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Abstract

Mobile technologies such as smartphones and tablets combine computational power with inbuilt sensors
and networking capabilities, making them ideal measurement instruments. There is already a rich
history of research and commercially manufactured accessories taking advantage of their sensing and
data visualisation capabilities. However, to-date the touchscreen component has not yet been translated
to the widely established fields of capacitance-based bio- and environmental sensing. Here, we
demonstrate the concept of contactless conductivity sensing of fluid samples placed directly on top of
a projected mutual capacitive touchscreen with the measurement of a variety of electrolytes, leveraging
the touchscreen’s multi-touch capabilities. Electrolyte ions are particularly susceptible to the electric
fringe field induced by capacitive touchscreens, and we report here a near-linear response to the ionic
concentration of metal cations interesting for drinking water quality and soil health monitoring across
a range of 0 to 500 uM (up to 100 uS). Simulation results are compared with experimental findings to
reveal both the working principles and the key parameters that will be important for future sensing
applications. This sensor demonstration is a starting point for broader exploration of the use of projected
touchscreen sensing in mobile technologies and the creation of tools that are accessible to everyone,
allowing rapid measurements and communication of data.
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1 Introduction

Since smartphones became widespread in the mid-2000s, there have been attempts to leverage their
computational power and networking capabilities for environmental monitoring and health sensing purposes
[1]. Most approaches have relied on cable- or Bluetooth-linked accessories, such as lab-on-a-chip add-ons or
handheld devices, transferring their measurement results for visualisation, interpretation and storage. Only a
few techniques exploit the embedded sensors in smartphones and the vast majority focus on using the camera
sensor for imaging [2, 3].

Projected capacitive touchscreens are the prevalent technology for user interaction in almost every mobile
device today [4] because of their precision, multi-touch capabilities and high light transmittance for integration
with quality display technologies [5]. Capacitive touch sensing has already grown beyond phones towards
tablets and smartwatches and is anticipated to remain a driver of future wearable technology in the coming
years [6, 7]. Despite the touch sensor’s prevalence, there are very few examples of using this component for
fluid sensing. One notable example from Won et al. explored the potential of using the surface capacitive
touchscreen technology as a DNA detection platform [8, 9, 10]. In this case, the sensor needed to be specially
fabricated by patterning ITO on a glass wafer because the sample needed to be deposited directly on a
functionalised electrode under laboratory conditions to measure a response. However, direct electrode contact
methods need custom hardware that is not possible with smartphone or tablet devices, where the touch sensors
are protected by a transparent layer of glass. Here, we explore the core capability of the measurement of ionic
compounds within aqueous fluids, namely electrolytes, which have been deposited on an industry-standard
mutual capacitive touchscreen to take a step towards the vision of direct-to-screen sensing. As ions interact with
the electric fields generated by touchscreens, we use the fringe field interactions to register properties of
electrolyte solutions, as illustrated in Figure 1 (a). Drops sit on the electrode array, separated from making direct
electrode contact by a thin insulating layer, as shown in Figures 1(b), (c).

Electrolytes are a natural and nutritional component of drinking water and cultivated soil everywhere in the
world; however, the growing pollution of surface waters introduces unhealthy ions and limits access to clean
water for over a quarter of the world’s population [11]. Most ions in drinking water are not harmful to human
health, but the contamination of some metal ions, such as arsenic and lead, are carcinogenic or can lead to organ
dysfunction and others, such as nitrate and phosphate, can harm natural ecosystems when processed water leaks
into the environment [12]. The lack of ions such as nitrogen, phosphorus, and potassium (NPK) fertilising
agricultural soil can impair crop yields necessary for feeding a growing human population [13]. There are
usually only trace levels of these ions (ppb or UM range) and samples require transport to a laboratory and
analysis with benchtop equipment far away from the source of extraction [14, 15]. Extending the capabilities
of smartphones towards electrolyte sensing in water and soil samples would help people to make an informed
decision before exposing themselves to the risk of drinking contaminated water and could help in the prevention
of many health threats as well as early child death in regions struggling with malnutrition and drinking water
pollution.
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Figure 1: (a) Future concept of a tablet-based touchscreen electrolyte sensor. (b) A rendering of a sample drop
deposited on a silicon dioxide (glass) and indium tin oxide (ITO) -based transparent capacitive touch sensor.
(c) The sensor cross-section showing a parylene C layer fabricated between the electrodes and the sample
electrolyte.




