquid marble on a solid surface with the same volume and
concentrations. Floating ethanol marbles are not shown as they are
constantly in motion.
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and may change course or even stop unexpectedly. These minor
disturbances include uneven distribution of water surface
tension in the vicinity of the marble and the imperfect surface of
the container wall. The low ethanol content within the marble,
however, is the main reason for the movement stop.
The low level of ethanol was not able to sustain a suﬃciently
large surface tension diﬀerence on the water surface. The
ethanol–water mixture started to evaporate even while
the marble was being prepared in the powder bed. Thus, the
oating marble in the experiment actually has a lower eﬀective
ethanol concentration. Preparation, handling and transfer
processes were conducted within 30 seconds, smaller than the
lifetime of the motion on the order of 100 to 200 seconds.
However, some variations are inevitable with the present preparation and handling method.

4. Conclusion
This paper reports the operational condition of self-driven
oating liquid marbles that contain aqueous alcohol solutions. One key parameter was the available free surface of the
carrier liquid represented by the ratio between the radii of the
bounding ring and the marble R*. Both the volume concentration of ethanol and the volume of the marble aﬀect this ratio. A
marble with higher ethanol concentration can move in smaller
rings, but there is a maximum marble volume which any ring
can accommodate. The threshold gradient of the surface
tension enabling the self-propulsion was estimated. The
apparent surface tension of liquid marbles with diﬀerent
volume concentrations of ethanol was measured as well. The
motion of the self-driven oating liquid marble was investigated and reported. The kinematic behaviour shows diﬀerent
phases in the lifetime of the marbles. These phases are similar
to those mentioned in previous studies on camphor boats. The
paper also highlights the present diﬃculties of a quantitative
investigation, but does suggest some scaling laws governing the
self-propulsion of liquid marbles. The results show that the
lifetime of the motion increases with both marble volume and
the concentration of ethanol in the liquid mixtures.
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Chapter 6 Deformation of a Floating Liquid Marble
Soft Matter 2015, 11 (23), 4576-4583.
One of the fundamental properties of a floating liquid marble is its shape. As mentioned
previously in Chapter 2, the shape of a liquid marble on a solid surface can be described using
the Young-Laplace equation provided the boundary conditions are known. The challenge for a
floating marble lies in the determination of the boundary conditions. For a marble on a solid
surface, the contact radius and apparent contact angle can be measured visually; whereas for a
floating marble both variables are obscured by the liquid meniscus in the marble side view.
Moreover, both the marble and liquid surfaces deform, resulting in a complex situation of
mathematically-coupled surface profiles. In this chapter, we present a convenient oblate
spheroid model to approximate the shape of a floating marble. This enables us to quantify the
deformation and to determine the contact radius of the floating marble.
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A rigid spherical particle floating on a liquid is a known problem with well-defined solutions. Under the
combined eﬀect of gravity and surface tension, the rigid particle deforms the liquid surface. However,
in the case of a floating soft particle such as a liquid marble, not only the liquid surface but also the
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particle itself deforms. In this paper, we investigate the deformation of a floating liquid marble and
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a rigid spherical particle suit well for small liquid marbles. Larger marbles require an oblate liquid
spheroid model. We will discuss the limitations of the two models and characterise the deformation of

www.rsc.org/softmatter

these marbles.

characterise its height as well as aspect ratio. The experimental results show that theoretical models for

1. Introduction
Archimedes’ principle applies to a floating object stating that
the buoyancy force is equal to the weight of the liquid volume
displaced by the submerged volume of the object. This principle
does not take into account the surface tension forces of the liquid
surface, which are usually neglected for larger objects. For smaller
objects however, surface tension plays a dominant role over
buoyancy force. It is well known that objects even denser than
water such as a metal paper clip can actually float on the water
surface. In nature, water striders skid across the water surface
with ease. Various research groups have investigated these
phenomena in great detail. The knowledge gained from this
research has been exploited for various applications such as
filtering of ore and sorting of biochemical materials.
A liquid marble is a liquid droplet coated with a layer of
hydrophobic powder which can also float on a liquid surface.
Bormashenko et al. floated brine liquid marbles coated with
polyvinylidene fluoride (PVDF) nanobeads on water and determined the maximum density before it sank.1 The approach of this
work is similar to that reported by Vella et al., where the critical
maximum density of a floating solid object was investigated.2
There are a few key diﬀerences between a floating liquid marble
and a floating solid object. Unlike a solid object, a layer of air gap
exists between the liquid marble coating and the carrier liquid.3,4
This air gap prevents the direct contact between the liquids inside
and outside of the marble. For miscible liquid droplets, the air gap
can be formed by bouncing the droplet on the liquid surface.5
a

Queensland Micro- and Nanotechnology Centre, Griﬃth University, 170 Kessels Road,
4111 Queensland, Australia. E-mail: nam-trung.nguyen@griﬃth.edu.au
b
Eskitis Institute for Drug Discovery, Griﬃth University, 170 Kessels Road,
4111 Queensland, Australia

Due to the hydrophobic nature of the liquid marble coating,
a large contact angle is formed similar to the Cassie–Baxter6 or
Extrand7 rough surface configuration. Dupin et al.8 and Fujii
et al.9 used latex-based coatings to float a liquid marble which
is responsive to pH changes in the carrier liquid. Oligomeric
and polymeric tetrafluoroethylene have been used to float ionic
liquid marbles.10 Zhang et al. used a magnet to move a liquid
marble with a hydrophobised iron oxide-based coating.11 Instead of
water, Bormashenko et al. used an organic liquid as the carrier.12
These previous studies demonstrated that liquid marbles could
sink intact, similar to a Pickering emulsion.
To the best knowledge of the authors, none of the reported
studies conducted any quantitative study on the mechanisms of
liquid marble floating and moving on another liquid. As the liquid
marble is porous, gas exchange is permitted between the liquid
content and its surrounding without any direct liquid contact. This
property is very useful for biomedical applications such as aerobic
cell culture.13–15 Also, manipulating the liquid marble on water
instead of a solid substrate increases the lifetime of the marble as
the high humidity close to the liquid surface reduces the evaporation rate. The evaporation rates of a liquid marble in different
environments16 and coating materials17 have been studied.
The present paper extends the research on liquid marbles into
the realm of floating objects. A rigid spherical particle floating on a
liquid deforms the liquid surface. However, in the case of a
floating liquid marble, both the marble and the liquid surface
deform both the liquid marble and the liquid surface deform. In
this paper, we first discuss the existing theoretical models describing a floating solid sphere and then propose a floating oblate
liquid spheroid model using well-established governing equations.
We will then use the proposed model to describe the deformation
in terms of marble height and aspect ratio. The models are then
compared to experimental data followed by detailed discussions.

4576 | Soft Matter, 2015, 11, 4576--4583

This journal is © The Royal Society of Chemistry 2015

55

View Article Online

Paper

Soft Matter

Published on 10 April 2015. Downloaded by North Dakota State University on 12/06/2015 18:14:19.

2. Theoretical background
Liquid marbles deform under gravity when resting on a solid
surface.18,19 Recently we investigated the deformation of a ferrofluid on a solid surface under the eﬀect of magnetic force.18
Since gravitational force is negligible compared to surface
tension on a small scale, magnetic force can work against
the eﬀect of surface tension and deform a ferrofluid marble.
Without the additional force such as magnetic force, a small
liquid marble will take a spherical shape on a solid surface.
However, the deformation will be diﬀerent if the surface is a
liquid surface that can also deform. Also, the deformation can
be aﬀected by the hydrophobicity of the coating material.20 In
this paper the hydrophobicity is one of the controlled variables,
as only one type of coating powder is used. The height and
contact radius used in previous studies18,19 can no longer describe
the deformation. In the present work, we identify and redefine
these parameters to describe the deformation of a floating
liquid marble.
2.1

Floating solid sphere model

A floating spherical particle is a well-known problem with
extensive past research,2,21–29 which is hereby referred to as
the solid model. Although an immiscible floating liquid droplet
has been investigated,30,31 the liquid marble can be characterised using the solid model because the hydrophobic particle
coating resembles a non-wetting soft surface.
Fig. 1 shows the key parameters of a floating spherical
particle. To describe this floating particle, we need to obtain
a unique set of solutions to all geometric parameters with a
given set of intrinsic parameters of the marble shape.
The intrinsic parameters are the densities of air ra, carrier
liquid rw, marble liquid rs, the surface tension between air
and carrier liquid gw, the eﬀective surface tension between the
liquid marble and air gs the contact angle y, the gravitapﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tional acceleration g, the capillary length Lw ¼ gw =ðrw  ra Þg
and the Bond number of the liquid marble Bo = rsgr2/gs. The
geometric parameters are the radius of the undeformed spherical liquid marble r, the meniscus height h, the meniscus
angle b, the contact radius r0 and the three-phase contact
position a.
The liquid marble is assumed to be a sphere with a known
volume V; therefore the undeformed radius can be found as

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r ¼ 3 3V=4p. The meniscus angle is related to the contact angle
and the three-phase contact position via trigonometric analysis,
b = y  a. Similarly, the contact radius is r0 = r sin a. The
remaining unknowns h and a are determined by simultaneously
solving two governing equations.
For a floating body, the generalised Archimedes’ principle
yields a force balance equation Fw = Fs + FB, where Fw is the
weight of the floating body, Fs is the surface tension force and FB
is the buoyancy force. This first governing equation is rewritten
to explicitly express the meniscus height, h:2,22,23,26,28,29,32
3
2
4
ðrs ra Þ pr3 g2prgw sinasinb 2þ3cosacos 3 a  r 
7
6
3

h¼4
5
ðrw ra Þpr3 g
3
sin 2 a
(1)
Since the density of most liquids is much larger than that of
air rs, rw c ra, the above equation is further simplified to:
2
3
4 2
rs r g2gw sinasinb 2þ3cosacos 3 a  r 
6
7

(2)
h ¼ 43
5
3
sin 2 a
rw r2 g
The second governing equation is the solution to the meniscus
height using the Young–Laplace equation in its axisymmetric
form:
"
#
zxx
zx
rw gz ¼ gw
(3)
þ
ð1 þ zx 2 Þ3=2 xð1 þ zx 2 Þ1=2
Eqn (3) does not have an exact, closed analytical solution.33 This
equation can only be solved using numerical methods2,27–29,31,34,35
or analytical approximation.26,33,36,37 In our case, we use the
analytical and empirical approximation methods developed by
Nguyen.26 For liquid marbles with a small contact radius,
r0/Lw r 0.2, the Derjaguin method35 is used. For liquid marbles
with a medium contact radius, 0.2 r r0/Lw r 2, Nguyen’s
empirical method24 is used. This allows us to arrive at a closed
analytical solution, which is convenient for trend analysis.
Comparing to the numerical model, this empirical model is
accurate if the meniscus angle is small, b o p/2.26 Since we use
small liquid marbles behaving like a superhydrophobic droplet,
this condition is always satisfied. A superhydrophobic object is
an object that has a very large contact angle (typically 4 1501)
and is practically non-wetting. The equations to determine h for
liquid marbles of different sizes are as follow:
For a small contact radius, r0/Lw r 0.2:


4Lw =r0
(4)
 CEM
h ¼ r0 sin b ln
1 þ cos b
where CEM = 0.5772. . . is the Euler–Mascheroni constant.
For a medium contact radius, 0.2 r r0/Lw r 2:


2:186Lw sin 0:5 þ 0:3222:122r0 =Lw b
h¼
(5)
1 þ 0:649Lw =r0

Fig. 1

Schematic of a floating particle with key parameters.

The angle a can be solved by eliminating h. Subsequently,
all the other unknown geometric parameters can be found.
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The numerical coeﬃcients in eqn (5) were determined empirically
by Nguyen.26
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2.2

Floating oblate liquid spheroid model

The shape of a liquid marble resting on a solid surface was
accurately approximated using the oblate spheroid model.38 The
oblate spheroid is truncated at the liquid marble base as the
solid surface does not deform. For our case, we approximate
the floating liquid marble using two halves of an oblate
spheroid with the same major axis but diﬀerent minor axes.
The two halves meet at the equator of the oblate spheroid so
that the surface profile is always continuous. Let us also explore
a hypothetical case where the liquid carrier is extremely
viscous. The high viscosity will significantly restrict the ability
of the bottom half of the liquid marble to deform. However,
the top half is still exposed to air and generally unaﬀected.
Therefore, we expect the two minor axes of the oblate spheroid
halves to be diﬀerent. This model serves as a convenient
approximation tool to extract parameters needed to describe
and compare the deformation to similar models. Fig. 2 illustrates the floating oblate liquid spheroid model.
As this model is a departure from the solid spherical particle,
the theory has to be modified. Firstly, the meniscus angle is
changed to b = y  (c + p/2) where c = arctan[(a/b2)2 tan(a  p/2)].
Similarly, the contact radius is r0 = re sin a where re is the
distance from the equatorial centre to the three-phase contact
position. re can be determined from ellipsoidal geometry re ¼
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ab2
ða cos aÞ2 þ ðb2 sin aÞ2 where a and b2 are the major and
minor axes, respectively. We assume that superhydrophobic
liquid marbles invariably have three-phase contact positions
under the equator. Therefore both c and re are dependent on
b2 instead of b1 while a is always greater than p/2.
Following the ellipsoidal geometry, the volume of the liquid
marble is:
4
2
V ¼ pr3 ¼ pa2 ðb1 þ b2 Þ
3
3

(6)

Similar to the analysis of Wang and Yu39 on an oblate spheroid
surface profile, the minor axis b1 can be related to the major
axis as a function of the capillary length of the liquid marble,

Fig. 2 Schematic of a floating oblate liquid spheroid with key parameters.
The top half is in blue while the bottom half is in green.

