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Liquid marble is a promising microfluidic platform for microreactor applications. However, the lack of
contactless and on-demand mixing strategies significantly hinders its potential. This paper reports the use
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of electrostatic force as an actuation scheme to induce vibration and deformation in a liquid marble, thus
enhancing the internal flow and promoting mixing in this platform. The effect of a uniform AC electric field
on liquid marbles with different volumes was investigated. The results show significant improvement in
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mixing performance when the liquid marbles were actuated. Increasing electric field strengths also
substantially enhances the mixing process. These results show the potential of using a liquid marble as a

rsc.li/reaction-engineering

high-performance micromixer by exploiting the mechanisms of vibration and deformation.

1. Introduction
Microfluidics, the interdisciplinary technology dealing with
the manipulation of liquid on the microscale, recently
attracted a great deal of attention from the research
community.1 Microfluidics-based devices serve as reliable
platforms for a range of biological and chemical
applications.2–5
Furthermore,
the
advancement
of
microfabrication enables the development of various
microfluidic devices with microscale features.6 To date,
continuous-flow microfluidics attracts a huge interest due to
their apparent advantages compared to conventional
platforms, particularly for microreactor and micromixer.1,7–9
For microreactor applications, the small size of continuousflow microfluidic devices reduces the amount of reagents and
waste and enhances reaction efficiency.10,11 Continuous-flow
micromixers promote mixing by inducing chaotic advection
or disturbances.10,12–14 Nevertheless, the difficulties in
handling a minute amount of liquid and the stable laminar
flow significantly limit the potential of continuous-flow
microfluidic devices. For instance, wetting of the device walls
leads to mass loss and cross-contamination.15 Furthermore, if
reactions involve solid particles or precipitates, microfluidic
devices could be clogged.16,17
Liquid marbles are droplets packaged within a shell of
micro- or nanoparticles, and have been gaining great
research interest over the last decade.18,19 Liquid marble is a
digital microfluidic platform owing to its ability to serve as a
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manipulation platform for individual droplets.19 In addition,
a liquid marble can sustain large and reversible deformation
of up to 30%,20–22 thus by its nature is a digital micro
elastofluidic platform.23 Furthermore, the facile fabrication
process and numerous superior characteristics significantly
increased the potential of liquid marbles. Liquid marble can
be produced simply by rolling a droplet on a powder bed.24
Recent studies demonstrated new methods to generate liquid
marbles automatically using gravitational force,25 centrifugal
force,26 and electrostatics.27–29 The coating shell allows liquid
marbles to behave like a soft solid that has negligible wetting
even with hydrophilic solid surfaces.30–33 The encapsulating
layer effectively eliminates direct physical contact between
the interior liquid and the surrounding environment, thus
reducing evaporation as well as avoiding contamination and
loss of mass due to surface wetting.30,34 Recent studies
showed that liquid-marble-based microreactors can
conveniently accommodate a broad range of reactions
involving different reaction kinetics and phases.19,35–37
Liquid marbles are also highly versatile in terms of size and
responsiveness to external stimuli.38 These properties make
liquid marbles an excellent candidate for a microreactor.
On the other hand, the lack of an effective mixing method
considerably limits the potential of a liquid-marble-based
microreactor. Mixing plays an extremely important role in
microreactors, such as enhancing heat and mass transfer,
which in turn improves reaction efficiency.10 For biological
applications, mixing enables the dispersion of nutrient and
waste products, which is crucial for cell culture.39 Particularly,
Liu et al. reported that reaction yield can be increased by two
times with sufficient mixing.40 However, mixing in microfluidic
platforms remains a challenge due to the prevalent laminar
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flow in microscale devices, thus necessitating the introduction
of external stimulation to induce mixing.41 In previous studies,
mixing was induced by moving a liquid marble under a
magnetic field.36 However, this method is only applicable to
liquid marbles with a magnetic coating or dispersed magnetic
particles in the liquid and requires manual control. An
automated and on-demand mixing strategy that is independent
of the type of coating is highly desirable. The feasibility of
performing continuous mixing using electrostatic force was
also reported.40,42 Nevertheless, the direct contact between the
electrode and the liquid marble makes the liquid susceptible to
contamination. Previous studies demonstrated the feasibility of
using external disturbance such as acoustic wave,43,44
electrostatics,45 or thermal gradient46 to generate vibration in
droplets or liquid marbles, which in turn could induce mixing.
Bormashenko et al. first reported a profound deformation of
liquid marble in a uniform AC electric field.47 Recent studies
also reported the use of electrostatic force for moving and
deforming a liquid marble, and mixing in an on-demand and
contactless manner.48–53 In this study, we investigated the use
of an electric field to deform liquid marbles. We expect the
deformation will promote mixing by inducing internal flow.
Furthermore, the functionality in handling dispersed solid
suspension in liquid marble was demonstrated.