As a first step, we demonstrate the feasibility of measuring the electrolyte concentration of a fluid from a
touchscreen sensor, using the standard test capabilities and equipment when manufacturing touchscreen mobile
technologies. We then detail the key parameters that need to be controlled to enhance the reproducibility of
such measurements. The multi-touch capability of a touchscreen in mutual capacitive mode is examined as a
route to measuring multiple sample-drops at once, to allow error reduction when required, measurement of a
reference, and, in the future, multiplexed sensing. A simulation of the full system in COMSOL Multiphysics is
also demonstrated for comparison with experimental results and to test the feasibility of using the simulation as
a predictive tool for guiding designs. Through using an industrially-provided touchscreen technology and
testing equipment, this approach for electrolyte conductivity measurements is expected to be compatible with
existing hardware in smartphones and tablets and is envisioned to be a key step towards environmental
measurements that can be seamlessly performed, analysed and communicated using a single device.

2 Methods

2.1 Materials and chemicals

All measurements have been conducted using a commercially available TouchNetix capacitive touchscreen
device (TNxS00119) by MSolv Ltd. The manufacturers provided this as a non-device-integrated test board,
allowing flexibility and access to measurement acquisition as described below in Section 2.2. The device
consists of a 0.7 mm thick sheet of silicon dioxide glass coated with a 25 nm layer of indium tin oxide on both
sides. As indicated in Figure 2, there is a horizontal (bottom side) and a vertical (top side) electrode array with
an average pitch of 1.7mm. For comparison we note, other device-integratedcommercial touchscreens studied
in previous literature have a considerably larger pitch size of 3.5mm (LG smartwatch), 3.9mm (Samsung S4
phone), 4.0mm (Samsung S2 Tablet), 4.1mm (Nexus 5 smartphone), and ~5.9mm (Microsoft Surface 55”) [16].
As the ITO structure of most modern mobile-integrated capacitive touchscreens is protected by a sheet of glass
(&r, glass =~ 4.2), we decided to coat the surface using a polymer (&, paryiene = 2.7), Which is noted later to have only
minimal effect on the results and can be applied with fine control of the thickness. The effect of the different
permittivity of these materials on the touchscreen readout is discussed using a simulation in Section 3.1. We
prepared the touchscreen device with parylene C (poly(p-xylylene) polymer) using a vapour deposition process
[17], for which an SCS PDS 2010 Labcoater 2 has been used (see details in Supplementary Information S1).
Sodium chloride, sodium acetate, calcium chloride, iron (I11) chloride hexahydrate, magnesium chloride (all
>99% anhydrous, Merck / Sigma Aldrich), and potassium chloride (99%, Fisher Scientific) were used as
received. Stock solutions of the respective metal chlorides were prepared by gently adding 10 mmol salt to 100
mL Milli-Q water followed by vigorous stirring. The volume was adjusted to 1000 mL with Milli-Q water to
achieve a bulk concentration of 10 mM. The bulk solutions have been further diluted using de-ionised (DI)
water (Sigma-Aldrich) in advance of a measurement on the same day.

2.2 Measurement principle

Each top and bottom electrode is controlled by an electric controller printed circuit board connected via USB
which is operated using TouchNetix’ readout software in Microsoft Windows. The controller includes a digital
multiplexer connected to each of the 40 electrodes on the touchscreen bottom and 70 electrodes on the
touchscreen top. Reading the whole touchscreen panel in the software returns an array of 70x40 mutual
capacitance values C;, which each correspond to an electrode intersection. The resulting matrix can be visualised
as an image where the shade of each pixel corresponds to the capacitance measured in the corresponding
electrode intersection.

An automatic detection of drops on the device is performed in post-processing using a script we developed
using blob detection methods from Python computer vision libraries. One sample drop of 200 pL covers an
array of multiple electrode intersections of which the centre pixel is detected. If multiple sample drops are
recorded within one measurement frame, the script returns the mean and standard deviation (1 value per drop).

Before every measurement of an electrolyte concentration the baseline for each individual intersection, Cj ref,

is recorded for the dry screen. When a sample drop is deposited on the screen this baseline is subtracted
automatically for every entry of the resulting Ci,drop matrix such as indicated in Equation 1. Using this process,

matrix entries C; of intersections where no sample is detected are at 0 capacitance change, while those where a
DI water drop is present are in the order of -3,000 fF.

Ci = Cidrop — Ciref 1)



2.3 Experimental methodology

Prior to measurements, the touchscreen is carefully cleaned by applying DI water to remove potential
contamination such as dust or ionic residuals before it is dried with absorbent tissue (Kimtech). Multiple drops
are deposited (number n between 6 and 24) of the same sample with 200 pL volume each (unless otherwise
noted) to the parylene C coated side. Consecutive measurements are performed within a few minutes from low
concentrations to high concentration without extra DI water washing steps in between. The conductivity of each
measured solution is assessed immediately after each touchscreen measurement using a 5-point-calibrated
Hanna Instruments HI-98192 conductivity meter. After every sequence of electrolyte measurement, a DI water
cleaning step is performed before a reference DI water measurement is recorded to rule out signal drifts over
the course of the experiment that might be caused by changing environmental conditions. A compilation of
measurements using the same sample on different days is included in Supplementary Information S2.

