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ABSTRACT: Motivated by the great potential of droplet microreactors for chemical and biological
applications, a general and robust method utilizing an electric field is developed for sustained,
directional and two-dimensional manipulation of nonwetting droplets (termed “liquid marbles”).
With the understanding of the mechanism of actuation, this method allows individual liquid marbles
to be actuated and coalesced on demand by fine-tuning the driving voltage. Moreover, in our
system, crosscontamination between marbles during manipulation is avoided as confirmed by the
absence of any trace DNA after amplification using a loop-mediated isothermal amplification
reaction.

The manipulation of liquid droplets is revolutionizing many liquid-based applications in biological
detection and clinical diagnosis.(1-3) However, the biological molecules in liquid droplets can adsorb
in a nonspecific manner to solid surfaces during manipulation.(4) The resultant contamination can
significantly impede the manipulation of droplets, and even render the droplets useless for further
biological analysis.(5) In particular, the adsorption of only a minute amount of DNA and RNA can
lead to severe cross-contamination, as the contaminants could be amplified in subsequent steps,
such as in polymerase chain reaction (PCR) and loop-mediated isothermal amplification (LAMP)
resulting in erroneous results. To overcome these limitations, researchers can achieve nonwetting
droplets by coating the interfaces of water droplets with hydrophobic particles. The resulting
droplets, often known as “liquid marbles”,(6-8) have demonstrated great potential as microreactors
for material fabrication,(9) cell culture applications,(10) and chemical reactions.(11-13)
Nevertheless, manual movement and merging of liquid marbles can become inefficient and tedious
when a large quantity of samples are involved. Therefore, controlled and sustained manipulation of
liquid marbles automated by external stimulation is highly desired.

To date, various methods have been proposed to transport liquid marbles. Typical examples(14)
include the use of magnetic(15,16) or photosensitive(17,18) particles to form liquid marbles with
triggered motion. However, these methods are applicable only to liquid marbles that can be
stabilized by the specific types of particles. Another method is to utilize surface flow(19,20) or air
flow(21) to actuate floating liquid marbles. However, it is difficult to generate a sufficiently large
force using surface flow to break the particle shell and coalesce two liquid marbles for initiating a
reaction or detection. Therefore, a robust method, which does not pose specific requirements of the
marbles involved, to actuate liquid marbles is yet to be developed.

An electric field has shown great potential in actuating liquid marbles in a tunable and contactless
manner, as confirmed by the deformation of the liquid marble interface with electrodes inserted
into the marbles.(22-24) When placed between two parallel plate electrodes,(25) a liquid marble on



a superhydrophobic surface is observed to move. However, the resultant movement of the liquid
marble, although successfully proven conceptually, cannot offer a deep understanding of how the
electric field can actuate a liquid marble to move precisely. This may be due to the lack of a
systematic design that triggers controlled movement for liquid marbles. In this work, we present a
general and robust method for sustained, directional and two-dimensional manipulation of liquid
marbles. To actuate the motion and induce the coalescence of individual liquid marbles, our method
incorporates an inkjet-printed electric circuit covered by a dielectric layer and DC voltages applied to
neighboring electrodes. We have studied the critical voltage to actuate the liquid marbles, and
shown that the amount of electrostatic energy released to accelerate the marble is position-
dependent.

We have developed a compact and versatile system for controlled manipulation of liquid marbles by
incorporating a device that comprises three key components: a substrate, an open array of
electrodes and a layer of dielectric insulator, as illustrated schematically in Figure 1a. Electric circuits
as thin as ~1 um are fabricated by an inkjet printer,(26) then coated with ~10 um
polydimethylsiloxane (PDMS) as the dielectric layer (see experimental details in the Supporting
Information). A liquid marble is formed by coating a liquid droplet with hydrophobic silica
nanoparticles (particle/inner liquid ratio ~ 0.1 mg/mL) and then placed on one of the electrodes in
the device, covering a part of a neighboring electrode as well. The electrode covered by the liquid
marble is grounded while a positive direct current (DC) voltage is preset and applied to the
neighboring electrode. At zero or low preset voltage, the liquid marble remains stationary on the
device. When the preset value of the applied voltage increases and approaches a critical value VC,
the liquid marble starts to move toward the charged electrode by rolling, which is captured by a
high-speed camera as shown in Figure 1b and indicated by the nonzero velocity in Figure 1c. We
define the value of this minimum driving voltage that can actuate a liquid marble to move as the
critical actuation voltage for the liquid marbles. For example, at the critical voltage of 780 V, a water
marble is actuated and reaches a maximum velocity of 7.4 mm/s (see velocity profile in Figure S5).

