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Abstract

Liquid marbles (LMs) are of growing interest in many fields, including microfluidics, microreactors, sensors,
and signal carriers. The generation of LMs is generally performed manually, although there has recently been
a burst of publications involving ‘automatic marble makers’. The characteristics of a LM is dependent on many
things, including how it is generated, it is therefore important to be able to characterise LMs once made. Here is
presented a novel contactless LM sensor, constructed on a PCB board with a comb-like structure of 36 interlacing
electrical traces, 100 um wide and 100 pm apart. This cheap, scalable, and easy to use sensor exploits the inherent
impedance (comprised of the electrical resistance, capacitive reactance and inductive reactance) of different LMs.
With it, parameters of a LM can be easily determined, without interfering with the LM. These parameters are
(1) particle size of the LM coating, (2) the concentration of a NaCl solution used as the LM core, and (3) the
volume of the LM. Additionally, due to the comb-like nature of the sensor, the accurate positioning (down to the
inter-trace spacing) of the LM can be ascertained. The new sensor has been shown to work under both static and
dynamic (mobile) conditions. The capacitance of a LM was recorded to be 0.10 pF, which compares well with the
calculated value of 0.12 pF.

1 Introduction

A single, sessile droplet of water on a solid smooth surface, typically wets said surface. This is a result of the
reduction of the droplet’s surface energy. The extent of the wetting is determined by the energy of the solid substrate,
which is qualitatively termed its hydrophobicity; the more hydrophobic, the less the droplet wets the surface. There
are two primary routes for decreasing the wetting of a surface: modify the surface, or modify the droplet.

Liquid marbles (LMs) are an increasingly popular !~ modification to the droplet. Initially reported by Aussillous
and Quéré in 2001, they are comprised of a droplet of liquid, surrounded by hydrophobic particles adhered to the
surface of the droplet. By having such an ‘armoured droplet’, the effects of wetting are nullified. A LM can freely
move around on a typically wetting surface, with minimal hindrance or hysteresis, and no loss of volume due to
adhesion. This provides many advantages to microfluidics,” and creates a great many other applications for LMs.
These include rapid blood-typing assays,® unconventional computation signals,® and control of micro-encapsulated
reactions. 1011

LMs provide additional advantages in microfluidics. Due to the powder coating on the surface of the droplet,
the evaporation rate of the liquid core can be reduced, !>~ providing ease and flexibility to experimental setups.
Resultantly the oil phase, traditionally present in microfluidic systems, can also be removed as it is no longer required
for heat dissipation during reactions. This helps to remove any cross-contamination that may have occurred through
the oil phase, as well as reducing the energy required for heating.
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The development of microfluidics has enabled massive reductions in the quantity of both reagents and waste,
helping to reduce costs and keep chemistry greener. Movement of droplets through digital microfluidic devices '®
is normally achieved through electrowetting on dielectric (EWOD), 17 surface acoustic waves (SAW), 3 or ther-
mocapillary actuation. !> Once the droplet has been relocated, sensing the new position of the droplet is required.
Capacitance measurement provides for a means of achieving this in a non-invasive manner?%-2? (though other
techniques, such as labelling,24 are also used).

Microfluidic systems using LMs can also use EWOD for actuation, though due to the low hysteresis and
lack of wetting the marbles can also roll under gravity.?’ The coalescence of two LMs can be controlled through
many techniques, such as collisions, 83 acoustic waves,3! or electrical potential. 3>-3* This enables the controlled
initiation of reactions. Continued efforts to enable complete automation of such devices necessitates the ability to
accurately determine the positions of LMs.

We report on the first use of impedance and capacitance to accurately and reliably determine the presence and
properties of a LM. Using a custom-made printed circuit board (PCB) and a high frequency AC supply, the voltage
drop across an in-series shunt resister provides the necessary information. The purpose of the device is to detect
the location of a LM, whilst simultaneously providing quantifiable information on some of the LM’s properties.
Such detection is increasingly required as the complexity of the paths and/or interactions between LMs increase.
Whilst it is sometimes possible to use high-speed cameras for this purpose, optical tracking can be very expensive
and doesn’t scale easily, as the LM paths can become increasingly obscured in large 3D structures. We propose
that this sytem will be useful in a range of fields, from digital microfluidics (e.g. for the real-time monitoring of
LM location and properties) to unconventional computing (e.g. for determining if a billiard ball-style collision has
resulted in a coalesced LM of a larger volume).