2.4 Simulations

In addition to the experimental assessment, the touchscreen device has been modelled with the finite element
analysis software COMSOL Multiphysics. The sample shape is approximated with a sphere section that
matches the mean experimentally observed drop spread of 5.6 mm radius on the sensor surface and 3.6 mm
height, equating to the deposited 200 pL liquid volume. The mathematical model for this approximation is
detailed in the Supplementary Information S3.

COMSOL auto-splits the 3D model into finite elements using the physics controlled free tetrahedral mesh. A
detailed mesh analysis can be found in Supplementary Information S4 and S5. To simulate mutual capacitive
sensing in COMSOL a 1V terminal is assigned to the respective top electrode at a time while one bottom
electrode is set to the ground level corresponding to the intersection of interest. All electrode intersections are
simulated sequentially to generate the mutual capacitance value for each element on the sensor panel. All further
input parameters for the COMSOL simulation are linked in Table Al of Supplementary Information.

In addition to the mutual capacitance value, which is a global property of the system, this article also shows a
measure of the local magnitude of electric field interactions on the sample: the electric displacement field.
COMSOL derives the electric displacement field spatially using Equation 2 by evaluation of the local electric
potential gradient and the local permittivity of the material and the absolute vacuum permittivity constant eo.
The polarisation density scales with the relative permittivity of the material and the electric field E. In the case
of a water drop sample on a touchscreen, the displacement field, D, is dominated by the polarisation density
component, P, which is material dependant, scaling with its 80-times higher relative permittivity e- compared
to air. Thus, the displacement field is susceptible to change in sample properties and position of the drop with
respect to the electrodes.

D=¢cE+P= —g,5VU )

The displacement field is linked to the total free charge Q.. via an integral across the capacitor surface element
dA following Gauss law (Equation 3).

@;D “dA = Qfree (3)

The free charge Q is, as shown in Equation 4, proportional to the mutual capacitance via the voltage U applied
to the capacitor terminal.

C = Qfree (4)
U

Simulated capacitance readings for this article are extracted from the Maxwell capacitance matrix Cy1 which
COMSOL outputs.
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Figure 2: Simplified schematic of the top and bottom electrode structure forming the capacitor intersections.
The electrodes are spaced 10% closer together on the top (1.6 mm pitch) compared to the bottom side (1.85
mm).

3 Results and Discussion

To test the feasibility of using touchscreen devices for quantitative sensing of liquid samples deposited directly
on the surface, the initial step is to select a suitable sample volume for robust signal extraction (Section 3.1).
We then examine in more detail the role of a protecting, electrically insulating film covering the electrodes and
its influence over sensor performance (Section 3.2). Finally, we use the touchscreen for a first demonstration
of its capabilities by measuring different electrolyte types and examine the correlation with their independently
obtained conductivity values (Section 3.3).

3.1 Determining an appropriate sample volume for a quantitative touchscreen measurement

The core principle we wish to test is the effect of a fluid drop's polarisation field on the absolute capacitance
reading from a touchscreen. The first step is to identify a robust methodology for repeatable measurements, and
specifically the volume and number of droplets to measure. Figure 3(a) shows the placement of deposited fluids
on the touchscreen, with examples for 1 pL, 50 pL, and 1000 pL provided, and the corresponding graphical
colour map readout from the touchscreen. As features of high dielectric permittivity interact more strongly with
an external voltage gradient, a water-based drop (&~ 80) is expected to dominate the overall signal in a system
that is primarily made of air, glass and polymer (all & < 5). For a low volume drop, the potential decreases by
the same amount as a high-volume drop, but over a smaller scale, locally inducing an increased voltage gradient
compared with a larger sample. This effect is often described as field focusing [19].