2. Theoretical background
For a stationary droplet, mixing mainly occurs through the
diffusion process, which is driven by a concentration
gradient. Generally, diffusion is slow, and the diffusion rate
decreases over time as the concentration gradient decreases.
Furthermore, diffusion of bioparticles such as cells is not
efficient due to their relatively large size and consequently
low diffusivity. For instance, it takes 100 to 1000 seconds for
a molecule with a diameter of 1 to 10 μm to diffuse a
distance of 100 μm.54 Thus, it is necessary to introduce
external actuation to enhance mixing performance. Subjected
to external actuation, a droplet can be excited to oscillate.34
Deformation of the droplet usually synchronises with the
source of vibration.55–57 Particularly, in a varying electric
field, a droplet can be polarised and vibrated periodically.
Under a sufficiently strong electric field, the excited droplet
can experience significant deformation or even break up.58
Previous studies show that the maximum vibrating amplitude
of a water droplet can be achieved at resonance, which
matches its natural frequency.44,55,59 Similar behaviour was
also reported on liquid marbles under electrostatic excitation.
In particular, Bormashenko et al. demonstrated and
elucidated the deformation of liquid marble under a uniform
electric field.47,51–53 By applying an external AC electric field
to excite a liquid marble at its resonance, we expect the
mixing performance to significantly improve due to the
convective flow induced by the vibration and deformation of
the liquid marble. As the oscillation amplitude increases
remarkably at resonance, we expect that the induced flow
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inside the liquid marble is sufficient to substantially enhance
mixing performance.55
An AC electric field applied to a droplet or liquid marble
generates electric charges that induce Maxwell stress, which
in turn induces an electrical force acting on the droplet or
liquid marble surface. While the sign of the induced charge
changes in harmony with the AC electric field, Maxwell stress
always acts outward from the droplet and is proportional to
the square of the field strength or the applied voltage. The
oscillation frequency is therefore exactly twice the input
frequency.59–62 To achieve resonance, the oscillation
frequency should match with the natural frequency, thus the
input frequency should be half of the natural frequency of
the liquid marble.