25,26

2 Experimental

LMs were made by rolling a droplet of either deionised water (DIW) or an aqueous NaCl solution on an appropriate
hydrophobic powder bed. Droplets were dispensed using an air-displacement micropipette. The powders used were
ultra-high density polyethylene (PE) (Sigma-Aldrich, 3-6 x 106 gmol~! or polytetrafluoroethylene (PTFE) (Alfa
Aesar, 6 um—10um). The PE powder was sieved using a micro-sieve set (Sigma-Aldrich, Z675415) in order to
provide powders with a variety of particle sizes: 63 um to 90 um, 90 um to 125 pm, 125 ym to 180 um, and 180 pm to
250 um. The NaCl solutions (5 wt%, 10 wt%, 15 wt%, 20 wt%, 25 wt%, and saturated) were made either by saturation
of DIW (15 MQ cm) at 21 °C with NaCl (Fisher Scientific), or by solvation of an appropriate amount of NaCl in DIW.
All reagents were used as received. The newly formed LMs were rolled by hand on the powder bed for approximately
10s to ensure a good and complete coating.

The main experimental system was designed such that it would be small, cheap and scalable. The sensor itself
is an array of two sets of 18 traces (small copper tracks) on a PCB, shown in figure 1(a), with each set of 18
traces connected to each other to maximise sensitivity. A range of geometries and forms were considered for the
electrode arrays. The area of direct contact between the marble’s powder coating and surface of electrode array
depends on several factors in particular the volume of the marble. For 20 ul volume the area of direct contact is
approximately 3.5 mm?, therefore the resolution of the electrode array needed to be fine, as the influence of changing
relative permittivity varies with the inverse square of distance. Consequently the electrode conductors, and gaps
between them, were made as narrow as practical. Using ‘standard’ PCB manufacturing facilities provided 100 pm
traces with 100 um gaps (on a two layer board). Alternative methods of forming the conductors (such as printing
conductive inks) were investigated but they didn’t offer substantial benefits over PCBs. To minimise electrical noise
(from external sources) a ground plane was located on the bottom layer of the PCB (which connected to ground on
instrumentation) and the fibreglass (FR4) middle portion of the board was made as thin as practical (0.4 mm). The
width of the traces from the electrode array were tapered to reduce electrical resistance and tight bends were avoided
to reduce impedance at higher frequencies.

The thinness of the board (0.4 mm) meant that it had a degree of flexibility. We exploited this by curving the
PCB, so that the sensor grid was at the bottom and the electrical connectors were at the top (i.e. the electrical traces
ran down either side of the slope). This shape was maintained through use of a custom made 3D-printed support,
visible in figure 1(b). The new curvature of the PCB means that the LM is always centred to the sensor, along one
axis.

The small insulated gaps between the traces mean that there is a large resistance across the circuit under DC,
however under AC the system acts like a capacitor. This can be easily confirmed by application of a square wave to
the system and monitoring via an oscilloscope, resulting in the characteristic curved profile.

The sensing grid was positioned in series with a high-accuracy resistor (Vishay Z foil, 10k, tolerance 0.01 %,
temperature coefficient 2mQ °C~!, inductance <0.08 uH). The smaller the value of the resistor, the smaller the
potential drop across it, which in turn means a greater potential across the sensor, increasing sensitivity. Conversely,
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Figure 1: (a) The diagram of the PCB sensor. (b) A cartoon design of the PCB sensor within the holder, with the
(simplified) electrical traces visible as yellow tracks. (c) A side photograph of a 30 uL. PTFE LM, with dimensions
4.0 mm wide and 2.9 mm high. The scale bar is 2.0 mm.

a larger valued resistor gives a greater potential drop, which increases the accuracy of the voltage measuring device
(oscilloscope in our case). This value of the resistor was a good compromise between both extremes.