[FIG 1]

To actuate a pure droplet on a dielectric, the well-studied electrowetting phenomenon leads to
asymmetric contact angles across the droplet resulting in droplet motion.(4) However, for liquid
marbles, the mismatch between advancing and receding contact angles is as small as ~1.1° (see
Figure S1). Because the change in the contact angle is an observable effect instead of a requirement
for actuating liquid marbles, the actuation of liquid marbles should depend on the electrostatic
polarization of the inner liquid in response to the electric field. Therefore, the electrical conductivity
k and the relative electrical permittivity € of the inner liquid is expected to affect the critical voltage
VC. Indeed, VC decreases as K increases by adding different concentrations of NaCl ranging from
0.001 to 1 M to deionized (DI) water, as shown in Figure 2a. Similarly, VC decreases as € increases, as
shown in Figure 2b. We attribute these results to the ability of the liquid contents to provide a larger
number of ions at the liquid—air interface. Hence, given the same applied voltage, a larger electric
stress is exerted on the liquid marble. These results imply that the driving force for the actuation
comes from the electrostatic polarization of the inner liquid.

[FIG 2]

Interestingly, the critical actuation voltage VC changes and depends crucially on the initial position of
the liquid marble relative to the electrodes before actuation. The different initial positions can be



represented by normalizing the distance between the marble centroid and the symmetry line of the
pairing electrodes d with respect to the marble radius R, as shown in Figure 2c. A larger d/R ratio
indicates that the marble is farther away from the charged electrode. With a larger d/R ratio ranging
from 0.1 to 1.0, the critical actuation voltage VC becomes larger. Such a correlation also holds true
for different liquid volumes (see Figure S2).

To understand the position-dependent critical actuation voltage, we investigate further and analyze
the changes taking place at the boundary of the polarized interfacial area, as illustrated
schematically in Figure 2d. In response to the surrounding electric field, the interface of the liquid
marble is electrostatically polarized and carries a surface charge q. Specifically, the contact area
between a liquid marble and the device is where charges build up. Before actuation, since no electric
potential difference exists for the ground electrode area, the polarized interfacial area of a liquid
marble can be defined as SO and measured directly from the top-view. During actuation, the
polarized interfacial area increases and reaches a maximum area Sr, which equals the contact area
between the marble and the device , where is the capillary length and p, y are the density and
surface tension of the liquid, respectively.(10,11) Therefore, the total increase in the polarized
interfacial area is AS = Sr—S0.

Considering that the liquid marble moves by rolling instead of sliding, the role of the induced electric
stress fe is key to understanding the actuation mechanism. Because of electrostatic polarization, an
electric stress fe is induced at the interface by the local electric field E, which scales as .(24,25) For a
small displacement Ax of the liquid marble, fe pulls the interface by compressing and pinning the
interface to the substrate over a height Ay, as shown in Figure 2d. The work done per unit area by fe
at the interface is thus . The local electric field strength E in the y direction can be estimated as,
where V is the applied electric voltage, , A is the geometric factor to calculate the y-direction
component given by 1/tan-1(dD/dgap)2, dgap is the size of the gap between two electrodes and dD
is the thickness of the dielectric layer (see Figures S6 and S7 for the influence of particles).(27)
Notably, the work done by fe is also the electrostatic energy of the system released to accelerate the
liquid marble. fe releases maximum electrostatic energy when the polarized interfacial area S
reaches a maximum, since any further increase in polarized interfacial charges on one side of the
marble causes the discharging of the same amount on the opposite side. As a result, the liquid
marble can no longer experience a net accelerating electric stress exerting at the interface. We can
now calculate the released electrostatic energy at this instant, as determined by the electric stress
exerting on the interface, the distance between the interface and the electrode and the change in
the charged interfacial area:(28,29)

(1)

where V is the critical voltage, €0 = 8.85 x 10—12 F/m is the permittivity of vacuum, and er = 80.1 is
the relative permittivity of water.

According to our interpretation, at this instant the liquid marble should reach its peak velocity of the
entire movement. We can approximate the kinetic energy of the marble at peak velocity as where
m is the mass of the marble and v is the peak velocity. The energy conversion between released
electrostatic energy and kinetic energy, Ue ~ Uk, gives



(2)

This represents our predicted scaling relationship that is used to analyze the position-dependent
critical voltage for liquid marbles of different volumes. The corresponding peak velocity v for all
groups of liquid marbles is also measured (see Figure S3). The scaling between the kinetic energy
and the electrostatic energy falls around a line with a slope of unity, as seen in Figure 2e. The
experimental data indeed agree with our prediction and confirm our interpretation that maximum
electrostatic energy is released when the contact area between the marble and the substrate is fully
polarized.