When considering future applications, it will be beneficial to make best use of sensing area and place multiple
independent small sample drops within one measurement frame. Capacitance readings can be extracted from
the colour map in Figure 3(a) by selecting the centre value for each drop. Figure 3(b) shows the resulting signal
for a wide range of drop volumes. As expected, field focusing, the signal obtained for the smallest drops (1 pL)
tends to have a larger magnitude (is more negative). However, the smaller drop width is on the same order of
magnitude as the capacitor spacing and so the signal is measured across only one single electrode intersection.
This means the signal for small drops is more prone to poor repeatability due to any slight displacement on the
capacitor away from a targeted intersection. For drop volumes below 50 uL, the signal deviates substantially
between drops of the same sample. Above 100 uL, the standard error between measured drops of the same
electrolyte becomes less than 1.5% and the signal level stabilises. Figure 3b shows the range of sample volumes
explored and the trade-off between small and large droplet deposition. There are no significant benefits from
increasing droplet volume above 200 pL.
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Figure 3: (a) Side-by-side view of a photograph of deposited drop volumes of 1 pL, 50 yL, and 1000 uL DI
water (left) and the resulting capacitive signal on the sensor panel (right). Blue areas correspond to high field
interaction, green areas signal no change to the dry sensor setting. (b) The capacitance signal (and deviation)
spikes for 25 uL and stabilises beyond 200 pL of applied sample volume, as measured at the centre intersection
of each detected drop (n = 6 drops per data point). (c) Relative permittivity-based simulation of increase in
capacitance change compared to the dry screen for different material with relative permittivity from air, over
5M NaCl water, to de-ionised water [18]. This model does not take ion migration into account. The -40%
difference in permittivity between OM and 5M (=saturated) salt solution only causes a 13% drop in capacitance.

The simulation described in Section 2 allows us to explore the effect of the fluid drop’s location on the screen
and its content on the capacitance signal. Figure 3(c) uses the simulation to show the capacitance change when
choosing different sample drop materials with a range of relative permittivity values. Water is a highly polar
fluid and contributes significantly to the overall capacitance change at 0.8 pF. Selecting air as the drop material
equals the simulation of a dry screen with 0 capacitance change. Experimentally, a 200 puL water drop evokes a
capacitance change of (negative) 3-4 pF (depending on the purity of the DI water). The factor of around 4
between experimental and simulation magnitudes is attributed to the gain factor (amplification) set for the
touchscreen controller. The simulation of a near-saturated salt solution (5 M NaCl) shows that the lower
permittivity with the addition of salt will induce a smaller capacitance response, and so we will anticipate
changes in capacitance of the order of 0.6 pF when moving to environmentally relevant samples.

To understand the importance of drop location, Figure 4a shows a 2d simulation of a droplet cross-section and
visualises the displacement field resulting from a sample drop, depending on its lateral placement with respect
to an activated electrode intersection. When the active capacitor is directly under the sample drop (x = 0), the
polarisation within the water-based sample reaches a maximum, and hence gives a large change in the capacitance
of the whole system when compared to a dry screen. For an electrode two positions from the centre of the drop
(x = 2), the active intersection is within the drop boundary, and the polarisation remains strong. For
measurements where the active electrodes are outside of the drop boundary, the polarisation drops at a near
exponential rate. Additional details of the lateral sensitivity are provided in Supplementary Information S5.
Figure 4(b) shows the results from a range of 3d simulations, where we see a predicted decrease in capacitance
signal when the measured electrode intersection is further from the sample drop centre. Here, values on the y-
axis are expressed in relation to signal magnitude for an intersection measured directly under the sample drop
centre. The experimental data included in Figure 4(b) is in good agreement with the simulation. The vertical
dashed line indicates the edge of the sample drop and a rapid decrease in signal is noted both experimentally
and by simulation to the right of this line.
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Figure 4: (a) The COMSOL simulation allows for showing the polarisation density P which would otherwise
not be visible in an experiment. This illustration shows a 2d cross-section of a fixed sample drop with different
top electrodes being activated, starting with an electrode in the centre of the sensor (x = 0). (b) The absolute
mutual capacitance signal shown for electrode intersections measured in horizontal (stars) and vertical (squares)
distances from a 200 pL drop centred at position 0. Measurements are plotted for both experiment (blue, n = 6)
and simulation (orange, simulated in 3d-model). While the spatial resolution of both the actual and the simulated
device is comparable, the signal cuts off more sharply beyond the droplet boundaries in the experimental device.
(c) P correlates with the absolute mutual capacitance sensor signal as per Equation 2. The data shown in this plot
was captured through the COMSOL simulation and confirms this correlation.

There is a 90% drop in signal for a 4 mm distance across the sample edge in the experiment, for both horizontal
and vertical electrodes, while the simulation signal drops 80% horizontally and 50% vertically. While the signal
in the simulation asymptotically approaches 0%, the experimental signal vanishes completely beyond the drop
radius as it falls below the threshold of the noise filter in the software. The reading below the baseline observed
for the horizontal distances shortly beyond the drop radius is an artifact from software overcompensation of the
noise suppression. Figure 4c examines the correlation between displacement field, D, and capacitance change,
C, aslaid out in Equation (3) and (4), and shows a near-linear relationship between the two.