When a high frequency AC potential was applied (20 V, 10 MHz), a current flowed through the system and the
applied voltage was split across the two components. The presence or absence of a LM on the sensing grid resulted
in a change in the capacitance of the sensor, and therefore a change in impedance. This change in impedance caused
a change in the voltage divide, and therefore the potential across the resistor. The potential across the resistor could
be accurately measured using a digital oscilloscope. Sinusoidal and square waveforms were generated using a BK
Precision 4053B waveform generator. Static measurements were taken using an Iso-Tech IDS 6072A-U digital
oscilloscope linked using a ‘serial over USB’ connection, and interfaced using a custom script in MatLab R2018a
(MathWorks). The script is available in the ESI.

When taking static measurements, the system measures the amplitude voltage (V;,,,) across R, 20 times in
quick succession (0.22 s per individual measurement), which is then averaged to give the desired value with a typical
standard deviation of just 0.2 %. Total time is 4.4 s for full 20 measurements and averaging. The outcome of this
value is dependent on the presence (and properties) or absence of a LM on the sensor.

Dynamic measurements were conducted using the same set-up as the static measurements, but with a Rigol
MS05074 oscilloscope (8 GSas™!, 200 MPt memory). Measurements were performed in realtime with a sample rate
of 100 MSas!, which provides 10 data points per waveform with the applied 10 MHz signal, and so is greater than
the Nyquist rate. Recorded waveforms were processed using the MatLab script provided in the ESI. The signal was
averaged over 250 s, for smoothing.

Location data was obtained by energising individual pins on one side of the sensor, whilst connecting all 18
on the other side to a common ground. The outermost pins were not used, to prevent data skewing due to their
asymmetric nature. The pins were individually subjected to 20 V,_;, at 10 MHz, both in the presence and absence
of a 30 uL PTFE LM made with a 25 wt% NaCl aqueous solution (a typical of example of which can be seen in
figure 1(c)). A total of 10 measurements were made for each pin under each condition (each measurement is made
of 20 averaged measurements).

The parasitic capacitance of the system, and that with a LM present, was measured through application of a
square wave. The current was monitored by measuring the potential drop across the series resistor R, using it as
a shunt resistor. The potential across the sensor was used to measure the charging potential. A 30 uL PTFE LM,
containing a 25 wt% NaCl aqueous solution was used.

The contact area of DIW PTFE LMs of varying volumes was determined using light microscopy. The LMs were
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made by hand, before transferring to a hemocytometer (a slide with graduated marks of known dimensions, improved
Neubauer pattern). The LM was observed via a Zeiss Axiovert 200M inverted light microscope through a 10x
objective lens, providing a depth of field of approximately 8.5 um. The region of contact of the LM was identified
by varying the focal length of the image. Multiple images were recorded using a ThorLabs 340M monochromatic
CCD camera and ThorCam 3.3.1 software, and combined using the image-stitching plugin in ImagelJ in order to
gain a wider horizontal field of view than achievable with a single image.3>-37 The diameter of the contact zone
was measured, and compared to the known graduations of the hemocytometer. Each LM volume was measured in
triplicate. The contact area could then be calculated using circle theory.

3 Theoretical

The overall electrical model for the measurement system, including the LM, is shown in figure 2. The NaCl solution
in the marble was modelled as an impedance (Zy,c;), while the PTFE or PE coating was modelled as a capacitor
(Ceoar)- Znacy 1s an effective lumped impedance of three-dimensionally distributed resistances and capacitances
representing the current paths in the LM. The overall impedance of the LM, Zj y;, is the series combination of Zy,c
and two capacitances of the coating, is shown as equation (1). PCB traces were modelled by series resistance of Ry,
wire-to-wire capacitance of Cy,, and wire-to-ground plane capacitance of Cy,,. Ry in the circuit is the external
series resistance added to the circuit to measure the voltage drop due to the current through the LM.

(D

Z NaCl
C(toub C(toub
T Cw T
I I ‘/ext
R, I R,
V; ng : : ng : : Rext

4,

(b)

Figure 2: A (a) cross-sectional electrical model of a LM and the overall circuit diagram of the detection system,
and a (b) lumped equivalent circuit diagram. The AC power supply (V;) is 20 V peak-to-peak and 10 MHz. The
oscilloscope is connected to a computer via USB to measure the voltage amplitude across Ry (V). Not to scale.

As explanation, if the LM sensor is considered to be acting purely as an impedance Z,,, the circuit can be
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considered to be acting as a DC potential divider, and therefore would follow (2); where V; is the applied voltage,
V., 18 the voltage across the external resistor, Z, is the impedance of the LM and PCB wires, and R.,; is the resistor.