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ls ¼ gs =rs g.39 The curvature at the upper apex and the equator
of the oblate spheroid are 2b1/a2 and 1/a + a/b12 respectively.
Therefore, the diﬀerence in Laplace pressure between these two
points can be written as:
rs gb1 ¼ gs

1
a
2b1
þ
 2 ‘ Ls ¼
a b1 2
a

1
a
2
þ

ab1 b1 3 a2

1=2

(7)

An immediate outcome of the above equation is that the
capillary length of the liquid marble can be determined simply
by measuring the major and minor axes of the top half of the
floating liquid marble. This method serves conveniently as an
accurate measurement of the density and surface tension of the
liquid marble. Conversely, if the volume and capillary length of
the liquid marble are known, both minor axes b1 and b2 can be
written as a function of a.
Eqn (2) now has the form:
h¼



1 2rs 2
a2 b2
2
2
ð
1
þ
cosa
Þ
a
ð
b
þ
b
Þ

2L
r
sinb

ð
2

cosa
Þ
1
2
w
0
r0 2 3rw
3
(8)

Since the variables b1 and b2 can be eliminated using the volume
and Laplace pressure equation, h only has two independent
variables, a and a. By equating (8) with (4) or (5), a can then be
eliminated as well. Therefore, only a needs to be measured to
obtain a unique solution for the floating oblate liquid spheroid
model.
A more comprehensive, numerical approach is to break
down the system into three fluid profiles: the non-submerged
section of the marble f1, the submerged section f3 and the semiinfinite meniscus section f2. The volume of the marble is
similarly split into two sections: the non-submerged (V1) and
submerged section (V2), where V = V1 + V2. V3 is the cylindrical
volume contained within V1. These parameters are shown in
Fig. 3.
The Young–Laplace equation can be solved numerically in
its popular parametric form. For an axisymmetric profile, the
arc length s and the inclination of the profile at any point o are
introduced. We then obtain the following set of equations:
do 2 rw gz sin o

¼ þ
;
ds u
gw
x

dx
¼ cos o;
ds

dz
¼ sin o
ds

(9)

where u is the curvature at the initial position defined by the
x–z coordinate system. For f1 and f3, this curvature is at the top
and bottom apexes of the marble, respectively. For f2, the
curvature is at the water level position. The three fluid profiles
can be solved individually using the Young–Laplace equation if
the required boundary conditions are known. For f1, the top
apex curvature and final o position need to be known. For f2,
both r0 and b need to be known. The submerged profile f3 can
only be solved if the bottom apex curvature, final o position
and the entire profile f1 are known. Since our present work aims
to develop a quick approximation to describe the deformation,
the exact solution that involves solving a complex system of
differential equations will be implemented in future works.
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Schematic of the numerical approach with key parameters indicated.

3. Materials and methods
The liquid marble was prepared by rolling a droplet of deionised
(DI) water on a bed of polytetrafluoroethylene (PTFE) powder.
The liquid marble is completely coated before being transferred
onto a non-coated surface. The liquid marble is then allowed to
roll around to remove excessive coating and increase coating
uniformity across liquid marbles. Droplets of diﬀerent volumes
were dispensed using a micropipette to ensure high accuracy.
The PTFE powder was supplied by Sigma-Aldrich with a
nominal diameter of 1 mm and a density of approximately
2200 kg m3. A clear polystyrene (PS) container was used to
minimise the meniscus climb of water on the container wall, as
recommended by Extrand and Moon.23 In our case, the carrier
liquid is DI water with a density of 1000 kg m3 and a surface
tension of 0.072 N m1.
The eﬀective surface tension of the liquid marble can be
found using the puddle height method gs = hp2rsg/4,18 where
hp is the height of a large liquid marble with a puddle shape
resting on a solid substrate. In our case, the eﬀective surface
tension of the liquid marble was determined to be 0.068 N m1,
similar to measurements done by Arbatan and Shen where the
same materials were used.40 The density of the liquid marble is
assumed to be the same as DI water because the weight of the
coating powder is several orders of magnitude smaller than that
of the encapsulated liquid. These properties will be used for
theoretical calculations. The true eﬀective surface tension
and density of the liquid marble are much more diﬃcult to
measure. It is known that the eﬀective surface tension varies
with volume, as shown by Bormashenko et al.41 In his work,
Table 1

the pendant method measurement of the eﬀective surface
tension was further complicated by inflation and deflation
hysteresis. In our case, this is less apparent as the puddle
height method does not involve liquid addition or removal.
Likewise, the actual density of the liquid marble is complicated
by the fact that the coating is a non-uniform, multi-layered, and
aggregated particles with air pockets in it. This causes theoretical calculations to consistently overestimate the actual density
of the liquid marble.
Our inability to accurately measure both eﬀective surface
tension on water and density of the liquid marble contributes
to the error in the capillary length Ls, which is used to describe
b1(a). Moreover, the solid fraction of the coating aﬀects the
eﬀective surface tension of the floating liquid marble.42 We were
not able to ensure the consistency of the solid fraction as the
loose powder forms aggregates of random sizes. Nonetheless a
consistent procedure was implemented during marble preparation to minimize variation of the coating condition across liquid
marbles. Additionally, we measure both a and b1 to determine Ls,
which contain both the eﬀective surface tension and density of
the liquid marble. This measurement is done for individual
floating liquid marbles to address the variation in terms of
volume and carrier type. Consequently we are able to determine
the error in Ls for our results analysis. Table 1 shows parameters
that are either measured or calculated for theoretical models and
experimental results.
The liquid marble was backlit with a light source. A USB
camera (Edmund Optics) captures the side view via a 45-degree
prism and a Nikon 60 mm f2.8 microlens. The image was then
recorded by the camera and sent to the PC for data analysis. All
data analysis and measurements were done using ImageJ (NIH,
USA). Fig. 4 shows the experimental setup. The container is
partially filled with some DI water prior to the placement of the
liquid marble. After the placement, additional water is slowly added
into the container to produce a consistent advancing contact angle
at the container wall. Due to evaporation, the volume of the liquid
marble is transient in nature. Additionally, significant reduction in
marble volume will result in a higher particle fraction of the
coating. Therefore, the entire process of liquid marble preparation
to the final image acquisition was conducted with a total duration
of less than 5 minutes to reduce this eﬀect. Since the liquid marble
spends most of its time floating on water, the high relative
humidity of its environment serves to reduce its evaporation rate.16
Therefore, the liquid marble volume is assumed to be constant
throughout the experiment. Throughout the short duration of

Parameters used for theoretical models and experimental results

Parameters

Floating solid
sphere

Floating oblate
liquid spheroid

Capillary length of the liquid carrier
Capillary length of floating the liquid marble

Lw
Ls

2.71 mm
Not required

2.71 mm
2.63 mm

Major axis of the oblate spheroid
Upper minor axis of the oblate spheroid
Lower minor axis of the oblate spheroid
Height of liquid marble above the water level
Liquid marble contact radius

a
b1
b2
hm
r0

Calculated. a = r
b1 = a
b2 = a
Calculated
Calculated

Measured
Calculated
Calculated
Calculated
Calculated

Experimental results
Not required
Calculated from
measurements of a and b1
Measured
Measured
Measured
Measured
Not required
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Fig. 4 The experimental setup. The dashed lines indicate the optical path.

the experiment, the liquid marble shape appears stable, hence
the viscoelastic eﬀects of the liquid marble coating are assumed
to be negligible for this case. None of the liquid marble burst
within minutes after proper placement on water, unlike previous
reports.17 The stability is most likely due to a diﬀerence in PTFE
diameters as the powder used in the experiment is smaller than
that of previous report, 1 mm compared to 7 mm.

4. Results and discussions
Fig. 5 shows an example of the side view of a floating liquid
marble. The small marble only creates a slight depression on the
water surface. The PTFE coating makes a very large, constant
contact angle with the carrier liquid, y E p in agreement with
previous reports,43 because air is present between the liquid
marble and the liquid carrier. This fact can also be verified with
the smooth and continuous meniscus profile at the three-phase
contact point. These two factors caused the three phase contact
point to be obstructed by the meniscus, preventing accurate
measurements of r0 and a. Therefore, we measured the height of
the marble above the water level hm, the major axis a, and minor
axes b1 and b2 for the analysis.
Minor surface cracks are observed on the liquid marbles, as
shown in Fig. 5. These cracks could be an indicator that the
surface tension is not uniform across the liquid marble, similar
to Vella’s finding on particle rafts.44 They can also form due to
the diﬀerent surface area of the liquid marble being coated on a
solid surface and then transferred to a liquid surface. The
floating liquid marble deforms more, resulting in a larger surface
area. This eﬀectively creates a deficit in the coating layer, resulting in minor cracks.
We hypothesise that there is a diﬀerence in eﬀective surface
tensions between the interface where the liquid marble meets the
air and the interface where the liquid marble meets the liquid
carrier. This is because the particle coating is sandwiched between
two diﬀerent fluids at diﬀerent locations on the liquid marble.
This aﬀects the local particle distribution which leads to diﬀerent
eﬀective surface tensions. This diﬀerence is not covered in this
paper, but it is an important consideration as the local eﬀective
surface tension could influence the collapse mechanism.

Fig. 5 Side view of a floating liquid marble on water. The liquid marble appears
dark because it is backlit. Red lines are superimposed on the photograph to
indicate measured parameters.

The transient aspect of the deformation is not covered in this
paper due to the limitations of the experimental method. The
liquid marble was rolled onto the water surface and allowed to
come to a complete stop. Furthermore, the marble was allowed
to rest for several minutes before the measurement.
From Fig. 1, 2 and 5, the water level is the non-deformed
surface of the carrier liquid suﬃciently far away from the marble.
The maximum equatorial width of the marble is measured. Half
of this width is the major axis, a. From the centre of the maximum
width, the minor axes b1 and b2 are measured towards the top and
bottom apexes, respectively. The height hm is measured from the
water level to the top apex of the marble. We measured all these
parameters for marble volumes 1, 2, 5, 10, 20 and 50 ml. The
height hm is then normalised by the radius of the undeformed
spherical marble to yield hm* = hm/r. Theoretical values for the
same set of volume are calculated as well, using the simple
relationship hm = b1  re cos a  h. These values are plotted in
the same graph as shown in Fig. 6(a).
Fig. 6(a) shows lines that indicate diﬀerent theoretical
models. The dotted line represents a non-deformable floating
solid sphere model while the solid line represents the floating
oblate liquid spheroid model. Vertical error bars indicate a 90%
confidence interval on the measurement of the marble height.
Horizontal error bars indicate a 90% confidence interval on the
combined uncertainties that arise from the eﬀective surface
tension and density of the liquid marble. It is apparent that
the experimental data are somewhere in between a floating
solid sphere and an oblate liquid spheroid. The density and
eﬀective surface tension of the liquid marble are 1000 kg m3
and 0.068 N m1, respectively. This yields a capillary length of
Ls = 2.63 mm which is assumed to be constant. The experimental values showed consistently larger capillary lengths than
2.63 mm as used by the theoretical model, as calculated from the
measurements of a and b1 shown in Table 1. The experimental
capillary lengths ranged from 2.63 mm to 3.10 mm.
This is likely due to trapped air pockets in the coating and
unpredictable surface gap filling mechanisms as explained in
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Fig. 7 Outlines of liquid marbles with diﬀerent volumes extracted from
experimental data depicted as inserts in Fig. 6(a) and (b). The horizontal axis
represents the water level and the vertical axis represents the height of the
marble. Both axes are in mm.

Fig. 6 Experimental and theoretical data of the side view of floating liquid
marbles. (a) Dimensionless height of the marble above water level hm*
versus Bond number. (b) Aspect ratio e = (b1 + b2)/2a versus Bond number.
All error bars indicate a 90% confidence interval.

detail by Bormashenko et al.41 If the eﬀective surface tension is
taken to be infinitely large, lim gs - N, the Bond number will
reduce to zero. The liquid marble is then essentially a solid
sphere without any deformation and will yield the specific case
of b2 = b1 = a = r. Substituting this into eqn (8) will also lead to
eqn (2). Graphically, the solid line will converge with the dotted
line in Fig. 6(a) and the floating liquid marble then eﬀectively
becomes a floating solid sphere. Both floating solid and oblate
liquid spheroid models serve very well as theoretical upper and
lower bounds, respectively.
Next, the deformation of the floating liquid marble is investigated in terms of its aspect ratio. We take the total height divided
by the maximum width of the marble to be its aspect ratio,
e = (b1 + b2)/2a. The solid model assumes zero deformation,
which means that the aspect ratio is always equal to unity.
Therefore, this model is irrelevant in the discussion of the
deformation of the floating marble. Instead, the deformation is
compared to that of a sessile liquid marble on a solid surface.