3. Materials and methods
3.1. Preparation of liquid marbles
Liquid marbles reported in this study were formed by
dispensing deionised water droplets onto a powder bed of
hydrophobised fumed silica (AEROSIL® R 106, ≥99.8% silica,
Evonik) using a micropipette and rolled around gently to
cover the entire droplet with silica particles. The formed
liquid marble appears to be transparent due to the
nanometer-sized silica particles as reported in previous
studies.38,63,64 The liquid marble was then transferred onto a
polymethyl methacrylate (PMMA) substrate under an
electrode to be excited. We investigated liquid marbles with
volumes of 10, 20, and 40 μL.
3.2. Determination of the natural frequencies of liquid marbles
The liquid marbles were vibrated at their natural frequencies
to maximise the deformation and correspondingly mixing. As
such, natural frequencies were determined by examining the
free vibration of the liquid marbles. We placed the liquid
marble under a metal electrode positioned in a PMMA
housing with the bottom end exposed. The top end of the
electrode was connected to a high voltage power supply of
2.76 kV. When the liquid marble was being deformed by the
electrostatic force, the electric field was abruptly removed to
allow the liquid marble to vibrate freely. The free vibration of
the liquid marble was then recorded using a high-speed
camera (Photron FastCam SA3) at a rate of 1000 frames per
second. The recording was subsequently analysed frame by
frame using MATLAB. The height of the marble in each
frame was determined using the “BoundingBox” function.
The natural frequency was found by assessing the periodic
change of the height of the liquid marble during the free
vibration. Resonance frequencies of liquid marble with
volumes 10, 20 and 40 μL were determined and used in
subsequent experiments.
3.3. Determination of deformation of liquid marbles
To study the deformation under a uniform AC electric field,
liquid marbles with volumes of 10, 20 and 40 μL were placed
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between two parallel circular metal plates. The parallel plates
have a diameter of 55 mm with the top plate connected to a
high-voltage power source, whereas the bottom plate was
grounded. We kept the distance between the parallel plates
constant at 8.5 mm. A PMMA disc with a thickness of 3 mm
was placed on the bottom plate to prevent arcing, Fig. 1(A). The
dielectric constants of PMMA and air were taken as 3 and 1,
respectively.65 Another set of experiment was conducted to
investigate the effect of output voltage, Vo, on the deformation
of a liquid marble, with voltages of 1, 2, and 2.5 kV applied
between the plates. The voltage between the top of the PMMA
disc and the top plate, V, is calculated as follow:
V ¼ V0

ε1 d2
ε2 d1 þ ε1 d 2

(1)

where ε are the relative permittivities and d are the thicknesses
of the components as shown in Fig. 1(B). Subscripts 1 and 2
refer to the PMMA and the air gap, respectively. The output

voltages of 1, 2, and 2.5 kV thus correspond to the electric field
strength of 153, 308, and 385 kV m−1, as determined by the
equation:
E¼

V
d2

(2)

where E, V, d2 are the electric field strength, the voltage and the
distance between the top of the PMMA disc and the top plate,
respectively. The output voltage and waveform were constantly
monitored with an oscilloscope. After placing the liquid marble
into its position, a uniform AC electric field with a frequency
equal to half of the natural frequency of the liquid marble was
introduced. The vibration and deformation of the liquid
marble were recorded using the same camera setup as in the
previous experiment.
The height and width of the liquid marble in each frame
was determined using MATLAB as shown in Fig. 1(C). The
aspect ratio was defined by the following equation:

Fig. 1 Experimental setup and image analysis for the investigation of the deformation and mixing performance of liquid marble under an AC
electric field: (A) experimental setup; (B) schematic of the parallel plates; (C) determining the aspect ratio of liquid marble during vibration; (D)
evaluating the mixing performance in liquid marble by analysing the mean-square perturbation field. (i) Selecting the region of interest (ROI) and
converting the image into normalised grayscale. (ii) Calculating the mean fields of N image frames. (iii) Taking the mean-square perturbation field
from the mean field of N image frames.
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where AR is the aspect ratio and H and W are the height and
width of the liquid marble. The change from a prolate to an
oblate shape during vibration was used to evaluate the degree
of deformation. Herein, we define the relative deformation D
as the ratio between these two aspect ratios:
D¼