R
Vet = Voo — 2
ext * Zm + Rext ( )
v,
Zm=Rext< > —1) (3)
ext

The value of Z,,, calculated using equation (3) — rearranged from equation (2) — includes both the LM and
parasitic PCB impedance. In order to remove the PCB impedance, separate measurements were taken: (a) with a
short-circuit sensor, and (b) with open-circuit sensor without a LM on the sensor. The impedance of the LM can

therefore be given by:
1 1 1
= - “)
Zim Zn=-2y) (Z,-2y
where Z is the short-circuit impedance, and Z the open-circuit impedance. Calculated impedance values for all
recorded measurements are available in the ESI.

4 Results & Discussion

4.1 Capacitance of a Liquid Marble

In order to gauge the actual capacitance of the LMs in the system, a standard square wave was applied to the system.
To measure the current a shunt resistor was used, and the potential drop across it measured. The applied square
wave had V,, ; =4V, DC offset= 0V, f/ = 100kHz. This was performed both in the presence and absence of a
saturated NaCl,, 30 uL PE LM, in order to ascertain the parasitic capacitance of the system. The resulting plot, in
the presence of a LM, can be seen in figure 3.
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Figure 3: The charging/discharging cycle of the LM capacitor, as measured by the voltage across R, at V,, , =4V,
DC offset= 0V, f = 100kHz. This is proportional to the current through the resistor.

It is possible to calculate capacitance using the plots in figure 3 by measuring the time taken to reach one
time constant: the time taken to reach 63.2 % of the capacitors full charge. This can then be used to calculate the
capacitance of the system using C = f/R, where ¢ is the time constant. The capacitance of the empty system is
the parasitic capacitance, Cp,.,, Which when subtracted from the capacitance of the measured LM system C,;, gives
the capacitance of the LM in the system, Cyy: such that G, = Gy, + Gy Note that Cpyp, = Gy + Cyq, and
Cim = Ceoat/2. The measured value of capacitance was Cp; = 0.10 pF. This value was compared to a simulated
system, where twin capacitors were considered in series. By knowing the electrode contact area, it is possible to
calculate the expected capacitance using equation (5), where ¢, is the relative permittivity (dielectric constant) of
the powder coating, €, is the permittivity of free space, A, is the electrode plate area, and d_, is the thickness of
the LM’s powder coating. The integer divisor is required as the system acts as two capacitors in series: first going

across the powder coating into the LM, and second going back across the coating out of the LM.

Cim = —* = )
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The calculated value for the system is 0.12 pF, which is in good agreement with the measured value. It is worth
noting that an equivalent simplified circuit model can be envisaged, by replacing the twin capacitors with a single
capacitor that has double the coating particle diameter (spacing between electrodes).

4.2 Response to the Particle Size of a Liquid Marble Coating

In order for this system to be useful for a variety of liquid marbles and resulting applications, the system should
not be restricted by the size of the particles chosen for the powder coating of the LM. Therefore, the sensor grid,
described in section 2, was tested using both 30 uL and 50 uL. LMs with various particle sizes and a saturated NaCl
aqueous core. The results can be seen in figure 4(a). The solid markers indicate PE LMs, whilst the hollow markers
are PTFE LMs; red squares indicate 30 uL LMs, and blue triangles show 50 uL LMs. The black dashed line with
zero gradient indicates the voltage amplitude across the resistor in the absence of a LM, with the red dotted lines
either side indicating error. All error is the standard deviation of 10 measurements, with each measurement being
the mean of 20 individual values. Note that none of the measurements, or the corresponding error, is near the level
of the absent LM.

Importantly, the sensor functions as desired for all tested particle sizes and volumes. There is minimal variance
between repeated tests of the same particle sizes, though there is variation across different particle sizes. Despite the
slight polydisperse nature of the powder, a clear trend can be seen: as the particle size of the LMs powder coating
increases, the signal decreases. This is due to the affected impedance of the capacitive sensor. In the absence of
a LM, the applied AC current passes through the parasitic capacitance of the electrodes which results in a larger
voltage drop across the sensor. When a LM is placed on top of the sensor, a new route is available. The AC current
can pass up into the LM, through the core, and back down to the grounded side of the circuit, thus completing it. This
new pathway is lower in impedance than the previous path, and so the voltage drop across the capacitor decreases.
This causes a consequent increase of potential across the resistor, which is measured using an oscilloscope. The
larger LMs cause a greater signal amplitude, which is to be expected, as the larger LMs cover more of the sensor
grid. This is discussed fully in section 4.4.