Using an oblate spheroid model and an energy minimisation
method, Whyman and Bormashenko accurately approximated the
profile of the sessile droplet.38 The theoretical results obtained
using their model are plotted as the dotted line in Fig. 6(b), labelled
as an oblate spheroid on a solid. The values calculated using the
floating oblate spheroid model are plotted as a solid line. Fig. 6(b)
shows that our current model much better approximates the
experimental data, as the floating oblate spheroid model takes
into account the diﬀerence in the upper and lower minor axes,
which is clearly illustrated in Fig. 6.
Alternatively from an energy analysis approach, the liquid
marble gains surface energy to deform itself from the loss of
potential energy. For a floating liquid marble, the potential energy
loss is more than one resting on a solid surface because it is
allowed to partially sink into the liquid carrier. Here we show
that even after expending energy for potential and surface
energy gain of the liquid carrier, the floating liquid marble still
possesses suﬃcient surface energy to deform itself to a significant extent. The energy analysis approach is more general and
computationally demanding, but it could shed more insight into
energy partitioning of the entire system.
The imperfections of the container wall surface enlarge the
advancing contact angle between water and the PS surface. The
water level is then depressed, inflating the hm reading. This is
why the results in Fig. 6(b) are more accurate than Fig. 6(a),
since the aspect ratio of the liquid marble is not aﬀected by the
error in hm (Fig. 7).

5. Conclusion
This paper shows that the deformation of the liquid marble can be
characterised by the floating oblate spheroid model, which is a
generalisation of the well-established floating solid sphere model.
The model assumes that the floating liquid marble forms two halves
of an oblate spheroid conjoined at the equator. Ellipsoidal geometry
is used in conjunction with generalised Archimedes principle and
analytical approximations to the Young–Laplace equation.

Soft Matter, 2015, 11, 4576--4583 | 4581

This journal is © The Royal Society of Chemistry 2015

60

View Article Online

Published on 10 April 2015. Downloaded by North Dakota State University on 12/06/2015 18:14:19.

Soft Matter

Paper

In terms of height of the liquid marble above the water level,
the experimental data lie between a floating solid and an oblate
liquid spheroid. The errors are caused by uncertainties in the
eﬀective capillary length of the liquid marble and surface
imperfections of the container wall. In terms of the aspect ratio
of the liquid marble, the floating oblate liquid spheroid well
approximates the experimental results. The deformation of a
floating marble is clearly diﬀerent than that of a sessile marble
resting on a solid surface.
Knowledge of the deformation of the floating liquid marble
allows us to better approximate the evaporation rate, as current
theoretical evaporation models are based on sessile droplets on
solid flat surfaces. We hypothesise that the floating liquid
marble has a diﬀerent surface area exposed to air and relative
humidity.
Liquid marbles placed on a solid surface are known to
evaporate and eventually collapse.16 Floating liquid marbles
collapse as well, releasing its content into the liquid carrier. The
mechanism of its collapse warrants further study. Preliminary
trials indicate that a floating liquid marble can last up to several
days in a humid environment. It has a longer lifetime compared
to that of a liquid marble on a solid surface due to its proximity
to water, which is a desirable feature for cell culture applications.
As the liquid marble coating is porous, there is an exchange of
water molecules between the liquid marble and the liquid carrier
at a close range. Further investigation is needed to determine
whether the increased relative humidity or diﬀerence in surface
area is the major contributing factor.
With the proposed floating oblate spheroid model, the surface
area exposed or submerged can be described with a convenient
analytical expression. Consequently, the lifetime and the stability
of the liquid marble can be characterised. The rate of air exchange
that is crucial for biological content of the marble can then be
studied as well. Furthermore, the deformation of the liquid
marble can form a basis to the study on the maximum Bond
number of a liquid marble that can remain buoyant. This allows
the determination of the payload of any liquid marble on a liquid
carrier and subsequently the mechanism of its actuation scheme.
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Chapter 7 Floating Mechanism of a Small Liquid Marble
Scientific Reports 2016, 6, 21777.
In Chapter 6, the shape of a floating marble was approximated as an oblate spheroid. In this
chapter, we obtained the floating marble side view using X-ray computed microtomography
(CMT). This new method enables accurate measurement of the contact radius of a floating
liquid marble, the apparent contact angle and the liquid meniscus angle. These parameters are
essential for the determination of the marble shape and its floating position, allowing us to fully
describe the static geometry of a floating marble. The results from Chapter 6 and 7 can then be
used to partially solve the equation of motion discussed in Chapter 5.
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Flotation of small solid objects and liquid droplets on water is critical to natural and industrial activities.
This paper reports the floating mechanism of liquid marbles, or liquid droplets coated with hydrophobic
microparticles. We used X-ray computed tomography (XCT) to acquire cross-sectional images of the
floating liquid marble and interface between the different phases. We then analysed the shape of the
liquid marble and the angles at the three-phase contact line (TPCL). We found that the small floating
liquid marbles follow the mechanism governing the flotation of solid objects in terms of surface tension
forces. However, the contact angles formed and deformation of the liquid marble resemble that of
a sessile liquid droplet on a thin, elastic solid. For small liquid marbles, the contact angle varies with
volume due to the deformability of the interface.
It is well known that a small object can float on a liquid medium that has a lower density. This phenomenon is critical to a number of both naturally occurring and man-made processes, from water-walking and
meniscus-climbing of insects and spiders1–3 to separating gold, diamond and many other valuable minerals
from rocks by froth flotation using air bubbles4,5. For solid objects, numerous studies have verified the modified
Archimedes principle that includes the role of the surface tension of the liquid. The weight of the floating object
is balanced by the buoyancy and the surface tension force. The surface tension force is present at the three-phase
contact line (TPCL) where the three interfaces meet. This force acts along the tangent to the air-liquid surface at
the three-phase contact line and provides an upward thrust that augments the buoyancy force6–10. At the TPCL,
the contact angle is described by the Young equation which links the specific surface free energies (i.e., the surface free energies per unit surface area). It is noted that the specific surface free energy and surface tension do
not coincide for the solid-gas and solid-liquid interfaces as they do for the fluid-fluid interfaces11. Therefore, the
specific solid-liquid and solid-gas surface energies cannot be described as vectors and cannot be considered as
forces. The Young equation does not describe the force balance at the TPCL as does the Neumann triangle for
droplets floating at the air-water surface. Thermodynamically, no force balance can be written for the triple line
on a solid particle and the Young equation must be derived from the grand thermodynamic potential5. In fact,
in the case of floating solid particles, when taking the variation of the functional of the grand thermodynamic
potential to determine its extremum, one must consider the dependence of the variations of the particle mass
center and TPCL (known as the transversality condition), because the TPCL can move along the particle surface
only. For floating droplets, the TPCL can move freely and the two variations are independent, leading to the two
scalar equations of the Neumann triangle projected onto the two axes of the coordinate system. So, there is one
degree of freedom for the motion of the mass center and TPCL of floating particles while the degree of freedom
is equal to two for floating droplets.
Numerous studies have been focusing on systems that involve a solid straddling between two fluids9,10,12,13
(Fig. 1A), three fluids14–18 (Fig. 1B) and more recently two fluids and a deformable solid base19–23 (Fig. 1C).
However, fundamental understanding is lacking for a system that involves a liquid marble (Fig. 2A), except our
recent preliminary study on the deformation of a floating liquid marble droplet24. Liquid marble can be formed
by coating a droplet with hydrophobic powder25. The hydrophobic coating is porous and prevents physical contact between the liquid inside the marble and an outside liquid or solid carrier. Thus, the liquid marble can be
considered as a non-wetting droplet, Fig. 2A. The present paper investigates the system of a floating liquid marble
and compares it with other systems depicted in Fig. 1(A–C). Specifically, this paper analyses the force balance
equation and the contact angles at the TPCL and presents scaling relationships.
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Figure 1. Different cases of floating objects. Key forces and interfacial tensions are shown. Fw, Fb, Fs and Fn
denote gravitational, buoyancy, surface tension and normal forces respectively. γ GD, γ GS, γ DS, γ GL, γ SL are gasdroplet, gas-solid, droplet-solid, gas-liquid and solid-liquid interfacial tensions respectively: (A) A non-wetting
solid floats on a liquid bath. Young’s law is applied at the contact line, assuming a rigid floating object. (B) An
immiscible, wetting liquid droplet floats in another liquid. Surface tension vectors form a Neumann triangle
as shown. (C) A liquid droplet rests on a deformable soft solid19,23. Surface tension vectors form a Neumann
triangle as shown.

Determining the apparent contact angle of a sessile liquid marble on a solid substrate can be challenging. The
most popular preparation method of liquid marbles is rolling a droplet on a powder bed which coats the droplet
with layers of microparticles. These particles may aggregate and give the liquid marble an inhomogeneous surface. In contrast to a sessile liquid droplet, the lack of a clearly defined surface impairs accurate inspection of the
edges and the apparent contact angles of a marble. For a floating liquid marble, the situation is even worse as the
deformed liquid surface completely obscures the TPCL, making visible light not suitable as illumination source
for imaging. We solve this problem by using an X-ray computed tomography (CT) imaging technique to obtain
the side view of the floating marble, which was similarly conducted in a previous study of a liquid droplet on a soft
solid substrate21. This technique not only reveals the TPCL, but also the “hidden” yet well-defined liquid marble
edges, Fig. 2B.

Materials and Method

®

We used loose polytetrafluoroethylene (PTFE) powder with a nominal diameter of 1 μ m (Sigma-Aldrich ) to
form the liquid marble. Distilled water was dispensed onto the PTFE powder bed and rolled around until the
droplet was completely covered. A pipette (Thermo Scientific Finnpipette 4500, 0.5–10 μ L) dispenses the accurate volume of the droplet (with an uncertainty of ± 4.3%). The liquid marble was then rolled around on a clean
surface to dislodge excess powder from its surface. Next, the liquid marble was gently placed in a clear polystyrene container filled with distilled water using a teaspoon and allowed to float. The container is filled almost to
the brim so that the liquid marble can roll off the teaspoon gently onto the water surface without dropping. As
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Figure 2. A liquid marble floating on a liquid bath: (A) Schematics of a floating liquid marble. Volumes are
denoted as V1, V2 and V3. The blue and green lines bound V1 and V2 respectively. r0 is the contact radius of the
liquid marble. h and β are the meniscus height and angle respectively. α is the liquid marble contact angle.
ϕ is the liquid marble contact angle relative to the horizon. γam and γaw indicate the air-marble and air-water
interfacial tensions respectively. ρm and ρw indicate the density of marble and water respectively. g indicates the
direction of gravitational acceleration with a magnitude of 9.81 ms−2. (B) Magnified view of the TPCL X-ray
image and its corresponding schematics.
the liquid marble is merely coated with a very thin layer of loose PTFE powder, simply dropping the marble
onto the water surface could destroy it. Once the marble floated on the surface, water was drawn out from the
container using a syringe to reduce the water level and to create a clearance at the top of the container for the
lid. The container was sealed with its lid to minimise evaporation throughout the experiment. The container was
carefully positioned on the sample stage of the X-ray CT equipment (VersaXRM-500 High-Resolution 3D X-ray
Tomography Microscope System, ZEISS Xradia, Pleasanton, CA, USA), Fig. 3A. The sample stage was adjusted
until the water surface film was at its thinnest. This measure ensures that the camera tilt relative to the water level
in the container was minimised. The X-ray source was set between 80 to 120 kV while the optical magnification
was set to 0.4 or 4X depending on the marble size. Figure 3B depicts the schematic setup of our experiment.
After positioning the sample, the magnification and X-ray parameters were optimised and the profile image of
the floating liquid marble was acquired. The recorded image was subsequently processed to fit its surface profile
and to measure the contact angles at the TPCL using ImageJ (National Institutes of Health, USA). All images
were exported using the lossless TIFF format with a resolution of 1007 ×  1007 pixels. The image acquisition and
processing procedures were repeated for marble volumes of 1, 2, 5, 10, 20 and 30 μ L. Each liquid marble volume
was measured three times. All critical properties are determined at room temperature and atmospheric pressure (25 °C and 1 atm). The density and surface tension of deionized (DI) water are taken as ρw =  1,000kg/m3
and γaw =  0.072N/m, respectively. PTFE has a density of 2,200 kg/m3. Due to the limitations of the liquid marble
preparation and transfer methods, the PTFE packing density and coating thickness cannot be accurately controlled. The inhomogeneity of packing density may induce errors in the effective surface tension of the liquid
marble.
Supplementary Information Figure S1 shows an image of the loose PTFE powder on the liquid marble surface.
The image taken with an optical microscope indicates that the porous hydrophobic layer has a large range of particle clusters from a few to more than microns due to the aggregation of the loose particles. The curved and complex bottom surface of the floating marble is not accessible for our current imaging techniques. Figure S1 shows
the bottom view of a sessile liquid marble on a glass slide to approximate the submerged layer of the floating
liquid marble. The depicted image might not represent the actual coating layer of the floating liquid marble. We
hypothesise that the coating thickness is different for the submerged and the unsubmerged portion of the marble.
The unsubmerged layer is only exposed to air, so the loose particles could build up forming a thicker layer. In
contrast, the submerged layer is sandwiched between the liquids of the marble and the bath making the particles
to assemble into a thinner layer. The difference in thickness can be seen in the side view of the raw X-ray image
in Supplementary Information Figure S2. The PTFE coating shows up as a fuzzy layer at the edge of the marble
due to intensity differences. The free layer is several times thicker than the submerged layer. The difference in
thickness of the coating layer could translate into a difference in packing density and consequently different surface tensions. Additionally, the interface between the marble and the liquid bath is heterogeneous, as it contains a
mixture of air pockets and PTFE particles which gives rise to a large apparent contact angle26,27.
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Figure 3. Imaging of a floating liquid marble: (A) The experimental setup with the X-ray source on the left,
the X-ray detector with macro-lens and objectives on the right, and the 3D rotating stage in the middle. The
liquid marble is placed in a clear polyethylene sample holder and placed on the sample stage between the X-ray
source and the detector. (B) Schematics of the experimental setup. (C) Surface profile fitting of a floating liquid
marble in a X-ray image. The “hidden” water surface is shown as a clearly defined edge. The gradual shading on
the surface line is caused by the meniscus at the container wall. The apex curvature, b and inverse square of the
capillary length, c are optimised such that the green line fits the marble image exactly. Low-bond axisymmetric
drop shape analysis (LB-ADSA) then returns the measured angle and its base surface area, and consequently the
contact radius, r0.
The effective surface tension of the marble γam, the unsubmerged volume V1, the submerged volume V2 and
the contact radius r0 (Fig. 2A) of the floating liquid marble were measured and calculated using the surface profile
fitting procedure of LB-ADSA28, a freely available plugin for ImageJ. Manual fitting was required due to the inherently low contrast of the images and lack of a clear horizon at the three-phase contact line. Profile fitting starts at
the apex of the marble. The apex curvature b was adjusted to fit the surface profile of the upper hemisphere. The
height of the marble was then adjusted until the bottom end of the profile is level with the three-phase contact
line. Next, the inverse square of the capillary length c =  ρmg/γam, where ρm is the density of the marble and g is the
gravitational acceleration, was tuned to fit the lower hemisphere profile. Changing the capillary length c affects
hemisphere profile, so b has to be lightly readjusted again. This iterative adjustment of b and c eventually yielded
an accurate fitting of the marble surface profile. A set of values such as the contact radius r0, the inclination of the
liquid marble relative to the horizon at the TPCL ϕ and unsubmerged volume V1 can be obtained upon the completion of the procedure. These results can be further verified by solving numerically the axisymmetric
Young-Laplace equation. This popular form of solution involves parameterising the Young-Laplace equation into
three first-order differential equations29–31. The required input parameters are the aforementioned apex curvature
b, the inverse square of the capillary length c and the inclination ϕ .