ARmax
ARmin

(4)

where D is the relative deformation and ARmax and ARmin are
respectively the maximum and minimum aspect ratio of a
liquid marble during vibration.
3.4. Determination of mixing performance in a liquid marble
To study the mixing effect induced by electric actuation, green
fluorescent particles (polyethylene microspheres, 1.00 g cc−1,
used as received from Cospheric) with nominal diameters
ranging from 90 to 105 μm were dispersed in water as the
working liquid. The density of the particle was chosen to
match that of water to minimise gravitational effects. While
the fluorescent particles show limited movement without
actuation, they can be dispersed throughout the liquid marble
if there is sufficient excitation, thus allowing for the study of
the mixing effect. The same parallel plates setup and voltage
configurations were used to excite the liquid marble. The
effect of mixing in a liquid marble was studied using a colour
camera (Ximea xiQ – USB3 MQ013CG-ON) and a telecentric
lens (Edmund Optics 58430, 1X). A frame rate matching the
oscillation frequency was used to record only the motion of
the fluorescent particles relative to the liquid marble, creating
a stroboscopic effect. Blue light with a peak wavelength of 450
nm was used to illuminate the fluorescent particles within the
liquid marble and a longpass filter was placed before the
camera lens to remove the blue light.
We processed the recorded images with MATLAB as shown
in Fig. 1(D). Mixing performance was evaluated by analysing
the perturbation field.13,66 Since this is a time-dependent
process, a single image provides insufficient information
with regards to mixing performance. The degree of
perturbation was assessed by analysing several image frames
over a fixed period of 8.5 seconds. First, a region of interest
(ROI) with an area of 450 × 500 pixel was selected and the
normalised intensity was calculated. The normalised
intensity or I* of each image frame was calculated as follows:
I − I min
I* ¼
(5)
I max − I min
where Imax and Imin are the maximum and minimum
intensity of each image frame. The average concentration
field of N image frames is defined as:
Nþ1
P

———
I*ðx; yÞ ¼

I *i ðx; yÞ

i¼1

N
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(6)

———
where I*ðx; yÞ is the intensity matrix of each image frame. The
mixing performance, which is the degree of disturbance, can
be derived from the dispersion of the average field. The mean
————2
square perturbation field, σ*ðx; yÞ :
Nþ1
Ph
——— i2
I *i ðx; yÞ − I*ðx; yÞ
—
——— 2
σ*ðx; yÞ ¼ i¼1
(7)
N
The extent of disturbance in the ROI is then evaluated by
calculating the mean value of the intensity of the mean
square perturbation field in this area:
P ————2
σ*ðx; yÞ
DOP ¼
(8)
n
where n is the total pixels in the ROI and DOP is the degree
of perturbation and is used to assess the mixing
performance. When there is no movement of the particles
inside the liquid marble, the degree of perturbation is zero.
The degree of perturbation will increase when perturbation
occurs, with a maximum value of 1 when the perturbation
happens in every pixel in the ROI. In our study, since one
liquid marble can only accommodate a few number of
particles, thus the degree of perturbation in the ROI was
limited. Therefore, we expect the degree of perturbation is
larger than zero but much smaller than 1.

4. Results and discussion
This section discusses the use of an AC electric field to
induce vibration and deformation of a liquid marble, which
enhances the mixing performance. First, we discuss the
natural frequencies of liquid marbles which is twice the
input frequency used to actuate liquid marble at resonance
in the subsequent experiments. The next sections report the
deformation and mixing performance of liquid marble using
this method.
4.1. Deformation of a liquid marble
The change of the liquid marble height over time under a
pulse excitation was analysed using MATLAB. Fast Fourier
transform (FFT) was used to find the natural frequency of the
liquid marble. For each trial, 1024 (210) frames were analysed
and the frequency with the largest magnitude was
determined as the natural frequency of liquid marble. The
natural frequencies of liquid marbles with a volume ranging
from 10, 20, and 40 μL are determined as 47.57, 34.21 and
27.37 Hz, respectively.
Fig. 2(A) shows a liquid marble vibrating in an AC electric
field. The vibration amplitude increased notably at higher
electric field strength. Fig. 2(B) indicates that the relative
deformation increases with increasing electric field strength,
rising from 1.12, 1.23, and 1.27 under an electric field of 153,
308 and 385 kV, respectively. Since the volume was kept
constant at 40 μL, the gravitational force acting on the liquid
marble was the same for all cases. The increase in relative
deformation can be explained by the relationship between
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the electrostatic force acting on the liquid marble, which is
proportional to E 2. Thus, the deformation becomes more
profound as the electric strength increase.37 Therefore, we
expect a stronger electric field will deliver more significant
mixing enhancement.
Fig. 3(A) shows that the deformation of liquid marble
varies depending on its volume. While the 10 μL liquid
marble only experienced a small deformation, a more
significant change in aspect ratio can be observed with the
20 μL and 40 μL liquid marble. The relative deformations of
the three volumes are 1.12, 1.26 and 1.27, respectively,
Fig. 3(B). From 10 μL to 20 μL, the relative deformation
increases notably while no significant difference was
observed from 20 μL to 40 μL. The negligible change with a
large volume can be caused by the larger mass and the more
significant role of gravitational force relative to the
electrostatic force.