The trend in signal amplitude is due to the different LM coating thickness, which relates to particle size. As
described in section 3, the coating around LM can be modelled as a capacitance (C.,,) and it is inversely proportional
to the coating thickness. As the coating thickness increases, C,,, decreases (see equation 5). Therefore, according
to equation (1), Zj ) increases. Due to equation (2), the increasing Zj ), reduces the signal amplitude (V,,,) which
is measured across R.,;.

It is interesting to note that the PTFE LMs (hollow markers in figure 4(a)) are in line with the PE LMs. The
larger signal amplitude is due to the smaller particle size of the PTFE powder, and so the reduced coating. This
suggests that the powder coating is not greatly interacting with the sensor. There are two reasons for this: firstly,
relative permittivities of PE and PTFE are very similar;3® and secondly, the powder coating of the LM occupies a
small amount of the current pathway, approximately 100 um twice, compared to hundreds of microns through the
core of the LM, as the current has many different grounding points.

4.3 Response to the Salt Concentration of a Liquid Marble

Due to the nature of the sensor, the output signal is dependent on the electrical conductivity of the LM’s core.
Therefore, investigations were performed on the sensitivity of the sensor to cores of different conductivities. The
conductivity of aqueous NaCl solutions increases linearly with concentration,?® and so was deemed a suitable
candidate. Various concentrations of NaCl solutions were tested using both 30 uL and 50 uL. PTFE LMs, in order to
discover any trend. The results of which can be seen in figure 4(b).

For the 30 uL LMs (red squares), there is a clear strong relationship between the NaCl concentration inside
the LM, and the amplitude of the signal. A linear relationship can be extrapolated, yielding the equation V' =
4.97 x 10~* - [NaCl] + 0.322. This function has been plotted on the graph as a solid red line, and has an R-squared
of 0.996. Such a relationship is expected, as the conductivity of NaCl in water also increases proportionally with
concentration, due to its complete dissociation when solvated. 38 It therefore follows the proportionality of resistance,
R « [/c A, where [ is the length of the ‘resistor’, ¢ is its conductivity, and A is its cross sectional area. Due to these
effects, Zy,c; reduces as the NaCl concentration increases The reduction in Zy,c; reduces Zj, and so increases
Vexe» the signal amplitude.

The larger LMs (blue triangles) also follow a similar linear trend, with the equation V' = 5.55 x 10™* - [NaCl] +
0.331. This function has also been plotted on the graph, as a blue dashed line, and has an R-squared of 0.977. The
larger LMs result in a greater signal amplitude than the smaller LMs, this is because the larger LMs cover more of
the sensor grid. This is discussed fully in section 4.4.
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Figure 4: (a) The amplitude of the AC signal recorded across the resistor, is plotted against the particle size of the
powder coating of the LM. Solid red squares indicate a 30 uL. PE coating, hollow red squares indicate a 30 uL PTFE
coating, solid blue triangles show a 50 uLL PE coating, and hollow blue triangles indicate a 50 uL. PTFE coating. The
dashed black line shows the signal when there is no LM present, and the red dotted line shows its error. All errors
are standard deviations over 10 independent measurements. (b) The amplitude of the AC signal recorded across the
resistor, is plotted against different concentrations of NaCl. Red squares indicate a 30 uL. LM, and blue triangles
indicate a 50 uL LM. The solid red line is a linear line of best fit, with an R-squared of 0.996, and the dashed blue
line is a linear line of best fit, with an R-squared of 0.977. Plots are averages of 10 measurements, and errors are
standard deviations over said 10 independent measurements. (c) The amplitude of the AC signal recorded across
the resistor, is plotted against the volume of different LMs. Red squares indicate a concentrated NaCl ,,, core, and
blue triangles indicate a DIW core. The solid red line is a linear line of best fit, with an R-squared of 0.992, and the
dashed blue line is a linear line of best fit, with an R-squared of 0.991. Plots are averages of 10 measurements, and
errors are standard deviations over said 10 independent measurements. (d) The amplitude of the AC signal recorded
across the resistor, using a single pin of the sensor grid, is plotted against the pin’s physical location. The black
dashed line shows the sensor with no LM, and the red line shows the presence of a 30 uL PTFE LM made with a
25 wt% NaCl solution. Each point is an average of 10 measurements, and error bars are standard deviations over
said 10 measurements. The x-axis indicates the respective electrical trace’s distance from the centre of the sensor.
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It should be noted that changes in the salt concentration would have an effect on the surface tension of the
aqueous core,>° which would in turn affected the shape of the LM. However, any such change in the LM shape (and
ensueing contact area with the sensor) are accounted for. As the relationship shown in figure 4(b) uses empirical
data, any changes in LM shape are incorporated by design.