Theoretical Consideration

Force balance. The total liquid marble volume V can be divided into the unsubmerged volume V1 and the
submerged volume V2 (Fig. 2A), hence V =  V1 + V2. For buoyancy force calculation, the cylindrical volume V3 is
introduced. The buoyancy force produced by the liquid bath is equal to the weight of the volume of the displaced
fluid V2 and the cylinder volume bounded between the surface of the contact line and the bath surface V37,9. The
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cylinder has the radius of the three-phase contact line r0 and the same height h of the liquid bath meniscus. The
volume V3 can be found by measuring both h and r0 from the acquired marble image: V3 =  πr02h, Fig. 2A.
In a macroscopic system, the condition of flotation is the balance between the weight Fw of the droplet and the
buoyancy force Fb. This force balance can be written in terms of volumes as (V 1 + V 2) ρ mg = (V 2 + V 3) ρ w g
where ρm is the effective liquid marble density and ρ w is the density of the carrier liquid12. In our experiment,
the marble is filled with the same liquid as the bath. Neglecting contributions from the very thin hydrophobic
coating layer, we assume that both liquids have the same density (ρ m = ρ w ). With some simplification, the force
balance equation leads to V1 =  V3, which is obviously not correct as the meniscus heights are usually very small,
resulting in a much larger unsubmerged volume (V1 > V3), Fig. 2A. Therefore, a surface tension term must exist
in the force balance of our case: F w = F b + F s , where Fs is the surface tension force. The existence of such surface
tension force for an axisymmetric body had been rigorously proven by Keller9. In some previous works involving
a three-fluid system17,18, this surface tension force was not taken into account. The setup was such that the meniscus angle is very small, thus producing a surface tension force which is much smaller than the buoyancy force.
Consequently, we hypothesise that the vertical component of the air-water surface tension along the TPCL
yields a net upward force equal to Fs. The liquid marble coating causes the liquid marble to behave like a deformable soft solid. The contact line dimensions of the present work are in the millimetre scale. At this scale, effects of
line tensions (on the order of 10−10 N)32,33 are insignificant and therefore neglected. Also, the density of air relative
to that of water is neglected in the subsequent analysis.

Surface tension. At the TPCL, the air-water and marble-water interfaces are almost parallel. The air-marble
interface branches out and inclines slightly more upward than the air-water interface. This configuration is similar
to that of a liquid droplet resting on a thin elastic solid34 where an inflection point is present on the carrier solid.
In our case, the inflection point must be at the TPCL as the liquid bath surface changes from a concave to a convex
shape.
As the surface tension of the carrier liquid γ aw is known, its vertical component can be calculated from the
known meniscus angle β. The force balance equation can be written as:
(V 1 + V 2) ρ mg = (V 3 + V 2) ρ w g + 2π r 0γ aw sin β .

(1)

Assuming ρm =  ρ w, V2 can be eliminated from both sides of the equation. Rewriting V3 in terms of r0 and h
leads to a force balance equation with experimentally measurable quantities as:
(V 1 − π r 0 2h) ρ w g = 2π r 0γ aw sin β .

(2)

Scaling analysis. We use the non-dimensional Bond number Bo as the independent variable for the scaling
analysis. The Bond number represents the relative significance of the marble weight to the surface tension force:
Bo =

ρm gr 2
γam

2

=

ρm g  3V 2/3
 3V  3
  = c  
 4π 
γam  4π 

(3)

where c is the inverse square of the capillary length, a parameter used for liquid marble surface profile fitting as
described in the materials and methods section, r is the radius of the non-deformed spherical liquid marble.
Neglecting the weight the powder particle, the density of the marble ρ m can be taken as the density of the marble
liquid ρ w . The Bond number scales with r2 and V2/3.
The constant contact angle α between a floating solid object and the liquid bath can be determined by straightforward measurements. With the known contact angle α , the meniscus angle β can be determined and a unique
solution of the floating position can be found. However, our case of a floating liquid marble is different. The contact angle of a floating liquid marble α is not constant, because the marble is deformable.
We start off with the force balance equation: F w = F b + F s. A small marble hardly depresses the water surface,
yielding a small displaced liquid volume and a negligible buoyancy force. In our case, the surface tension force is
about one or two orders of magnitude larger than the buoyancy force. Neglecting the buoyancy force leads to the
force balance equation F w = F s.
The weight Fw scales with r3, while the surface tension force Fs scales with the contact radius r0 and sin β, therefore r 3 ~ r 0 sin β . For a small liquid marble, β is small and the marble is almost spherical. Therefore the contact
radius scales as r 0 ≈ r sin β ~ rβ . Substituting into the previous equation with further simplification yields
β ~ r . Bond number and r scale as Bo ~ r 2, thus the scaling relationship between the meniscus angle and the
Bond number is β ~ Bo1 / 2.
The surface tension force Fs scales with r0 sin β, therefore F s ~ r 0 sin β ≈ rβ 2. Since β ~ r and β ~ Bo1 / 2, the
scaling relationship between the surface tension force and the Bond number is F s ~ Bo3 / 2. Normalising the contact radius r0 by the non-deformed marble radius leads to the dimensionless contact radius r 0 ⁎ = r 0/ r . As elaborated above, the balance between the marble weight and the surface tension force leads to r 0 ~ rβ , or in terms of
dimensionless contact radius ro⁎ ~ β or r ⁎ ~ Bo1 / 2. This scaling relationship was observed previously for of sessile
marble on a solid surface34.
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Figure 4. Measurement results: (A) Overlay plot of fitted marble surface profiles. The data labels indicate its
corresponding Bond number as defined by Eq. (3). (B) Up-thrust arising from surface tension force
F s = 2π r 0γ aw sin β versus residual weight Wr =  (V1 −  πr0h)ρwg. A straight line Fs =  Wr is fitted onto this
graph. Error bars indicate a 90% confidence level. The data point labels indicate the corresponding Bond
number.

Results and Discussion

Figure 4A shows the measured profiles of floating marbles of various sizes. The measurement of the marble shape
allows for the determination of the contact angle α and the meniscus angle β at the TPCL. The data in turns
allows for the independent calculation of the upward thrust caused by surface tension Fs =  2πr0γaw sin β and the
residual weight of the marble W =  (V −  πr02h)ρwg, where γ aw, ρ w and g are the surface tension and density of water
as well as the gravitational acceleration. The surface tension force Fs, is the upward vertical force component that
arises from the air-water interface tension. The residual weight W is the excess weight of the liquid marble not
balanced by the buoyancy force alone. As depicted in Fig. 4B, the two force components determined independently through experimental data are found to have the same magnitude, cancelling each other, and enabling
the marble to float on the liquid surface.
Figure 5A shows that α decreases with increasing Bond number. Unfortunately, the trend is not very clear due
to the relatively large errors in the measurement. The shape of the liquid marble asymptotically approaches a
perfect sphere with 0 contact radius as Bo approaches 0. Therefore the marble contact angle α approaches 180°
with volume and Bond number approaching zero (Bo → 0). The marble contact angle α fits a logarithmic dependence in the form of α = k1 + k2 ln (Bo + k3) with a 180° intercept, where k1, k2 and k3 are curve fitting constants.
Due to the limited amount of data, these constants only serve curve fitting purposes. More experimental data will
be required for a functional analysis. The liquid marble contact angle α measured in our case is the apparent
effective macroscopic angle. Microscopically, there is no physical contact between the marble liquid and the bath
liquid26 because any contact will instantly result in the destruction of the marble. The liquid bath actually contacts
a coating layer consisting of PTFE and air pockets. The liquid bath contact angle is not solely determined by the
solid PTFE particles, because air pockets also contribute to the apparent contact angle26,27.
Figure 5B shows the experimentally measured meniscus angle β as function of Bond number. The data points
of meniscus angle β fit a square root function of the Bond number Bo1/2 as predicted with the scaling analysis.
Since there is no depression of the water surface with an asymptotic zero-volume marble, the meniscus angle β
approaches 0° when the volume or the Bond number approach 0 (Bo →  0).
Figure 5C shows the two forces in the system as a function of the Bond number. The overlapping values of the
two forces confirm the results depicted in Fig. 4B indicating that the surface tension force Fs is equal to the residual weight W of the marble regardless of its volume. As predicted from the scaling analysis, the surface tension
force Fs scales with Bo3/2.
Figure 5D depicts the dimensionless contact radius versus the Bond number. The fitting curve of the experimental data follows the square root relationship predicted by the scaling analysis. It is interesting to note the that
contact radius of a small floating liquid marble follows the same scaling relationship of a small liquid marble on a
solid surface29,34. This scaling relationship is useful for describing the friction force of a moving and floating liquid
marble in future work.
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Figure 5. Measurement results: (A) Marble contact angle α versus Bond number Bo. (B) Meniscus angle β
vesus Bond number Bo. The meniscus angle scales as β ~ BO1/2. (C) Surface tension force and residual weight
versus Bond number. The surface tension force scales as Fs ~ Bo3/2. (D) The dimensionless contact radius versus
Bond number. The dimensionless contact radius scales as r ⁎ ~ Bo1 / 2. The error bars indicate a 90% confidence
interval.