4.2. Enhancement of mixing in a liquid marble

Fig. 2 The deformation of liquid marbles at resonance under
different electric field strengths: (A) profile of a 40 μL liquid marble
at ARmax and ARmin with an electric strength of 153, 308 and 385 kV
m−1; (B) the resultant relative deformation of liquid marbles versus
electric field strength.

Fig. 3 The deformation of liquid marbles as function of their
volume. (A) Profile of liquid marble with different volume of 10, 20
and 40 μL at the largest and smallest aspect ratio position under a
385 kV m−1 electric field. (B) The relative deformation of a liquid
marble versus volume.
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To understand and compare the movement of particles
inside a liquid marble, we first selected image frames that
correspond to the same duration of 8.5 seconds of a 40 μL
liquid marble with and without actuation. Next, we changed
the hue of the image frames so that the first image frame
would have a red hue and gradually change to a blue hue at
the last image frame. The image frames were then stacked
together, allowing the observation of movement paths of the
fluorescent particles as lines with a changing colour from red
to blue, Fig. 4. Furthermore, the magnitude and the direction
of the particle displacement are depicted as a vector, which is
equivalent to the velocity of the particle as determined with
particle tracking velocimetry. Because the particle may move
in and out of the image plane. We are cautious not to call
these displacement vectors velocity vectors.
Fig. 4 shows that more particles were dispersed throughout
the liquid marble when it was excited. Non-moving particles
were coloured white due to the stacking of image frames with
a different hue from red to blue at the same position. While
Fig. 4(Ai) and (Aii) indicate that numerous particles are located
at the bottom of the liquid marbles and not moving during the
evaluation period, the particles in Fig. 4(Bi) and (Bii) moved up
due to the internal flow induced by the vibration and
deformation of the liquid marble. It should be stressed that
the excitation of the electric field was strong enough to
disperse large-sized fluorescent particles used in this study,
which is in the range of 90–105 μm. This mixing strategy thus
has significant potential since it provides a means to perform
reactions involving large-sized solid reactants or heterogeneous
catalyst. The effect of electric field strength on the mixing
performance was evaluated by comparing the degree of
perturbation field in each case, Fig. 5.
Fig. 5 shows that all the degrees of perturbation are larger
than zero, but much smaller than 1. However, the degree of
perturbation of all the actuated liquid marbles was
significantly higher than the non-actuated ones. A stronger
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Fig. 4 Movement of fluorescent particles inside 40 μL liquid marbles (Ai) without actuation and (Bi) with actuation under an AC electric field
strength of 385 kV m−1. For clarification, red arrows were added to indicate the direction and magnitude of the particle movement of the
fluorescent particles over the investigated time period in subfigure (Aii) without actuation and (Bii) with actuation under an AC electric field
strength of 385 kV m−1.