This relationship makes it possible to not only use the sensor to detect the presence or absence of a LM, but
also to gain useful characteristic data on it. This has many applications, including potential determination of the
concentration of the cargo inside a LM, without interfering with said cargo, which is useful in microfluidics. For
example, when the progress of a reaction needs to be monitored, but there is a desire to not directly interact with the
reaction. Contactless determination of the LM’s cargo concentration also allows for fast and clean measurements:
there are no probes to place inside the LM, and so no time-consuming cleaning after the measurement, and therefore
no risk of contamination with the next LM to be tested.

4.4 Response to the Volume of a Liquid Marble

Investigations were also conducted on the susceptibility of the sensor to the volume of a LM. Tests were performed
using a PTFE powder coating and both a DIW and saturated NaCl aqueous core. LMs were tested from 2.5 ul up to
100 pl in 5 pl and 10 pl steps (no cracking in the powder coating was observed for the larger LMs, the size restriction
was the physical dimensions of our sensor). Each volume was tested 10 times. The results of which are presented in
figure 4(c).

It can be seen that there is a strong positive relationship between the volume of the LM and the signal amplitude:
the signal amplitude increases with increasing volume of the liquid marble. This is true for both the DIW (blue
triangles) and saturated NaCl (red squares) LMs. This relationship is due to two main factors: the increase in amount
of the LM in contact with the sensor and the reduction of Zy,c;. The LM, being soft, does not rest on a spherical
bottom point, but instead sits on a flattened out base, visible in figure 1(c). It is this base which increases with size
as the LM volume is increased. As the base increases in size, additional electrical traces in the sensor are in contact
with the LM, allowing more current to pass into and exit the LM. Further, since there is more liquid volume, the
cross-sectional area for the current path is significantly higher compared to smaller LMs. These two factors lower
the impedance of the sensor and thereby its potential drop, again due to the proportionality of resistance.

As expected, and as previously explained in section 4.3, the saturated NaCl,q, LMs have a greater signal
amplitude at a fixed volume. The gradient is slightly different between the two cores however: 5.01 x 10~# for DIW
and 5.58 x 107 for NaCl,q). This is explained by the greater conductivity of the NaCl,q) LMs permitting more
effective use of the entire of the cross-section of the LM, as opposed to DIW LMs whose lower core conductivity
restricts effective signal conduction to regions closer to the bottom of the LM (and thereby closer to the sensor
traces).

The phenomenon of maximal LM height plays a role in the linear nature of the plot in figure 4(c). As the volume
of the LM increases, it reaches a maximal height in a logarithmic manner,*° resultantly the breadth of the LM
increases disproportionally with its volume (a cartoon demonstration is shown in figure 5(a)). The contact radius of
variously sized LMs was measured using light microscopy by observing where the powder particles moved out of
the focal plane (as explained in the experimental section), an example image of which is shown in figure 5(b). The
contact area was then calculated using circle theory and plotted against LM volume, shown in figure 5(c).

The contact area of differently sized LMs was first discussed by Aussillous and Quéré in 2001, and then again in
2006. % They noted that for smaller LMs the contact radius, /, could be defined as I = 1/2/347! R>. Where R is

the radius of the idealised spherical droplet; and the capillary length, 4, is defined as A = v/y/pg, where y is the
surface tension, p is the density, and g is gravitational acceleration. When related to contact area and LM volume,
V, a relationship is revealed where the contact area is proportional to ¥7*/3. This has been added to figure 5(c) as a
red dashed line.