More importantly, with the calculated electrostatic energy, we can now estimate the driving force to
actuate liquid marbles. The average driving force during acceleration varies with the distance d
normalized by the capillary length k=1 in Figure 2f. The average driving force for a 4 pL marble is
around 0.1 uN. Meanwhile, a larger liquid marble requires a larger driving force to actuate. For a
marble with a volume of 8 L, the driving force increases to over 0.3 uN. For marbles of the same
volume, when the marble is farther away from the charged electrode, the required driving force is
larger. Therefore, our findings allow us to precisely control the driving force to actuate liquid
marbles.

Our understanding of the mechanism of actuation allows controlled motion through manipulation of
the relevant driving forces. However, whether our system is reliable for sustained and continuous
actuation of liquid marbles is yet to be examined. To realize a sustained and continuous actuation,
an electric voltage needs to be sequentially applied to a series of electrodes. Regardless of the initial
position, a liquid marble should be actuated and then stopped at the charged electrode before it is
ready for the subsequent actuation. Before actuation, the distance between the centroid of the
marbles and the symmetry line of the charged electrode is measured. After actuation, the total
displacement of the marble is measured. The results show that the desired and actual moving
distance of the marble stay roughly the same, as shown in Figure 3a, indicating that regardless of
their size, the liquid marbles stop at the charged electrode after actuation.

[FIG 3]

To further examine the reliability of our system, we placed two liquid marbles dyed yellow and green
far from each other for actuation. An electric potential is sequentially applied to a series of
electrodes. First, the yellow marble is actuated to move horizontally, as seen in Figure 3b (for full
movie, see Video S1). The green marble is then actuated by a diagonal pair of electrodes, moving in a
diagonal direction. Lastly, a potential is applied to the neighboring marbles causing them to coalesce
into one.

Moreover, we confirm the avoidance of cross-contamination between liquid marbles by
demonstrating the absence of any trace DNA after a LAMP reaction. Specifically, we actuate a liquid
marble containing 1 x 104 copies/uL target DNA to move back-and-forth along a predefined path for
100 times, as shown in Figure 4a. Then another liquid marble containing DI water is actuated back-
and-forth along the same path for 100 times (surface coverage of particles is shown in Figures S8
and S9). Afterward, the liquid in the second liquid marble is extracted and mixed with LAMP buffers
and primer of the target DNA separately, because any amplification by the LAMP reaction would



indicate the extent of cross-contamination. The resultant mixture is then heated at 63 °Cfor 1 hin
the Real Time PCR machine. A flat amplification curve is acquired after heating, indicating that no
amplification proceeded as shown in Figure 4b (control groups are shown in Figure S4). The results
suggest that no detectable DNA is contained inside the second liquid marble, confirming that no
cross-contamination between the two marbles occurs.

[FIG 4]

To investigate the potential cross-contamination when the particle shell in one of the marbles is
partially damaged, we repeat the above-mentioned procedures. Specifically, we drop a liquid marble
from a height of ~3.5 cm on a PDMS substrate to partly damage the particle shell (the surface
coverage of the particles is shown in Figure $10). We damage the particle shell of either the first
DNA marble or the second water marble, and obtain flat amplification curves (Figure 4b) for both
groups, indicating that no DNA is detected in the second water marble. However, when the particle
shell of both marbles is damaged, an S-shaped curve is found in the LAMP reaction (Figure 4b),
indicating cross-contamination. Therefore, at least one well-coated liquid marble is required to
prevent the cross-contamination between two liquid marbles when carrying out biochemical
reactions on the proposed platform. We believe that the reliability and versatility of our system will
extend the range of integrated processes and applications that can be carried out in liquid marbles.