Guided by the observed characteristics of the touchscreen device in this section it is concluded that a sample
volume of 200 pL per drop is suitable for further measurements. It is ideal to record the centre value of each
detected drop to minimise drop edge effects and averaging over several samples (here n = 6) is preferable for
consistency. Finally, this initial work shows that the displacement field, D, can be used as a proxy to qualitatively
illustrate contributors to overall capacitance governed by permittivity. With this confidence in the approach to
measuring the drop's polarisation field through capacitance readout directly from a touchscreen, the next steps
are to better understand the role of any intermediate layer, essential for everyday use, and then test the approach
with an example application, namely electrolyte sensing as a first example.

3.2. Role of an insulating layer

Environmentally sourced fluids, which will be the target samples for this sensor, contain ions and transport
electric charges. As projected capacitive touchscreens measure capacitance rather than conductivity it is
beneficial to separate conductive effects from capacitive effects by introducing an insulation layer. While this
may be a manually deposited film in future applications, Parylene C was chosen for this purpose as it can be
deposited in a highly controlled manner to allow detailed assessment. Figure 5(a) compares experimental
measurements of a range of sodium chloride electrolyte concentrations firstly on an unprepared touchscreen
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sensor (blue) and secondly on a screen with a 2 um parylene C coating (orange). The polymer coated sensor can
distinguish clearly between DI water and electrolyte, while the uncoated sensor does not. The latter also shows
a higher level of noise across all tested samples.
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Figure 5: (a) The capacitance signal for sodium chloride solutions on a sensor without (blue) and with (orange)
an insulating layer of parylene C. The layer increases the capacitive response of the system across the whole
concentration range. A difference between DI water (0 M) and NaCl solution becomes significant. (b)
Experimental signal versus sodium chloride concentration for three different parylene C fabrication thicknesses.
The dynamic range tends to be larger for thinner parylene C. (c) The capacitance signal of DI water samples on
thicker parylene C as predicted by simulation (orange) and experimentally, with a fit to the experimental data
assuming a slow exponential decrease (blue).

An insulating layer is necessary for observing a response by the touchscreen to electrolyte concentration, and
Figure 5(b) indicates that the absolute signal magnitude depends on both the parylene thickness and the
concentrations of sodium chloride in the measured 200 pL drops. With decreasing parylene C thickness, the
absolute range between capacitance values increases, however, for very thin 1 um parylene C, the signal range
resides close to the previously observed saturation threshold of -5.5pF. In Figure 5(c) a DI water drop is
measured on an increasing parylene C layer separating it from the electrode intersection. The capacitance signal
(relative to signal for a drop on 1 um parylene C) decreases as the drop is moved further up within the fringe
field. Results from a COMSOL simulation are included in Figure 5(c) and show the same behaviour over the
experimental range. From the simulation it is possible to predict that this trend will continue for thicker layers
beyond what was attempted experimentally. The experimental data is fitted with a log-log regression on the three
measured data points showing a match with the general trend from simulated data. Typical smartphone
touchscreen electrodes have a glass sheet cover. Although this thickness has been decreased to 450 um by the
industry in recent years, it will likely still cause a loss in signal strength and sensitivity compared to the thin layer
parylene C used here [20]. At 450 um parylene C thickness the experimental regression suggests 62% of the
initial signal at 1 um polymer thickness will remain. For the current work, a thickness of 2 um is maintained
based on these findings to ensure electrode insulation is maintained without compromising the capacitive
coupling with the droplets.



3.3. Example application: measuring electrolyte concentration

The initial studies reported above show the capability to systematically measure aqueous drops with a capacitive
coupling on the touchscreen sensor and that dissolved electrolytes can be detected. Here, we examine the
sensitivity of this approach by targeting more environmentally challenging concentrations. Six different
electrolytes are tested independently, and all samples are measured with a conductivity meter for reference. As
demonstrated earlier, electric field focusing is influenced by the relative permittivity ¢ of a fluid sample. High
content of salt in water indeed affects &, e.g., the permittivity of water halves as it is saturated with sodium
chloride at a concentration beyond 6 M [21]. For electrolyte concentrations on the order of 1072 M, such as
typical in biological fluids, the effect on its relative permittivity is small and we would expect only little (less
negative) capacitance change. The results, however, show an increased (more negative) capacitance change.
There appears to be high sensitivity potentially able to resolve sub-ppm levels of contamination, such as those
relevant to trace metal detection in contaminated water and soil. Figure 6(a) shows the recorded conductivity
for all samples before deposition on the touchscreen device. For reference, sodium acetate has been included in
the measurement, which is also classified as mono-valent, similar to sodium chloride, but has an anion which
is poorly dissociated. On the log-log-scale, we observe a linear correlation with the anion concentration. The fit
lines overlap for all chloride-based electrolytes but iron, which can be attributed to its redox properties. Sodium
acetate has a different anion and its conductivity resides below the chloride-based electrolytes. The slope is =1
for all electrolyte types, consistent with the linear relationship also on a non-logarithmic scale. Details on the
regression results can be found in the Supplementary Information, Table A2.
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Figure 6: (a) The measured conductivity for different electrolytes with concentrations in the uM regime
using a conductivity instrument. The dotted lines show linear regressions with the corresponding R-squared-
value (between 0 for no, and 1 for perfect accordance of data with fit, see Table A3, S.1.). (b) The same
electrolytes measured for capacitance on the touchscreen set-up. A capacitance threshold of -5.05 pF before
the sensor reaches saturation was set for the linear regression to take values into account, see Table A3, S.1.