Conclusions

We investigated the floating mechanism of liquid marbles using X-ray CT microscopy and theoretical analysis of
the forces involved. We found that the flotation of small liquid marbles is predominantly affected by surface tension forces. The measurement of the apparent contact angles at the TPCL is not straightforward, due to the heterogeneous interface layer of the liquid marble that affects the effective surface tension. The configuration of the
angles at the TPCL is similar to that of a sessile liquid droplet on a thin elastic solid whereby the carrier profile is
smooth and continuous. The contact angle of a liquid marble varies with its volume due to the deformable interfaces. We hypothesise that marble contact angle decreases from the asymptotic value of 180 degree in the small
Bond number range (Bo <  0.1) and remains almost constant with increasing Bond number. An improved preparation method for liquid marble would allow for future investigation in the sub-microlitre and millilitre scale and
more conclusive results. Through scaling laws, we found that for a small, floating marble, the meniscus angle
approximately scales with the square root of the Bond number β ~ Bo1 / 2while the surface tension force scales
with the Bond number raised to the power of 3/2 F s ~ Bo3 / 2. The contact radius also scales with the root of the
Bond number as in the case of a liquid marble on a solid surface. In the microscopic scale at the TPCL, we hypothesise that the floating mechanism is the same as that of a solid straddling between two fluids due to non-wetting
requirements for the existence of an intact floating liquid marble. Measurement at such a scale is beyond the scope
of this paper but it would be a valuable addition to the understanding of this floating system.
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Chapter 8 Evaporation of Ethanol–Water Binary Mixture Sessile
Liquid Marbles
Langmuir 2016, 32 (24), 6097-6104.
Chapter 4 established that a floating marble containing aqueous ethanol can propel itself due to
the Marangoni solutocapillary phenomenon. Evaporation needs to occur across the marble
coating to enable this propulsion. Only then can the ethanol molecules be transported from
within the marble to the carrier liquid and create a localised surface tension gradient. The
propulsion force is a function of the amount of adsorbed ethanol on the water surface, which in
turn is a function of the evaporation rate. Therefore, the propulsion force can be determined if
the evaporation rate of a floating liquid marble is known. Nevertheless the evaporation rate of a
floating liquid marble is difficult to measure due to the negligibly small marble volume
compared to the liquid carrier. This challenge is further complicated by the lack of study of the
evaporation rate of a liquid marble containing a binary mixture. In this chapter, we study the
evaporation of a sessile liquid marble that contains aqueous ethanol. The challenging task of
studying the evaporation of a floating marble is designated as future works.
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ABSTRACT: Liquid marble is a liquid droplet coated with particles.
Recently, the evaporation process of a sessile liquid marble using geometric
measurements has attracted great attention from the research community.
However, the lack of gravimetric measurement limits further insights into the
physical changes of a liquid marble during the evaporation process. Moreover,
the evaporation process of a marble containing a liquid binary mixture has not
been reported before. The present paper investigates the eﬀective density and
the eﬀective surface tension of an evaporating liquid marble that contains aqueous ethanol at relatively low concentrations. The
eﬀective density of an evaporating liquid marble is determined from the concurrent measurement of instantaneous mass and
volume. Density measurements combined with surface proﬁle ﬁtting provide the eﬀective surface tension of the marble. We
found that the density and surface tension of an evaporating marble are signiﬁcantly aﬀected by the particle coating.
mode,34 depending on the liquid and surface type. Evaporation
mode has also been reported to change with time giving rise to
distinct evaporation phases.28,29,31,32,35,36 Similar studies have
been conducted for binary mixture droplets,35−40 where
discrepancy has been reported with some theories governing
evaporation of pure liquid droplets. A similar disparity exists for
pure liquid marbles.18 To the authors’ best knowledge only the
study by Bhosale et al.41 investigated the evaporation process of
a binary-component liquid marble, and that was for the water−
poly(diallyldimethylammonium chloride) (PDDA) system
where only the water was evaporated since the PDDA is not
volatile.
Recent interest in autonomously moving and ﬂoating liquid
marbles based on the Marangoni solutocapillary eﬀect42−44 has
emphasized the need for better understanding of the
evaporation rates and surface tension around a binary-phase
liquid marble. For this reason, our present study aims to
quantify the evaporation behavior and the eﬀective surface
tension of a binary water−ethanol liquid marble. In particular,
we investigated the relationship between the eﬀective surface
tension, the density, and the Bond number. Finally, the
evaporation process was only considered up to the point of
buckling, as we have yet to develop a proper method for
measuring the properties of an irregularly shaped liquid marble.
The instantaneous concentration of the binary mixture is still
undetermined as our measurement methods treat the binary
liquid content and the coating powder as a single entity.

1. INTRODUCTION
A liquid marble is a liquid droplet coated with hydrophobic
powder. The powder covering a liquid droplet forms a porous
coating1−3 that prevents direct contact between the liquid
content and the substrate on which the marble is resting. It is
well-known that this coating can even allow a liquid marble to
ﬂoat on a liquid surface.4−10 The porous coating also allows for
both gas exchange and evaporation to take place.11−15 For
monolayer coatings the evaporation rate could actually be
higher than that for an uncoated droplet.16 In most cases,
however, the formation of a multilayered coating results in a
lower evaporation rate.9,17−19 Some applications take advantage
of the lower evaporation rate of the multilayered coating to
extend the lifetime of the liquid marble.11,20 While this is a
desirable property, the controlled manufacture of multilayered
coatings is challenging given it involves a combination of
natural aggregation and random arrangement of the microscopic powder. Increased evaporation rates can also be
beneﬁcial for the formation of shells made of bound granules.21
Evaporation of a droplet resting on a hydrophobic powder bed
can even cause the powder to coat the droplet spontaneously.22
The quantitative relationship between evaporation rate of a
liquid marble and the coating structure is not fully understood,
and for this reason a number of recent studies on the subject
have been reported.9,17−19
Research into the evaporation rate of a sessile droplet on a
ﬂat, solid surface is well established23−32 and is comprehensively reviewed by Erbil.33 The evaporation rate has usually
been quantiﬁed by monitoring the change in contact angle,
volume, mass, or shape over time. Evaporation may occur
under a constant contact angle or a constant contact area
© 2016 American Chemical Society
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1.1. Geometric Analysis. The evaporation rate can be
deduced from analyzing the geometry of an evaporating
droplet. Analyzing the side-view image of a droplet reveals its
contact angle and contact radius. Droplet volume can then be
calculated based on the axisymmetric assumption. For
isothermal, diﬀusion-controlled evaporation of a sessile and
pure droplet, Erbil et al. developed the following expression for
the droplet volume as a function of the constant contact
angle:34
Vc 2/3 = Vci 2/3 −

2
K (M w , T , Pvs , D , RH, ρ , θ )f (θ )t
3

marble that had a decreasing contact angle similar to that of a
bare droplet. Conversely, Doganci et al.19 reported an
evaporating marble that had an increasing contact radius,
which is the opposite behavior of a bare droplet. Possibly, this
observed behavior was the result of sagging of the marble
during the evaporation process.
The evaporation resistance model of La Mer47 for a liquid
droplet has been used to compare the evaporation resistance
parameter ϕ of a liquid marble and a liquid droplet.17−19 La
mer’s model is given by
⎛M P ⎞
⎛ dt
dt ⎞
φ = Ac⎜⎜ w vs ⎟⎟(1 − RH)⎜
−
⎟
dml ⎠
⎝ dm m
⎝ R gT ⎠

(1)

where Vc is the instantaneous volume of the droplet, Vci is the
initial volume of the droplet, K is a constant that is assumed to
be independent of time and volume and can be determined
from the parameters listed in the adjacent parentheses, Mw is
the molecular weight of the liquid, T is the temperature, Pvs is
the saturated vapor pressure, D is the diﬀusion coeﬃcient, ρ is
the density, RH is the relative humidity of the droplet
environment, θ is the contact angle, and t is time. The full
expression of K and f can be found in the literature.17,19,33,34,45
Erbil et al.34 also developed an expression for the contracting
contact radius as a function of time assuming a constant contact
angle. Equation 1 provides a useful prediction of the
evaporation rate if the properties of the droplet and the
environment are known at all times. This condition is feasible
with the usage of pure liquids on surfaces with minimum
imperfections. However, the value of K of a binary mixture
varies with time, since saturated vapor pressure, diﬀusion
coeﬃcient, density, and contact angle are time-dependent. The
time functions for each of these parameters is needed to
calculate K.
For a droplet consisting of water mixed with a more volatile
component, its contact radius decreases over time while its
contact angle usually increases at ﬁrst and then decreases
eventually.35,37−40 The reduction in contact radius is expected
as the droplet volume and surface area decreases over time. The
contact angle depends on the surface tension of the droplet in
accordance with Young’s contact angle equilibrium. Surface
tension is a function of the concentration of the binary mixture,
and change in contact angle has been reported35,37 as a result of
evaporation of the diﬀerent components. The instantaneous
concentration of the binary mixture in a droplet can be deduced
from the droplet proﬁle or the contact angle but is subjected to
the eﬀects of surface imperfections. Trunk et al. were able to
directly measure instantaneous concentration of levitated
droplets using Raman spectroscopy,46 which allowed them to
calculate the evaporation rates of the individual components.
Wang et al.39 formulated the relationship between the
contact angle θ and the contact radius R for the ﬁnal
evaporation phase as
θ = a1R3 + a 2R

(3)

where Ac is the area of the evaporating droplet with an assumed
spherical cap shape, Rg is the gas constant, and dt/dmm and dt/
dml are the reciprocals of the rate of change of mass for the
liquid marble (assuming a monolayer coating) and liquid
droplet, respectively. Equation 3 is based on the assumption of
a monolayer coating, which is not the case for liquid
marbles1,8,9,18 unless customized methods and materials are
used.48 Also, the volume calculation assumed that the liquid
marble maintains a constant axisymmetrical shapelike that of
a liquid dropletwhich is no longer valid once the marble
coating buckles inward. Therefore, eq 3 is not suitable for
quantifying evaporation rates of liquid marbles, especially when
buckling of the coating layer takes place.
1.2. Gravimetric Analysis. Evaporation rates can be
measured by monitoring the mass of the droplet. Bhosale et
al. established a linear relationship between surface area and
time at a given evaporation phase of the liquid marble.41 The
surface area was calculated from the accurately measured mass
and the known density, assuming that the liquid marble is a
perfect sphere. Four distinct evaporation phases were observed,
with the ﬁnal phase attributed to the nonvolatility of the
dissolved PDDA. The mass of the liquid marble was measured
using a thermogravimetric analyzer under a highly controlled
environment. The paper reported change in surface area of the
evaporating marble as a function of time. Neither contact angle
nor contact radius was investigated due to the diﬃculty in their
measurement. Shi et al.40 conducted both gravimetric and
geometric analysis on an evaporating ethanol−water droplet on
PTFE. The instantaneous mass, contact angle, and contact
radius were reported for the pure liquids and the binary
mixture. The marble volume was not reported. Contact line
pinning and depinning were observed during the evaporation
process.

2. MATERIALS AND METHODS
2.1. Preparation and Characterization of the Liquid Marble.
Ethanol (Chem-Supply, 99.5% purity) was diluted with distilled water
to obtain the concentrations used in our experiments. The aqueous
ethanol droplet was then dispensed onto a bed of loose
polytetraﬂuoroethylene (PTFE) powder (Sigma-Aldrich, 1 μm
nominal diameter, ρ = 2.2 g/cm3). For accurate volume control, a
micropipet (Thermo Scientiﬁc Finnpipette 4500, 0.5−10 μL) was used
as the dispenser. The micropipet had an uncertainty of ±4.3%. The
liquid marble was formed by rolling the aqueous ethanol droplet in the
powder bed. Further rolling on a clean stainless steel spoon dislodged
excess powder from the marble surface. The liquid marble was then
placed on an electronic balance (RadWag AS82/220.R2 analytical
balance).
The mass of the marble coating mc was found by subtracting the
mass of the liquid content ml from the mass of the liquid marble mm,

(2)

where a1 and a2 denote ﬁtting coeﬃcients that will be
inﬂuenced by intrinsic properties of the droplet such as ethanol
concentration.
Studies involving liquid marbles reported that measurement
of the contact angle is very diﬃcult due to the presence of the
“ﬂuﬀy” coating.17 Moreover, where the contact angle could be
measured, it was found not always constant.17,18 To the best
knowledge of the authors, only a few papers reported the
contact angles and contact radii of an evaporating liquid marble.
Tosun and Erbil18 and Doganci et al.19 reported an evaporating
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i.e., mc = mm − ml. The mass of liquid ml was calculated as ml = ρlVl,
where ρl and Vl are the density and the volume of the liquid,
respectively. The value of ρl was obtained from the literature,49 while
the value of Vl was controlled by the micropipet. Both mm and ml were
measured 10 times each. A 10 μL liquid droplet dispensed by the
micropipet weighed 10.08 ± 0.36 mg. The mean mass of a 10 μL
liquid marble was 10.21 mg, which is well within the uncertainty range
of the micropipet.
Our methodology described above was not capable of measuring
the coating powder mass of an individual liquid marble. For this
reason, the mass of the coating was determined by averaging the
coating powder of 20 marbles. First, the mass of the empty container
was measured. Twenty liquid marbles with a volume of 10 μL each
were then placed into the container, and the mass of the container
with liquid marbles was measured and then left to dry for 2 days. With
the liquid completely removed from the container, only the powder
remained, and the diﬀerence in mass of the container with the powder
and the blank container yielded the mass of the coating of the 20 liquid
marbles. Five readings were taken for each measurement to determine
the data uncertainty. The average mass of the coating powder for one
liquid marble was found to be 0.25 ± 0.05 mg. The average water mass
removed from the drying process was 10.07 ± 0.03 mg per liquid
marble, which is almost the same as the mass of a 10 μL droplet
dispensed by the micropipet. Table 1 lists the measurement results.

Figure 1. Schematic of the experimental setup. The liquid marble was
placed on the weighing pan of an electronic balance ﬁtted with a draft
shield, which was not airtight to allow air exchange and to prevent
vapor saturation within the weighing chamber.
inverse square of capillary length is c = ρmg/γeff, where γeff is the
eﬀective surface tension of the liquid marble, and g is the gravitational
acceleration of 9.81 m/s2, and that c and ρm are known, then the
eﬀective surface tension γeff can be calculated. Note that the eﬀective
surface tension of the liquid marble γeff is diﬀerent than that of the
liquid−air γ or solid−air γSA interfaces because the surface is neither
purely liquid nor solid, as the surface actually is a mixture of liquid and
embedded solid particles.
In experiments with liquid marbles, data were collected until the
onset of buckling, beyond which the model assumption of an
axisymmetric shape was no longer satisﬁed.