In summary, we have developed a general and robust method for controlled manipulation of liquid
marbles. By utilizing an electric field on inkjet-printed devices, we have systematically studied the
controlled actuation of liquid marbles on a dielectric. Using our platform, a liquid marble can be
actuated to move when the applied voltage to the electrode is above a critical value. Interestingly,
the critical actuation voltage is highly dependent on the initial positions of the liquid marble relative
to the electrodes. We attribute this finding to the driving forces that vary with the electrostatically
polarized interfacial area; hence, the amount of electrostatic energy released to accelerate the
marble to reach peak velocity is position-dependent, as confirmed experimentally. These results
allow us to estimate the driving force as well as the displacements of actuation. By fine-tuning the
driving voltage, our system can actuate individual liquid marbles and coalesce them. Moreover, by
demonstrating the absence of any trace DNA after amplification using a LAMP reaction, our system
is confirmed to avoid the cross-contamination between liquid marbles. The controlled manipulation
and avoidance of cross-contamination achieved using our platform will enable future biological
applications of liquid marbles.
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Figure 1. (a) Schematic of the configuration of the custom-built system for the actuation of liquid
marbles. The area in black color in the top-view schematic of the device is the designed circuit for
printing the conductive silver ink. An open array of electrodes and contact pads for interfacing with
the power and control system are printed onto the printing media. The electric potential V is applied
through the electrode of the bottom plate in red color. A signal generator is used to output a DC
voltage to an amplifier with a magnification of 1000 times. The corresponding electrode of the
device is then connected to the output of the amplifier. The movement of the liquid marble is
monitored by a high-speed camera. (b) Photographs showing that a liquid marble deposited on the
device moves toward the charged electrode, pictured from both the top and side. The liquid marble
is a water droplet of volume 5 uL coated with silica nanoparticles. Scale bar = 1 mm. (c) Evolution of
the peak velocity of the movement of the liquid marble when increasing the preset voltage applied
to the electrodes. Here, the liquid marbles are formed by coating water droplets of volume 5 plL with
silica nanoparticles.
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Figure 2. (a) Dependence of the critical voltage VC on the electrical conductivity k of the liquid. The
liquid marbles of volume 5.0 uL are aqueous NaCl droplets with different concentrations ranging
from 0.001 to 1 M coated by silica nanoparticles. (b) Dependence of the critical voltage VC on the
relative electrical permittivity € of the liquid. The liquid marbles of volume 5.0 L are aqueous
droplets with different concentrations of glycerol from 0% to 80 wt % coated by silica nanoparticles.



The data point for € = 72.3 is the measured values for DI water (k = 0.05 uS/cm). (c) Dependence of
the critical voltage VC on the d/R ratio, for DI water marbles of volume 6 pL coated by silica
nanoparticles. Inset: schematic showing d is measured as the distance between the centroid of the
marble and the symmetry line of the two neighboring electrodes. (d) Schematic illustration of the
electric stress fe pulls the interface by compressing and pinning the interface to the substrate over a
height Ay for a small displacement Ax of the marble. The maximum electrostatic energy is released
to accelerate the marble when the contact area between the marble and the substrate is fully
polarized. (e) Log—log plot of the scaling relationship between the kinetic energy and the
electrostatic energy for liquid marbles of volume 4, 6, and 8 pL and different initial positions of d/R
ratio. The black squares, red circles, and blue triangles represent the data for liquid marbles of
volume 4, 6, and 8 pL, respectively. Here, K = 0.68 is a dimensionless prefactor; the line has a slope
of unity. (f) Plot of force estimation during actuation versus the distance d normalized by the
capillary length k-1 for liquid marbles of volume 4, 6, and 8 pL and different initial positions of d/R
ratio.
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Figure 3. (a) Plot of the total displacement of the marble after actuation versus the distance between
the centroid of the marble at its initial position and the symmetry line of the charged electrode. The

line has a slope of unity. Inset: schematic showing the measurement of the distance of the marble to
the charged electrode. The applied electric potential V falls in the gap between the ground electrode



in black and the charged electrode in red. (b) Video frame sequence showing that liquid marbles can
be individually actuated and coalesced on our device. Two liquid marbles are dyed yellow and green
separately. We sequentially apply an electric potential of 800 V to a series of electrodes and
individually actuate the yellow marble and green marble to move, approach each other and finally
coalesce into one. Scale bar =1 mm.
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Figure 4. (a) Schematic illustration to confirm the avoidance of cross-contamination between liquid
marbles by demonstrating the absence of any trace DNA after a LAMP reaction. Specifically, we
actuate a liquid marble containing 1 x 104 copies/uL target DNA to move back-and-forth along a
predefined path for 100 times. Then another liquid marble containing DI water is actuated back-and-
forth along the same path for 100 times. Afterward, the liquid in the second liquid marble is
extracted for LAMP reaction to indicate the extent of cross-contamination. (b) Experimental results
showing the extent of cross-contamination for different combinations of normal and leaky liquid
marbles. Fluorescence intensity ARn is the magnitude of normalized fluorescence generated by the
FAM/SYBR green reporter with an emission peak of 520 nm at each cycle during the PCR
amplification. When no or only one liquid marble leaks, flat amplification curves are observed
indicating that no DNA exists in the second liquid marble. However, an S-shaped curve is found in
the LAMP reaction when we actuate two leaky liquid marbles sequentially on the same platform,
confirming the cross-contamination between the two leaky liquid marbles.
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