The same solutions are measured on the touchscreen sensor using the best-practice defined so far in this paper, and
plotted in Figure 6(b). The absolute capacitance magnitude increases linearly with increasing ion concentration
on a semi-log scale for all tested electrolytes. The linearity breaks down for ion concentrations above 500 UM,
when the sensor begins to reach saturation. This saturation was observed earlier in Section 3.2. Here, we see
the saturation concentration threshold differs slightly depending on the electrolyte type. However, it is
consistently reached for capacitance values below -5.05 pF. Moreover, sodium and potassium chloride (mono-
valent cation), magnesium and calcium chloride (bi-valent cation), and iron chloride (tri-valent cation) each
have a similar slope (about 1 pF per decade change in concentration) but show an offset (see Supplementary
Information S5); replotting the data against anion concentration adjusts for the charge of the cation.
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Figure 7: (a) The capacitive signal obtained with the touch sensor on y correlated with the conductivity for all
electrolytes on the x-axis. The sensitive range is highlighted in green. (b) Calibration (dotted line, equation
above) based the linearity on a semi-log scale shown in (a) using the whole dataset combined. Each electrolyte’s
mean squared deviation from the calibration is indicated in the legend. While the touchscreen response to
potassium chloride (green) and calcium chloride (purple) matches their actual conductivity within 2% deviation,
magnesium chloride (red) shows a higher deviation of 13%.

Taking both the above data sets together allow for thecorrelation between electrolyte conductivity and touchscreen
capacitance, as plotted in Figure 7(a). This shows a semi-logarithmic trend for all electrolytes below 100
uUS before the sensor saturates, at which point the capacitance signal no longer changes with an increase in
electrolyte conductivity. The conductivity behaves consistently with capacitance for both types of anion/cation.
Finally, Figure 7(b) shows the calibration for conductivity with each corresponding capacitance based
on a linear-fit in the semi-log representation for all data combined. We notice a tight fit particularly
for potassium and calcium chloride with less than 2% deviation from the general calibration.
Conclusively, we note the minimal presence (around UM concentration regime) of ions in DI water has asignificant
influence on capacitive readings. As discussed earlier the relative permittivity of the electrolyte is not altered
notably by such low concentrations of salt, indicating that effects come into play that cannot be explained by a
model solely based on permittivity. At this point, we anticipate effects of the electric double layer of ions
assembling on the charged touchscreen surface contributing to the observed changes in capacitance. Equation
5 suggests the conductivity « is attributed to the increased amount of charge transported per ion and counteracted
by the increased mass (decreased mobility pj) of high-valency ions. It is found that for dilute solutions the

conductivity can be expressed as the sum of all types of ions nj multiplied with their charge gj = zje and their
mobility Y , where e is the elementary charge and z is the ion valency [22].

K = Xn; ql (5)

Equation 6 is known as the Nernst-Planck equation for migration in a static electric field. Following this
equation, negatively charged anions migrate within the electrolyte with a diffusion flux J; towards the positive
electrode potential on the parylene C interface near the active touchscreen intersection. This migration
constitutes of concentration gradient-driven diffusion with rate D;, and migration due to the electric field of the
applied potential U, where F is the Faraday constant.

Ji = —DiVe; — ziju Fe,VU (6)

At the interface, their concentration c; increases and they form a Debye double layer (DL). This DL has its own
capacitance which adds to the capacitance signal we measure [23, 24]. In the low concentration regime, the
effects ion transport due to the electric field dominate for conductivity and capacitance and the same signal
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trend is observed in our experiments. The touchscreen sensor saturation at concentrations approaching the mM
regime is, however, only observed for capacitance and not for conductivity experiments. Hence, we anticipate
a connection to the charged capacitor (parylene C) surface where ions can assemble on the positively charged
interface. The effect is seen for all ionic species and appears to be governed by the anion charge. For increasing
concentrations, the surface charge compensation through the electrolyte grows. As ions further populate the
double layer, they are limited by their spatial dimension determined by the electrostatic shell. This is expected
to limit the number of charged ions that can assemble in the inner Helmholtz layer of the DL and leads to
saturation above its capacitance threshold. More complex electrochemical simulation tools may be explored in
future work to help shine a light on ion anion-cation interactions and interfacial effects for further understanding
of the sensing mechanisms on a capacitive touchscreen.