Table 1. Raw Mass Data of the Container and 20 Liquid
Marbles (All Values in mg)

mean
standard
deviation

container
only

container with
marbles

container with
powder

10479.09
10478.81
10478.62
10479.06
10479.16
10478.95
0.23

10685.04
10685.18
10685.77
10685.82
10685.36
10685.43
0.35

10483.14
10483.46
10483.75
10484.87
10484.70
10483.98
0.76

3. RESULTS AND DISCUSSION
Figure 2 compares the measured normalized mass of droplets
with diﬀerent volume concentrations of ethanol. The
normalized mass is the ratio between the instantaneous mass
and the initial mass, m* = m/m0. As expected, droplets with
higher ethanol concentration have steeper curves due to the
higher evaporation rates. Pure water and pure ethanol curves

2.2. Gravimetric Measurement of the Liquid Marble. All
measurements were conducted in an air-conditioned laboratory
environment at a temperature of 293.5 ± 0.5 K, 1 atm pressure, and
a relative humidity of 57.3 ± 3%. Electronic balance sensitivity drift
was characterized without the autozero feature. The resulting
correction factor was used to reduce systematic errors from the
mass measurements. The electronic balance was calibrated before each
run. The electronic balance logged the mass of the liquid marble at a
ﬁxed time interval of 180 s. The corresponding side views of the
evaporating marble were acquired by a horizontally mounted USB
camera (EO-5012C 1/2 in. CMOS color USB camera with 1.0×
telecentric lens). The camera focus was adjusted using a motorized
linear stage (Zaber Technologies T-LS28M). Figure 1 illustrates the
schematic of our experimental setup.
2.3. Geometric Measurement of the Liquid Marble. We used
the software ImageJ (National Institutes of Health, USA) to evaluate
the side views of the liquid marble utilizing the low-Bond axisymmetric
drop shape analysis (LB-ADSA) plug-in.50 This method allowed a
rapid, accurate, and nondestructive measurement of the geometry of
the marble. The initial generated drop proﬁle was manually placed in
the vicinity of the marble on screen and ﬁtted using gradient energy
optimization.50 The drop proﬁle depends on the curvature, the
density, and the surface tension. The proﬁle was repeatedly optimized
until it matched that of the real marble. Geometric parameters of the
marble were then obtained by solving the Young−Laplace equation for
the ﬁtted droplet proﬁle. The parameters generated by the software
include the apparent contact angle θ, the apex curvature b, the inverse
square of capillary length c, the contact area A, the marble volume Vm,
and the surface area As. From the known drop volume and mass, the
eﬀective density was calculated using ρm = mm/Vm. Given that the

Figure 2. Normalized mass of aqueous ethanol droplets with diﬀerent
ethanol volume concentrations. Fitting lines are shown for reference.
Error bars indicate measurement uncertainties. All experiments were
conducted with an initial droplet volume of 10 μL.
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Figure 3. Measured parameters of aqueous ethanol marbles for diﬀerent ethanol volume concentrations: (a) normalized volume; (b) normalized
mass; (c) apparent contact angle; (d) contact radius. Photo insets show examples of side view of pure water and aqueous ethanol marbles. All runs
were conducted with an initial marble volume of 10 μL.

appearance obscured the actual edges. This result is diﬀerent
than that of either pure water marbles or binary mixture
droplets reported in previous studies.35,38,39 Evaporating binary
mixture droplets have decreasing contact angles and radii. This
observation is consistent for ethanol volume concentration as
low as 12.3%.39 Decreasing contact angle has also been
observed for an evaporating pure water marble.18
We attempted experiments with ethanol concentrations
higher than 25%, but the marbles were very unstable and
ruptured upon placement. For ethanol volume concentrations
of 66.7% or higher, the droplet simply wetted and seeped
through the PTFE powder bed without forming a marble. This
phenomenon has been reported previously.51
At low ethanol concentrations (<25%), the evaporation rate
can be linearly approximated for both the liquid droplet and
marble. Table 2 compares the evaporation rates of these two
cases. Liquid marbles have lower evaporation rates at ethanol
concentrations up to 25%, which is consistent with that of a
pure water marble where the evaporation rate is lower than that
of a pure water droplet.17,18
Figure 4a shows the overlapping droplet proﬁles plotted as a
function of time. The contact line of the droplet was ﬁrst
pinned for about 18 min, with the droplet evaporating in the
constant-contact-radius mode. Then, the right side of the
droplet depinned and the droplet proceeded to evaporate in the

serve here as the two limiting cases of the experiments. An
aqueous ethanol droplet has a higher evaporation rate initially
but then gradually reaches a level similar to that of pure water.
Our results are comparable to those reported by Shi et al.40
Droplets with higher ethanol concentrations do not allow
accurate volume estimation, as they are not axisymmetric. The
high wettability due to the presence of ethanol caused the
droplets to form irregular shapes which render geometry-based
volume measurements highly inaccurate. This problem was for
an aqueous ethanol marble not as apparent because particle
coating prevents direct physical contact between the aqueous
ethanol and the weighing pan surface.
Figure 3 shows the measured volume, mass, contact angle,
and contact radius of aqueous ethanol marbles. Figures 3a and
3b depict the normalized volume V* = V/V0 and the
normalized mass, respectively. For an ethanol concentration
less than 25% the evaporation behavior is similar but has a
lower rate than the uncoated droplet. The lower evaporation
rate of a marble can be attributed to (i) a direct reduction in the
available mass transfer area due to the presence of particles on
the droplet surface and (ii) the presence of air, ethanol, and
water vapor trapped within the porous multilayered coating.
Figures 3c and 3d indicate no particular trend for either the
marble contact angle or contact radius; noting that the reported
contact angles are apparent contact angles as the ﬂuﬀy
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work,35 the volatile compound in the binary mixture should
evaporate ﬁrst, and we expect that the eﬀective density should
increase and eventually match that of pure water once all of the
more volatile component had evaporated.
For some ethanol concentrations, the eﬀective density
actually decreased over time because the coating layer was
occupied by air and vapor, which would make it less dense than
the liquid inside the marble. To test this hypothesis, the mass
and volume of the coating layer are required in accordance with
the expression

Table 2. Evaporation Rates of a Liquid Droplet and a Liquid
Marble at Diﬀerent Ethanol Concentrationsa
evaporation rate m*/t
ethanol concentration (%)

droplet

marble

0
9
17
25

106
157
190
206

104
106
130
145

a
The evaporation rate is deﬁned as the slope of the normalized mass
versus time curve, where time is measured in minutes.

ρc =

mc
mc
mc
mc
=
=
=
Vc
Vm − Vl
Vm − ml /ρl
Vm − [mm − mc]/ρl
(4)

where ρ refers to eﬀective density, m is the mass, and V is the
volume of a liquid marble component indicated by the
subscript. Subscripts c corresponds to the coating layer which
includes trapped air, m refers to the marble, and l refers to the
liquid content within the marble. The measured values of Vm,
mm, mc, and ρl result in an average density of the coating ρc of
0.635 g/cm3 for a 10 μL pure water marble. This value is well
below the liquid density even at 25% ethanol concentration (ρl
= 0.946 g/cm3) and could contribute to the reduction in
eﬀective density of the marble even though evaporation of the
more volatile component is taking place. The volume of
trapped air Va occupies 4.18% of the total marble volume on
average. The eﬀective density for an ethanol marble cannot be
determined with our current methodology because ρl changes
with time as the ethanol evaporates.
Figure 5b indicates that the eﬀective surface tension, γeff, of
the aqueous ethanol marble decreased over time. As the marble
shrinks, the surface area decreases even though the particle
coating remains in place. The liquid−air interface that
contributes to the marble eﬀective surface tension was gradually
replaced with layers of particle coating.1 The eﬀective surface
tension of a liquid marble can be expressed as
γeff =

γ(S − S0) + (γSL + γSA )S0
S

= γ + (γSL + γSA − γ )S0

1
S
(5)

Figure 4. Outlines of an evaporating (a) droplet and (b) marble
containing 10 μL aqueous ethanol at 16.7% volume concentration.
Each outline is spaced 3 min apart, starting from the outermost line.
The jagged edges in (b) are caused by the uneven proﬁle of the
powder coating.

where γSL, γSA, and γ are the surface tensions at the powder−
liquid, powder−air, and liquid−air interfaces, respectively; S is
the total surface of the liquid marble, and S0 is the area of the
marble occupied by powder. As the liquid content of the marble
shrinks, so does its volume and surface area. The powder
coating shrinks accordingly to conform to the marble surface,
thereby increasing the ratio S0/S with time. According to eq 5,
this will result in a decrease in γeff, but γeff could not be
calculated since S0, γSL, and γSA were not measured. Following
this explanation, the liquid content likely recedes to a point
where it detaches from the powder coating, forming a shell.
This powdered shell could be held weakly in place by an
evaporating thin water ﬁlm. As the amount of particles becomes
relatively excessive, the surface tension provided by the water
ﬁlm diminishes and gravity causes the top of the shell to buckle.
Figure 5c shows the Bond number Bo as a function of time.
The Bond number is the ratio between the weight and the
shape surface tension of a marble:

constant-contact-angle mode. The left side of the droplet was
pinned throughout the measurementsmost probably due to
surface imperfections. The behavior observed in Figure 4a is
consistent with other studies that found that an evaporating
sessile liquid droplet on a solid surface initially evaporates with
the constant-contact-radius mode which is then followed by the
constant-contact-angle mode.52,53 Figure 4b depicts the
corresponding overlapping proﬁles of the liquid marble. For a
liquid marble, the contact line might not be pinned to the solid
surface since the marble is nonwetting. Consequently, the
marble evaporated with a monotonically decreasing contact
radius. However, we observed that the contact radius stopped
decreasing after some time. Since the contact line was not
pinned, the top of the marble began to collapse.
Figure 5a depicts the eﬀective density of the aqueous ethanol
marble plotted against time. The eﬀective density either
increased or decreased with time. According to the previous
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Figure 5. Experimentally evaluated parameters of aqueous ethanol marbles with diﬀerent ethanol volume concentrations: (a) eﬀective density; (b)
eﬀective surface tension; (c) Bond number; (d) Bond number versus dimensionless contact radius. The solid line represents the relationship Bo = 3/
2R*2.

where r0 = (3V/4π)2/3 is the radius of the undeformed spherical
marble. The Bond number Bo is relatively constant for ethanol
concentrations below 16%. This behavior is attributed to the
fact that the reduction in marble density is more or less
compensated for by the corresponding decrease in eﬀective
surface tension. At 25% ethanol concentration, the Bond
number actually increased over time.
For small sessile marbles with contact radius smaller than its
capillary length, the contact radius can be estimated as3,54
R=
R
=
r0

2ρm g
3γeff

r0 =

2ρm g
3γeff

4. CONCLUSION
We investigated the evaporation process of sessile liquid
marbles ﬁlled with an ethanol−water binary mixture. At low
ethanol concentrations, a marble has similar evaporation
behavior as an uncoated droplet in terms of volume reduction.
Compared to uncoated droplets, marbles have lower
evaporation rates at all ethanol concentrations as observed in
our experiments. An accurate geometric measurement at higher
ethanol concentration is problematic due to their high wetting
characteristics, which produce low contact angles and
asymmetric droplet shape. Furthermore, high ethanol concentration makes the formation of liquid marbles diﬃcult, as they
are extremely fragile. Our experimental results showed that the
apparent contact angle and the contact radius do not have
obvious trends, in contrast to uncoated droplets of the binary
mixtures. The instantaneous ethanol concentration and the
density of particle coating aﬀect the eﬀective density and
eﬀective surface tension of a marble. The coating density could
be the major factor inﬂuencing the evaporation behavior.
However, accurate characterization of the coating particles
would require equipment with higher sensitivity and a wellcontrolled environment. The Bond number of an evaporating
marble remain relatively constant at low ethanol concentration.
A higher concentration of 25% shows an increasing Bond
number over time, indicating a weaker inﬂuence of the apparent

r0 2

2ρm gr0 2
3γeff

=

2Bo
3

(7)

Rearranging (7) results in the relationship between the Bond
number and the dimensionless contact radius R* = R/r0:
Bo =

2
3⎛R⎞
3
⎜ ⎟ = (R *)2
2 ⎝ r0 ⎠
2

(8)