Once the volume of a LM is above a certain threshold, the mass of the liquid causes the height to plateau,
typically at twice the capillary length. At this stage, as also reported by Aussillous and Quéré, 16 the contact area
increase is no longer polynomial. The contact radius of a larger LM can therefore be defined by I = /2/34~1/2R3/2,
When this is related to contact area and LM volume, it reveals that the contact area is linearly proportional to volume.
This relationship is displayed in figure 5(c) as a blue dotted line. It is this linear relationship that dominates the
volume-sensor response plot in figure 4(c).

4.5 Determining the Location of a Liquid Marble

In order to ascertain location information of the LM from the sensor, each single trace on one side of the sensor was
energised individually, whilst the other side remained as a single network of 18 traces connected to ground via R.,;.
The outer traces on each side were not used, as their asymmetry could skew the data. Figure 4(d) demonstrates the
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Figure 5: (a) A sketch of a LM resting on the sensor, demonstrating how the height of an expanding LM plateaus as
the volume is increased, causing the breadth of a LM to increase disproportionately. Not to scale. (b) A collection of
9 light microscope images stitched together, providing a ‘bottom-up’ view of a LM. This facilitated measurement
of the contact diameter of the LM (a 10 uL PTFE DIW LM in the example image). The contact diameter can be
determined by observing where the powder particles move out of the focal plane. The scale bar is 500 um. (c) The
contact area of a LM against its volume. Error bars indicate the mean absolute deviation. LMs had a PTFE powder
coating and a deionised water core. The dashed red line indicates the positive growth phase where the contact area
is proportional to ¥4/3, and the dotted blue line indicates the region where the the LMs maximal height results in

the contact area becoming linearly proportional to V. Both fittings were first introduced for LMs by Aussillous and
Quéré. 10
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location data obtained from the sensor. It can be clearly seen that there is a noticeable difference between the signal
amplitudes in the range between pins 4 and 10, indicating the location of the LM on the sensor grid. This system
can be used to determine the location of a LM in an environment, without directly interfering with the LM, with an
accuracy equivalent to the spacing of the excitation electrical traces: 400 um. There is also scope to measure the
size of the LM, by inferring its diameter from the contact area. Due to variations with contact angles, this would
require calibrating for each LM species.

Measurement resolution of the device can be further improved by applying higher voltages, higher frequencies
or a smoother sinusoidal waveform, as the capacitive reactance of the components is inversely proportional to the
frequency of the applied signal, and therefore decreases. The frequency can be increased significantly, for example
CPUs operating at 100 MHz have been available for decades. Testing has also revealed that the voltage can be
greatly increased using the current sensor setup. On connecting two adjacent pins (100 um apart) and ramping the
DC potential, no breakdown (indicated by a drop in resistance) of the PCB was detected, within the limits of the
SourceMeter (210 V, >200 MQ). Therefore, it is possible to increase the voltage to 200 V,_, and the frequency to
100 MHz, resulting in an increase of two orders of magnitude on excitation.

4.6 Dynamic Measurements of a Mobile Liquid Marble

A series of proof-of-principle measurements were also made of liquid marbles dynamically rolling across the sensor
grid. LMs comprised of a 25 wt% NaCl aqueous core and PTFE coating were used. These measurements recorded
the signal amplitude of each waveform, and plotted a smoothed signal amplitude with averaging over 250 us. As the
LM approached the sensor the signal increases, reaching a maximum when the LM is entirely covering the sensor,
then returning to its baseline level once the LM has left the sensor. Plots showing the traversing of a single LM, and
of two separate LMs, can be seen in figures 6(a) and 6(b), respectively.
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Figure 6: Signal amplitude plots showing the traversing of (a) one, and (b) two LMs across the sensor. The time for
each of these LMs to traverse the sensor was 7 ms to 12 ms, with speeds of 1.0m s1to1.9ms™ L.

As long as the sensor grid is wider than the contact length of the LM, then it is possible to calculate the speed of
the LM, from the breadth of the signal peak. The leading edge of the LM entering the sensor causes the signal to
start to increase, and the leading edge of the LM leaving the sensor causes the signal to begin to decrease. For peaks
of this style, the start of the peak rise to the start of the peak decrease is equivalent to the full-width at half-maximum
(FWHM), which provides a time. By knowing the width of the sensor (7.1 mm) it is possible to calculate the speed
of the LMs in the above plots. The LM in figure 6(a) had a speed of 2.0 m s~L, the first LM in figure 6(b) had a speed
of 1.0ms~!, whilst the second LM in that figure had a speed of 1.1 ms~!. This assumes a steady speed across the
7.1 mm of the sensor.