4. Conclusion

In this work we propose and explore the use of a standard industry mutual capacitive touchscreen as a sensing
tool for ion concentrations in an electrolyte, sensing directly from drops placed on the screen surface. A robust
approach was identified through examination of suitable droplet volumes and a thin insulating layer to ensure
the ITO electrodes were not exposed. This initial work provides exciting design guidance for future research,
highlighting the trade-offs with decreasing drop size and highlighting the importance of the insulating layer
between the electrodes and the sample. The drop volume, positioning and spacing layer conclusions were
examined from the context of COMSOL simulations to help explain the influences on the capacitive coupling.
An initial application of measuring electrolyte concentration was demonstrated and. the rate of capacitance
change per anion concentration unit is consistent across all tested electrolytes. The tested projected capacitive
touchscreen sensor showed a tight semi-log correlation with the conductivity of electrolytes below 100 uS. This
correlation is dependent on anion concentration and nearly independent of the tested cation (mono, bi, or tri-
valent metal cation), although the redox ferrous cation did not overlay fully with the other cations and the
weakly ionic acetate anion showed a reduced range. While this detection window lies below typical
concentrations of ions in biological fluids, it matches that of trace metal contaminants in drinking water and the
presence of soil nutrients such as phosphate, nitrate, phosphate and potassium [25, 26]. The work demonstrated
that the measurement does not require direct contact between the sample and the electrodes for conductivity
measurements. This prevents degradation, enhances the ease of cleaning, and shows the potential to be
translated in the future towards use with existing mobile technologies. Each sample drop in this study covers
more than 25 electrode intersections, each of which acts as an individual sensor pixel. This lends itself to
multiplexing applications, so we anticipate capacitive touchscreen sensing will be beneficial beyond the scope
of electrolyte measurements. Future work will tackle translating to a broader range of bio- and environmental
sensing scenarios with selective analyte detection and an implementation of our concept on a mobile device
outside the laboratory environment.

Supporting Information
Additional supporting figures and tables are provided in Supplementary Information.
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Supplementary Information

S1. Parylene C coating

Prior to the coating, all electrical contacts normally used for interfacing with the sensor were covered with heat
resistant Kapton tape to retain their conductive surface. For a 1.0 um coating 0.4 g, and for 5.0 um 3.25 g dimer
was filled into the machine. After the machine is filled and vents are turned off, the vacuum pump is enabled.
As the pressure drops from 1000 mbar to 50 mbar the machine is filled with liquid nitrogen for cooling until a
vacuum of around 7 mbar establishes. Then, the furnace and vaporize setting is enabled to start the deposition
programme. As soon as the furnace reaches 690 C (around 30 min) the coating starts automatically (around 1 h
to complete). The sample can be removed after the vaporizer cooled down to about 40 C and after the chamber
is carefully vented. The parylene C layer thickness is then verified using a profilometry microscope.

S2. Probe stability

To check sensor stability, the same measurement routine was repeated six times over a period of 2 weeks with
the same 500 uM potassium chloride sample, and the results are plotted in Figure Al. The DI water for cleaning
and reference was taken from varying reservoirs. The potassium chloride measurement maintains a stable
capacitance reading with = <1 % error. The reference DI water measurements before and after each electrolyte
test are consistent within each measurement day - at times the pre-electrolyte value is higher, at others the post-
electrolyte measurement value for water turns out higher. It is notable that the sensor is very sensitive to small
ionic contamination within the DI water as the readings vary over time. DI water is susceptible to ionic
impurities in daily handling when exposed to air as it is prone to absorb carbon dioxide and produce carbonic
acid.
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Figure Al: The same potassium chloride sample measured over a period of 2 weeks taking a reference
measurement with DI water before and after. The touchscreen performs stably for the potassium chloride
sample over time and returns to its default response after cleaning with DI water.

S3. Drop spread on touchscreen surface

For the computer model the geometry of a sample drop deposited on the parylene C coated touchscreen surface
needed to be approximated. We use the section of a sphere to resemble the shape of a drop. The boundary
parameters are extracted from experimental observations.

For a DI water drop of Vo = 200 pL in volume, a footprint on the sensor of diameter ro = 5.6 mm was
experimentally observed (n = 24 drops). As illustrated in Figure A2, the drop height is observed to be
significantly flatter than a half sphere. Experimental measurement of the drop height proved difficult; however,
it can be solved for by matching the deposited volume with the measured perimeter radius via a volume integral
for a sphere section.