The solid line in Figure 5d depicts the relationship (8), which
ﬁts well for a small R* or a small marble volume.
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surface tension. Future works using more stable liquid marbles
at higher ethanol concentrations would be needed to conﬁrm
this observation.
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Chapter 9 Measuring the Coefficient of Friction of a Small
Floating Liquid Marble
Scientific Reports 2016, 6, 38346.
This chapter revisits the equation of motion discussed in Chapter 5, where both the driving and
friction force terms are unknown. This chapter addresses this issue by developing a novel yet
simple technique to measure the coefficient of friction of a small floating liquid marble. This
study combines the magnetic manipulation technique reported by Khaw et. al11, as well as the
existing capillary attraction force model and our previous findings on the static geometry of the
floating liquid marble. By applying known capillary forces on floating marbles and observing
their resultant motions, we are able to calculate the friction force term. Subsequently, we can
then determine the coefficient of friction of a floating marble.
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This paper investigates the friction coefficient of a moving liquid marble, a small liquid droplet
coated with hydrophobic powder and floating on another liquid surface. A floating marble can easily
move across water surface due to the low friction, allowing for the transport of aqueous solutions
with minimal energy input. However, the motion of a floating marble has yet to be systematically
characterised due to the lack of insight into key parameters such as the coefficient of friction between
the floating marble and the carrier liquid. We measured the coefficient of friction of a small floating
marble using a novel experimental setup that exploits the non-wetting properties of a liquid marble. A
floating liquid marble pair containing a minute amount magnetite particles were immobilised and then
released in a controlled manner using permanent magnets. The capillarity-driven motion was analysed
to determine the coefficient of friction of the liquid marbles. The “capillary charge” model was used to
fit the experimental results. We varied the marble content and carrier liquid to establish a relationship
between the friction correction factor and the meniscus angle.
A liquid marble is a liquid droplet coated with hydrophobic powder, which can roll on a solid surface1–5 and float
on a liquid surface due to its non-wetting coating6–16. A liquid marble can be driven across a liquid surface using
thermocapillarity17,18. Liquid marbles served as micro bioreactors for culturing cells19–23. A number of excellent review papers provided a comprehensive summary on properties and applications of liquid marbles1,14,24–26.
Recently, Bormashenko et al. demonstrated that a floating liquid marble can propel itself across the water surface
due to the Marangoni solutocapillary effect16. Self-propulsion provides a means of transport for a small volume
of an aqueous solution. Our previous study on the autonomous motion of a floating liquid marble focused on
operation parameters such as the geometric constraint and the concentration of a volatile compound within the
marble13. The dynamics of the motion was beyond the scope of the previous study as critical parameters such as
the coefficient of friction of a floating marble were unknown. The marble motion is driven by surface tension
gradient and resisted by friction. The knowledge of both the friction force and the resultant motion can lead to
the determination of the surface tension gradient. This gradient can then be correlated to the amount of volatile
compound released to the surface of the carrier liquid. Insights into the autonomous motion of a self-propelled
floating liquid marble allows for better prediction of its velocity, carrying capacity and lifetime.
The coefficient of friction of a solid spherical particle straddling between two fluids have been studied extensively27–29. Some previous studies analysed the motion of small spherical particles under the action of known
capillary forces30,31. The parameters were chosen such that the particles experienced Stokes drag. The Newtonian
equation of motion was then applied to solve for the friction term, which has a correction factor. This model
requires the measurement of several key parameters. First, the radius of the three phase contact line (TPCL) must
be known to calculate the Stokes drag. Second, the meniscus angle created by the particle needs to be measured
as it is related to the capillary force. The measurement of these two parameters for a solid spherical particle is
relatively straightforward. However, a floating liquid marble deforms, and its meniscus angle does not necessarily
depend on the apparent contact angle12. Furthermore, the radius of the TPCL varies with the marble volume. For
simplicity, the liquid marbles investigated in this paper are sufficiently small to be assumed as a sphere.
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Figure 1. Schematic side view of a pair of floating liquid marbles. The coordinate system uses the midpoint
as reference for the centroid positions of the two marbles. The distance L between the two marbles is set to
15 mm as one of the initial conditions.
To date, the measurement of the coefficient of Stokes friction for a floating liquid marble has not been
reported. Although we have previously estimated the correction factor of the ideal Stokes friction coefficient
based on indirect measurements and calculations13. In the present work we seek to measure this correction factor by applying known theories and a novel experimental setup, which exploits our recently reported magnetic
actuation concept for liquid marbles32. A liquid marble can be controlled magnetically by filling it with a small
amount of magnetite without significantly changing its density or surface tension. Two floating marbles containing magnetite were immobilised with permanent magnets positioned below. If the magnets are dropped vertically,
the marbles attract each other through the capillary force of the deformed liquid surface. Using the calculated
capillary force, we determined the correction factor for the coefficient of friction of the floating marbles. We then
correlate this correction factor with the meniscus angle of the carrier liquid, thus creating a convenient method
of estimating this factor.

Theory


Two floating spherical particles, placed close to each other, experience a resultant force, F R. In the horizontal (or x)
direction, the component of the resultant force FR(x) acting on a particle is:
F R (x ) = mx ̈ = ΣF x = F f + FC (x ),

(1)

where m is the mass of the particle, x ̈ is the horizontal acceleration of the particle; and FC(x) and Ff are the capillary
and friction force, respectively. The friction force can be calculated using Stokes’ law30,31:
F f = 6πβrµ x ,

(2)

where r is the particle radius, μ is the dynamic viscosity of the carrier liquid, x is the horizontal velocity of the
particle, and β is the correction factor for the coefficient of friction.
The seminal work by Kralchevsky et al.33 concluded that each particle behaves like a “capillary charge”, which
is analogous to electrically charged particles. The capillary forces can be expressed as:
F c = 2πγQ1Q2 qK 1(qL),

(3)

where L is the distance between the particles and the first order of the modified Bessel function of the second kind
K1 that can be approximated as:
K 1(z ) =

3 
5 
21   
π −z 
  ,
e 1 +
1 −
1 −
2z
8z 
2(8z ) 
3(8z )   



(4)

where z is a dimensionless quantity (z =  qL in our case), γ the surface tension between the fluids, q the inverse
capillary length of the carrier fluid:
q=

ρ w g/γ ,

(5)

where ρw is the density of the carrier liquid. Q1 and Q2 are the capillary charges of individual particles that can be
calculated as:
Q = r 0 sin ψ,

(6)

where r0 is the contact radius of the TPCL, which is typically much smaller than the distance between the
two marbles L ref. 33. For example, in our experiments r0 is on the order of 5 ×  10−4 m, whilst L is set to be
1.5 ×  10−2 m. In Equation (6), ψ is the meniscus angle of the carrier liquid relative to a reference horizontal level,
Fig. 1. Assuming the marble remains spherical, the contact radius can be estimated as:
r 0 ≈ r sin ψ.

(7)

Substituting (7) into (6) results in:
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Figure 2. Experimental setup for the measurement of friction correction factor β (not drawn to scale).
The Petri dish has a transparent base to show the permanent magnets and sliding platform underneath. We
used an opaque white base in all of experiments to facilitate image processing. (a) Floating marbles containing
magnetite held in their initial positions by magnets underneath. The magnets rest on a slider, which is in its
extended position. (b) The slider retracts towards the motor, dropping the permanent magnets. This releases
the floating marbles that are then free to move under capillary force. Image recording starts. (c) The marbles
eventually collide and the recording stops.

Q ≈ r sin2 ψ.

(8)

For two liquid marbles of the same composition and radius, Q =  Q1 =  Q2; L =  2x given that x is measured from
the midpoint between the two marbles. Substituting m =  (4πr3/3)ρm, where ρm is the effective density of the liquid
marbles, and making the appropriate arrangement in (1) gives:
 r 2 sin4 ψ 
 βr 
 K (2qx ) = 0
x ̈ + 6πµ   x − 2πγq 
 m  1
 m 
 sin4 ψ  
 9β   µ 
3
 K 2x ρ w g
ρ w gγ 
x ̈ +   
x −

 1
2
 2   ρ gr 
ρ
γ
2
r

 m  
m


 = 0.



(9)

In (9), the physical properties (μ, r, ρm and ρw) are known. From the experiments, x is measured as a function of
time, and the resultant data can be differentiated with respect to time to obtain both velocity, x , and acceleration,
x ̈. Consequently, the measurements can be used in combination with (9) to obtain the values of β for a known
meniscus angle ψ.
The meniscus angle ψ is determined by application of a vertical force balance to the liquid marble (at
equilibrium):
F R (y ) = ΣF y = F g + F b + FC (y ) = 0,

(10)

where Fg is the weight of the marble, Fb is the buoyancy force, and FC(y) is the vertical component of the capillary
force. Making the appropriate substitutions for Fg, Fb and FC(y) gives:
4
πρ gr 3 =
3 m

 π r 3 (cos ψ + 2)(cos ψ − 1)2 


3
 ρ w g + 2πγr sin2 ψ,


2
2
+ π (r sin ψ) h (r, ψ)


(11)

where h(r, ψ) is the height of the meniscus, measured vertically from the TPCL to the free liquid surface sufficiently far away from the marble; h is a function of r and ψ, and can be solved using methods described in our
previous work12.
Equation (11) can be solved numerically to obtain an equilibrium value for ψ for a given set of values for r, γ,
ρm and ρw. With the value of meniscus angle ψ then, β can subsequently be obtained from (9). Note that the analysis given above is only valid for small particles, i.e. (qr)2 ≪ 1, and small meniscus slopes, i.e. sin2 ψ  134,35. In
our case, both (qr)2 and sin2 ψ were on the order of 10−1.
The correction factor, β is known to be dependent on the amount of perturbation of the liquid interface,
which in turn depends on the meniscus angle ψ and the submerged depth of the liquid marble. Since this depth
is a function of ψ for a known volume, β should be a function of ψ as well. For a small floating liquid marble, the
buoyancy force Fb is small compared to the surface tension force FC(y)15. Neglecting Fb in (10), Equation (11) can
be simplified as:
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NaCl Concentration
(m)

Mean marble effective
density (g/cm3)

Standard
deviation

0

0.958

0.193

1

1.129

0.162

2

1.120

0.080

3

1.137

0.115

4

1.159

0.105

5

1.246

0.125

Table 1. Mean effective density of the marble for different NaCl concentrations. The density values are
calculated based on marble mass and volume measurements.

sin2 ψ ≈

2
2  r ρ mg 

.
3  γ 

(12)

As β should be a function of ψ for a given volume, it should also be a function of the liquid surface tension,
γ and ρm. Note that the liquid density and marble surface tension terms are missing, because buoyancy force and
marble deformation are neglected. This assumption gives us a convenient way to estimate β based on reasonably
measurable quantities. In this paper, we vary the effective marble density ρm and the carrier liquid surface tension
γ to determine the relationship between the correction factor β and sin ψ. The marble radius r is kept constant,
whereas ρm is measured for marbles containing different NaCl concentrations. The surface tension γ and the density ρm were changed in our experiments, independently.
With an aspect ratio of ε  ≈ 0.9 for a 5-μL marble, the liquid marbles were assumed to be spherical in our
experiments12. We also assumed that the marbles maintain the spherical shape during the motion. Although the
marble is spherical in shape, its physical properties differ from that of a solid spherical particle. For a solid spherical particle, the contact angle is constant regardless of floating position due to its rigidity. The meniscus angle
can hence be calculated if the contact angle and surface inclination at the TPCL are known. For a floating marble,
the apparent contact angle changes due to the deformation of the marble itself15. In this paper, the deformation
of the floating marble is negligible due to the small volume used. Therefore, the model is similar to that of a solid
spherical particle. For larger floating marbles (>10 μL), this deformation needs to be taken into account.
Capillary force arising from the edge of the container is neglected, as the meniscus created by the container is
miniscule and far away from the floating marbles. The marble is assumed to maintain its initial volume throughout the experiment as the time scale of the experiments (~30 seconds from sample preparation until the end of
collision) is much smaller than that of the evaporation process of the marble of approximately one hour.

Materials and Methods

A 5 m (mole/kg) NaCl stock solution was prepared and diluted to desired concentrations (NaCl acquired from
Chem-supply, dissolved in DI water). NaCl solutions of 0 to 5 m with 1 m interval were used as carrier liquids and
liquids of the marble. Magnetite (Sigma-Aldrich iron oxide (II, III) 5 μm nominal diameter) was mixed with
the NaCl solutions at 0.25 wt%. Weight measurements were conducted using an electronic balance (RadWag 
AS82/220.R2 analytical balance). The mixture was shaken thoroughly to increase particle suspension before
being dispensed onto a bed of polytetrafluoroethylene (PTFE) powder (Sigma-Aldrich  1 μm nominal diameter,
ρ = 2.2 g/cm3), as reported previously32. A 5-μL droplet was dispensed using a micropipette (Thermo Scientific
Finnpipette 4500 0.5–10 μL) to ensure high accuracy. The micropipette has an uncertainty of ±4.3%. The liquid
marble was formed by rolling the NaCl solution and magnetite mixture droplet in the powder bed, followed by
rolling it around on a clean stainless steel spoon to dislodge excess powder from the marble surface. The weight
of a liquid marble was measured by averaging over 10 marbles36, whereas the volume of the liquid marble was
calculated based on visual measurements of its diameter. The effective marble density can be found by dividing
the average mass by the volume. As the floating marble has a small submerged volume and most of its weight is
supported by the surface tension of the carrying liquid15, the change in the density of the carrier liquid has a negligible effect on the floating position.
Five experimental runs were conducted with DI water as carrier liquid and marbles containing NaCl solution
(1–5 m); five runs were conducted with NaCl solution as carrier liquid (1–5 m) and marbles containing DI water;
one run was conducted with DI water as both carrier liquid and liquid marble content. Each run was repeated
three times. All experimental works were carried out at a temperature of 293.5 ± 0.5 K and atmospheric pressure.
A 140-mm-diameter Petri dish with an opaque white base was centred on a stationary platform with two
square-shaped through holes spaced 15 mm apart. The Petri dish diameter is 140 mm and made of polystyrene,
which has a contact angle of about 90° with water37. Two identical, small, cubic permanent magnets (4.5 mm for
all edges) were placed inside the through holes with the same poles facing up. The characterisation data of these
magnets are provided in the supplementary information. These magnets are resting on a separate sliding platform
mounted on a linear stage motor (Zaber Technologies T-LS28M). All platforms were laser-machined poly(methyl
methacrylate) (PMMA) slabs. The petri dish was filled with water up to a depth of about 5 mm. A USB camera
(Ximea MQ013CG-ON with 0.3X EO telecentric lens) was mounted directly above the centre of the Petri dish, as
shown in Fig. 2. The two marbles were placed on the liquid surface in the vicinity of the permanent magnets, one
after another. The floating marbles were attracted to the permanent magnets and were then immobilised. Once
the marbles were in place, the linear stage was triggered to withdraw the platform supporting the permanent
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Figure 3. Position, velocity and acceleration versus time of DI water marbles floating on carrier liquids
with different NaCl concentrations (in molals or moles/kg). The different colours and shapes represent
different runs. Solid lines show fitting curves using smoothing spline. All the graphs share the same scales.
magnets at a speed of 4 mm/s. When fully withdrawn, the permanent magnets were dropped and video recording
was initiated immediately. As the magnets were about 4.5 mm away from the floating liquid marbles, the effective
magnetic flux density is about 0.02 T, too small to magnetise the magnetite particles. Thus, magnetic force is negligible in the collision process. The entire path of collision of the marbles was recorded within less than 5 seconds.
Video recording was conducted at a resolution of 638 × 508 pixels and a fixed frame rate of 50 frames per second
(fps). The video was then processed frame-by-frame using MATLAB (MathWorks) to extract the centroid position of individual marbles. The data points were then fitted with a curve and the best fit generated the value of β.