4.7 Application to Computing

Unconventional computing has previously exploited the properties of LMs,*-274! facilitating their use as both a
signal and signal carrier. The capability of the system to detect the position and volume of a LM permits the use of a
new and facile system of addition and division. Using the sensor grid, we have demonstrated how the volume of a
LM can be measured with ease. When two LMs are coalesced®?° then their volumes are added, and the volume
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of the new LM can be determined. Additionally, by splitting the LM into smaller separate LMs (possible using
previously published techniques3%#>43), the physical division can be measured quantitatively, to determine the
comparable mathematical division.

In the billiard-ball style of computing it is possible to fuse signals (LMs) in a collision, and thereby
implement logic gate (x, y) — (Xy, xy, xy). The resulting larger volume of the new signal would be confirmation
that such an operation had been performed. Conservative logic requires that the output signal be identical to the
input, and so the design would need to be supplemented with a LM divider (as previously mentioned) to return the
signal to its original volume. It would also be possible to implement either a more traditional billiard-ball gate or a
Margolus logic gate — {x, y) — {xy, xy, xy, xy) — where the signals collide and rebound, rather than fuse. In such
a system, our sensor could not only be used to measure the size and speed of the colliding LMs, but an appropriately
positioned sensor grid could also determine directional information of the rebounding marbles.

Computation can also be achieved by coalescing LMs with cores of different concentrations, to form a new
combined core which has a concentration determined by the values of the original inputs. The properties of the new
core (including concentration and size) can be measured using the techniques covered in this paper. This enables
a new direction in computation to be explored. We performed a preliminary billiard-ball collision experiment by
colliding two 20 uL PTFE LMs to yield a single 40 uL PTFE LM. The reported sensor successfully recorded the
volumes of both the starting LMs, and the resulting larger LM — indicating a successful coalescence.

Capacitance of LMs could be applied in design of flexible and stretchable logical circuits *’~*° and soft robotics, >
especially where disposable devices are used. Capacitive threshold logic>! is an extension of standard threshold
logic, wherein logical values 1 and O are interpreted from the voltage being above or below a certain value. It can
also be used to design capacitive synapse architecture. >3 The easily variable capacitance of the LM sensor system
(through the addition or removal of LM volume), permits straightforward tuning of the set-up.

It is worth noting that the evaporation of LMs would need to be controlled in a computing environment. Several
previous studies have investigated the evaporation of LMs, 127133435 and the rate has been shown to be related to
several factors, including the powder coating, initial volume, and ambient humidity. Limiting the evaporation of
LMs by maintaining a high-humidity environment has been previously demonstrated with success. >

4446

5 Conclusions

Herein is reported a novel LM sensor, constructed using standard PCB manufacturing techniques and operating
with 20 V,_, at 10 MHz. The sensor is low-cost and scalable, allowing future projects to have many large (or small)
sensors. As the LM rests on the sensor the change in impedance (comprised of the electrical resistance, capacitive
reactance and inductive reactance) causes a measurable change in the current following through the accompanying
circuit. This change was quantified using a digital oscilloscope, and was found to correlate to many identifiable
features of the present LM. Using this system, we have demonstrated the contactless and non-invasive measurement
of a number of LM properties: (1) particle size of the LM coating, (2) the concentration of a NaCl solution used as
the LM core, (3) the volume of the LM, and (4) the accurate positioning of the LM. These properties are vital to LM
systems, especially automatic LM makers. Sensing has been performed under both static and dynamic conditions.

The ability to automatically detect the volume of a LM in a non-destructive and contactless manner has many
potential uses, especially in pharmaceutical manufacturing processes and biomedical diagnostic testing due to
benefits associated with self-contained small sample volume bioreactors.>’ It should be noted that this technique
distinguishes between LMs and a naked droplet of equivalent mass (unlike a balance). The are now several papers
that address the facile and automatic formation of LMs, >3%38 and so having a method for easy confirmation that
each LM formed is within required tolerance limits is certainly advantageous.
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