degree of perturbation field indicates more advection in the
ROI during the investigation period. This is expected due to
the induced vibration and the deformation of the liquid
marble under excitation. The stronger electric field delivers a
higher mixing performance. The degree of perturbation
under 385 kV m−1 is 1.88 and 2.33 times more than that
under 153 kV m−1 and no-actuation, respectively. Images of
the mean-square perturbation field in Fig. 5 show that while
only minor displacements in the vertical direction were
achieved with actuation at 153 kV m−1, the strong electric
field strength of 308 and 385 kV m−1 caused noticeable
displacements. This can be attributed to the larger vibration
amplitude and deformation at a higher electric field strength,
as reported in the previous section. These results also agree
with the study of Lee et al. on the effect of increasing
oscillating amplitudes and mixing performance.67
The enhancement of mixing performance with different
liquid marble volumes is shown in Fig. 6. Fig. 6 also
indicates that while there was almost no perturbation

This journal is © The Royal Society of Chemistry 2021

without actuation, the vibration and deformation induced by
the electric field can lead to turbulence. For each liquid
marble volume, the actuation of liquid marble always delivers
more perturbation in the ROI, indicating an improvement in
mixing performance. In particular, the degree of perturbation
of an actuated liquid marble is more than 10 times that of a
non-actuated 20 μL liquid marble. These results demonstrate
the feasibility of using this mixing strategy for various liquid
marble volumes. Our findings demonstrate that the
electrostatic excitation of liquid marble could induce a strong
internal forced convective flow which leads to enhanced
mixing. The excitation is sufficiently strong to disperse large
fluorescent particles, providing a promising mixing strategy
for liquid marble-based platforms.
We studied the iodine–starch test to investigate the
feasibility of applying this mixing strategy to liquid marblebased microreactors. A 19 μL liquid marble containing a
starch solution with a concentration of 0.05% was injected
with 1 μL of Lugol's iodine solution, thus forming a 20 μL
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Fig. 5 Degree of perturbation in the ROI of 40 μL liquid marbles under different electric field strengths. Images of the mean-square perturbation
field with no actuation, 153, 308 and 385 kV m−1 electric field were exhibited above the graph.

Fig. 6 Degree of perturbation of in the ROI of liquid marbles with different volume of 10, 20 and 40 μL. Images of the mean-square perturbation
field of liquid marbles with volume of 10, 20 and 40 μL with (i) no actuation and (ii) actuated under a 385 kV m−1 electric field.
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Fig. 7 Starch–iodine reaction in a 20 μL liquid marble (A) actuated under a 385 kV m−1 electric field and (B) without actuation. Scale bar is 1 mm.

liquid marble. The liquid marble was then actuated at
resonance under a 385 kV m−1 electric field, Fig. 7(A). As a
benchmark, a similar reaction was carried out in a liquid
marble with the same volume without actuation, Fig. 7(B).
The actuated liquid marble only required 30 seconds for the
Lugol's iodine to completely diffuse and react with the starch,
whereas the non-actuated liquid marble required 8 minutes.
The reaction time is thus reduced by 16 times with this
mixing strategy.

5. Conclusions
We demonstrated for the first time electrostatic excitation as
an actuation scheme to enhance mixing in a liquid marble as
a contactless and on-demand mean. The mixing performance
was improved more than 10 times with an electric field of
385 kV m−1. In a previous work by Ooi et al., the modelling
indicated that even when a high voltage of 3000 volts is
applied to the liquid marble, the electric field within the
liquid marble is negligible.48 However, it is necessary to
investigate the electric field inside the liquid marble and its
effect on cells in future works. We also demonstrated the
ability to disperse solid particles inside the liquid marble has
immense benefits for microreaction applications involving
large solid reactant particles or heterogeneous catalyst. Our
method proved to be an effective mixing strategy that fills the
gap of a contactless and on-demand mixing scheme on liquid
marble. Since the mixing improvement mainly comes from
the vibration and deformation of liquid marble, various
manipulation schemes such as acoustic waves are also
expected to be applicable.
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