Results and Discussion

When the marbles were floating above the magnets, they experienced vertical forces from the magnets. Hence
the floating position would be lower with a larger contact radius. Once the magnets were dropped, the liquid
marbles rapidly recover their stable positions without any influence of the magnetic field. Therefore neither the
magnets nor the magnetite play any role in the subsequent marble motion generated by the capillary force. Video
recordings show that marble pairs collided and bounced off each other elastically. Some runs with 5 m NaCl
marbles collided with enough impact to rupture one of the marbles. A sample video recording is provided in the
supplementary information.
Table 1 shows effective densities ρm of the marble needed to solve for Equation (9). By solving this equation,
the position and velocity for different NaCl concentrations can be determined, Figs 3 and 4. Note that the curves
do not overlap for the same concentration due to the slightly different initial positions and velocities.
Based on the measured initial values, a curve (solid line) is fitted for each experimental run using different
values of β. Although NaCl can be dissolved up to 6 m, solid precipitation was observed after extended period
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Figure 4. Position, velocity and acceleration versus time for marbles containing NaCl solution with
different concentrations (in molals or moles/kg) floating on DI water. The different colours and shapes
represent different runs. Solid lines show fitted curves using smoothing spline. All the graphs share the same
scales.

Figure 5. Correction factor β versus position of DI water marbles floating on carrier liquids with different
NaCl concentrations (in molals or moles/kg). Different colours and shapes represent different runs for each
concentration.
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Figure 6. Correction factor β versus position for marbles containing NaCl solution with different
concentrations (in molals or moles/kg) floating on DI water. Different colours and shapes represent different
runs for each concentration.
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Figure 7. The friction correction factor β versus the sine function of the meniscus angle sin ψ. The solid
black line shows the linear relationship between β and sin ψ. Data points of β of water marbles floating on NaCl
solution are located at the region to the left of the vertical reference line (empty circles). The respective NaCl
concentration of the carrier liquid is shown next to the data point. Data points of β of NaCl solution marbles
floating on water are located at the region to the right of the vertical reference (solid circles). The respective
NaCl concentration of the marble is shown next to the data points. Errors indicated were derived from different
β values corresponding to individual experimental runs.

of time. Therefore, 5 m was the maximum concentration attempted. NaCl solution was used because: (i) NaCl
salt is cheap and readily available; (ii) Properties of NaCl solution are well understood and widely reported; (iii)
NaCl has high solubility in water; (iv) NaCl is one of the few additives which increases the viscosity and surface
tension of water, hence reducing errors generated by ambient air currents. At 5 m, the surface tension, the density
and the dynamic viscosity of NaCl solution are 80.0 mN/m38, 1.169 g/cm3 39, and 1.71 mPa∙s40, respectively. All the
intermediate values were acquired from the respective references. Although NaCl solution is significantly more
viscous than water, the increases in surface tension and density are minor.
Figures 3 and 4 show the experimental data of marble position x. A smoothing spline was fitted to the data
points to reduce data spread caused by centroid calculations in the image analysis process. The smoothed curve
was differentiated with respect to time to yield the velocity data; and differentiated twice to yield the acceleration
data. As the smoothing magnitude was relatively small, minute spreads in the position data were amplified in the
acceleration data.
Figures 5 and 6 show the calculated β values from each data point, plotted against the marble position. β values are relatively constant for a large distance (x > 3 mm) but increases rapidly as the distance shortens. Thus, a
two-term exponential fitting function was fitted onto the data points to obtain an averaged β:
β = a0 e b0x + a1e b1x ,
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where a and b are fitting parameters. Ideally, the correction factor should be independent of the position, assuming that the floating body is a rigid sphere. However, this assumption might not be true as the correction factor is
a function of the position, Figs 5 and 6. The submerged portion of the floating marble might deform, especially at
higher speeds or at lower position values, affecting the value of the correction factor. The proposed exponential
fitting equation was only used as an empirical description of the obtained data. This function was chosen because
it takes into account the two distinct regions of β values. The data spread increases with increasing distance. This
uncertainty is likely caused by the fact that the marbles dwelled at the vicinity of the starting position (≈7.5 mm)
with low velocities (<1 mm/s). Thus, they were very susceptible to micro currents and minute vibration sources.
Since β is relatively linear in the region of (3 mm <  x < 7.5 mm), we took the average value of β at these two position as the correction factor for the coefficient of friction β = [β (0.003) + β (0.0075)]/2. Figure 7 shows the
averaged value of β versus the sine function of the meniscus angle (sin ψ).
If the marble floats with its equator intersecting the interface, its meniscus angle ψ is zero. Consequently, the
value of β should be 0.5. In our case, the liquid marble floats relatively high on the free surface with a small meniscus angle ψ. Therefore, we expect a smaller correction factor of β < 0.5. Our results disagrees with this hypothesis
to a certain extent, as experiments of water marble floating on water have an average β of 0.52, higher than the
expected value. This discrepancy is likely contributed by the perturbation of the water surface due to the weight
of the marble and rough contact area caused by the particle coating. Nevertheless this value is very close to our
estimated value reported earlier13.
By increasing the surface tension of the carrier liquid, the marble is lifted higher with a smaller meniscus angle
ψ. Hence, the correction factor β is reduced (Fig. 7, region to the left of the dash-dot line). Conversely, increasing
the density of the marble generates a larger ψ, as β is increased (Fig. 7, region to the right of blue dash-dot line).
The value of β may exceed 0.5 because increasing both the submerged area and meniscus angle contribute to a
larger flow resistance. The carrier liquid surface tensions and marble effective densities were adjusted to reflect the
changes of the meniscus angle, with reference to Equation (12). Within our experimental dataset, β can be
approximated to have a linear relationship with sin ψ where β = 3.64 sin ψ − 0.78, r2 = 0.73. The fitting function
is shown as a solid line in Fig. 7. With this fitting function, we can estimate β of a small floating marble based on
the marble and carrier liquid properties. Substituting Equation (12) into our fitted line results in the approximated relationship:
β ≈ C1

2r 2 ρ m g
3γ

+ C 2,

(14)

where C1 and C2 are constants (C1 = 3.64 and C2 =  −0.78 in our case). Equation (14) provides a convenient way to
estimate β for small floating marbles without the need to run an experiment for every parameter change.
This model relating the correction factor β to the meniscus angle ψ is limited for small, floating and
non-wetting spherical objects because the buoyancy forces are relatively small. Since this model assumes spherical
marbles, it is valid for small Bond numbers Bo = ρ mgr 2/γ m where γm is the marble effective surface tension. For
future works, using compatible liquids of larger differences in surface tension and density can further expand the
range of the meniscus angle ψ.

Conclusion

This paper reports the experimental determination of the Stokes friction correction factor of a small floating
liquid marble for a small range of meniscus angles. The experimental setup was designed to simplify the calculations of the various force terms involved in the marble motion generated by capillary force. We exploited the
non-wetting properties of a liquid marble and its magnetic actuation to design the experiments. The correction
factor of a 5-μL water marble was found to be about 0.52. We found that the correction factor could be estimated
to vary linearly with the sine function of the meniscus angle, which itself could be expressed in terms of marble
size, effective density, and carrier liquid surface tension. The method reported here provides a convenient way to
estimate the correction factor of a small floating liquid marble without the need of characterising its motion. The
known friction factor enables proper designing and modelling liquid marbles as a digital microfluidics platform
for various applications.
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Chapter 10 Conclusion
In the past decade, the liquid marble has attracted interest from different research disciplines
due to its versatility and simple implementation. As discussed in Chapter 4, the marble coating
can be engineered to perform specific tasks. This ability allows researchers to use the liquid
marble as a microbioreactor and a cell culture platform. Flotation of the liquid marble extends
its applications even further, as the floating marble has less resistance to motion and a longer
effective life span. This thesis presents the research conducted in the past three years to provide
further insights into the manipulation of a floating liquid marble.
In terms of the static behaviour of a floating liquid marble, we found that both the
marble and the carrier liquid deform. The non-wetting surface of the marble enables it to behave
like a soft solid placed on an elastic membrane. The key geometric parameters of a floating
liquid marble are contact radius, contact angle, meniscus angle and marble height. We have
developed models to closely approximate the shape of the floating marble and to describe the
various forces involved. We also established a scaling relationship between the basic properties
of a liquid marble and its key parameters. This model accurately predicts the parameters
provided that the liquid marble surface tension, volume and density are known. The evaporation
of a liquid marble containing a binary mixture was studied and compared to that of an uncoated
droplet and a liquid marble containing water only. We found that the contact angle and the
radius do not have a consistent trend even though the measured volume decreases
monotonically. In the same work, we found that the effective density and surface tension of the
marble decreases over time. These results contradict that of an uncoated droplet containing a
binary mixture because the marble coating has a significant effect on the effective density and
the surface tension of the evaporating marble.
For the dynamics of a floating liquid marble, we extended the concept of a selfpropelling marble by establishing its operational parameters and their corresponding dependent
variables. We found that the self-propulsion requires a minimum concentration of volatile
compound within the floating marble, as well as a minimum relative movement space. By
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tracing the motion of the self-propelling floating marble, we found that the motion can be
divided into three distinct regimes, similar to those of the camphor boat experiment. We
measured the coefficient of friction of the floating marble and developed a model to relate this
coefficient to the meniscus angle of the carrier liquid. Since the coefficient of friction is highly
dependent on the deformation of the liquid surface, we varied the density, viscosity and surface
tension of the carrier liquid and the liquid marble to manipulate the meniscus angle.
The research in this thesis can serve as a basis for various follow-up topics. First, we
studied the evaporation rate of the liquid marble containing a binary mixture on a solid surface.
The evaporation rate provides an approximation for the evaporation behaviour of a floating
marble. Future works can directly focus on the evaporation of a floating marble if a sufficiently
sensitive experimental setup is available. Further understanding of the evaporation rate of a
floating marble will allow researchers to better predict the effective lifespan of the marble,
which is a critical yet inadequately studied aspect of this fluid system.
From the same study on the evaporation rate of a liquid marble, we found that the
marble coating plays a significant role in the marble effective density and surface tension.
Despite the physical importance of marble coating, most of the past studies only focused on its
engineering aspect. To date, not much is known about the marble coating except that particles
are randomly agglomerated on the liquid marble surface. Future works that study the packing
density, uniformity and temporal behaviour of the marble coating would be useful for
understanding its properties and how they contribute to the effective surface tension of a marble.
Despite numerous investigations of liquid marble manipulation, several key challenges
have yet to be solved. Currently, the most popular and economical method of liquid marble
production is manually rolling them on a powder bed. This severely limits large-scale
production and hence restrains the potential of liquid marble in most applications. Our recent
progress suggests that an automated liquid marble production system will be developed in the
foreseeable future. With automated production of liquid marbles, the application of the liquid
marble as a digital microfluidic device becomes more streamlined and repeatable.
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The next key challenge is the assessment and control of the reproducibility of the liquid
marble. Due to the random self-assembly of the coating powder on the marble surface,
controlling the thickness of the coating and its porosity is almost impossible. These parameters
have yet to be measured and characterised in detail, precluding any meaningful effort to achieve
decent levels of reproducibility. Future works in this area will establish the liquid marble as a
reliable tool for delicate applications such as culturing cells.
Research activities on the liquid marble have already permeated numerous scientific
fields, including physics, mathematics, chemistry and more recently, biomedicine. As
elaborated above, its application phase is preliminary but promising. The current trend indicates
that research and development in liquid marble technology is likely to grow significantly in the
near future.
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