Generally, to calculate the volume V one can integrate across all the circle areas contained within a sphere from
-RtoR:

VR)=n [’ F?dz (7
In this specific case, we would like to solve for a section of the sphere only. The radius ro at the sphere section

base is 5.6 mm at height zo> 0. The target sphere of which our drop cap is a section of has an unknown radius
of R > zp at its widest point at zo.

V(zo,R) = nf_RZO zy(z,R)?* dz (8)
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where 1y = /R? — 2,2

This equation can be solved which gives a base radius R of 6.17 mm for the sphere section to match the 200
KL volume with section radius ro. The estimated value was used for all simulations in this article.

A
z

+R
sample
o

2% I

Figure A2: Cross section 2D-drawing of the sample on the touchscreen surface shaped as a sphere cap. The
integral for its volume can be solved analytically to get the sphere section necessary for the simulation
geometry.

S4. Sub grid structure between top electrodes

Upon close inspection under the interferometer, it becomes visible that the manufacturer of the touchscreen
panel has not removed the ITO in between active electrodes but diced it up into an electrically insulated, passive
sub-grid structure of around 200 um width per rectangle, compare Figure A3. An initial computer simulation
indicated this grid consistently decreases the signal magnitude by about 10 % without significant implications
on sensitivity. As high aspect ratio models increase the mesh complexity, and hence, computation time, in this
sub-grid was not further considered in the model. However, the model still contains very small elements such
as the thin parylene C layer (few um) and macroscopic details such as the sample drop or the electrode spacing
(mm range).

Figure A3: Interferometer image of the top ITO structure of the touchscreen with an electrically insulated
structure and a continuous electrode on the right. The left area is in between top electrodes and diced-up via
laser-ablation by the manufacturer.

S5. COMSOL finite element meshing

The mesh has been optimised for a suitable compromise between element quality and time/memory restrictions
of the computing machine. Figure A4(a) shows a histogram of the mesh elements generated by the simulation
software while Figure A4(b) visualises the 150.000 finite mesh elements this 3D structure was divided into.
The mesh is user-adjusted to the touchscreen model by setting the maximum element size to the drop footprint
radius (R = 5.6 mm) and the minimum element size to the smallest feature (for this simulation: parylene C
height 20 pm). The maximum element growth rate is set to 2, curvature factor to 1 and the resolution of narrow
regions to 0.1. Mesh smoothing iterations are set to 4 and the optimisation level is adjusted to high (large, small,
and inverted curved elements to be avoided by the software).
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Complete mesh
Mesh vertices: 44403

Element type: | All elements =
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Figure A4: (a) Free tetrahedral finite element meshing of the 3D model used for simulation. (b) The element
properties and quality of mesh elements.

S6. COMSOL displacement field and capacity link

The electric displacement field D is used in this work to visualise the local contribution of the electric fringe
field to the overall capacitance C outputted by the simulation software. Equation 3 and equation 4 indicate a
correlation between f‘f D and C. To validate this through our simulation Figure A5(a) and A5(b) contrast the

displacement field integrated across all volume elements within the same 3D-model with the resulting Maxwell
capacitance reading used as a measure for signal in the simulation throughout this article.
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Figure A5: (a) The electric displacement field f; D integrated across all local volume elements for each
measured electrode intersection. (b) The global Maxwell capacitance C for each intersection. Each pixel
corresponds to one simulation per active electrode pair. The plot origin is in the centre of a 200 pL water drop.
The colour coding goes from low (yellow) to high (blue) relative to the range of recorded values. The correlation
laid out in the theory of Eq. 2 — Eq. 4 reflects in the simulations.

S5. COMSOL displacement field and capacity link

The slope for all types of electrolytes in the detection window measured on the capacitive touchscreen sensor
was nearly identical, but an offset is observed depending on the cation charge (electrolyte valency), see Figure
AB6. Due to the positive top electrode of the capacitive touchscreen sensor the capacitance change is
dominated by the negative ions in solution, hence this offset can be corrected for by scaling the x-axis with a
facor of 2 for magnesium and calcium chloride and 3 for iron chloride.
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Table Al: Simulation input parameters.

Name Expression Description
h glass 0.7[mm] Height of the TS glass
h ito w_laser Thickness of ITO electrode
w_ glass n_xelectrodes*top pitch Width of TS glass
w_line 158[um] Width of top electrode
h_parylene 20[um] Default height of parylene
h_air R Height of the air filled space above TS surface
drop_xpos w_glass/2 Default drop x-position (glass centre)
drop_ypos w_glass/2 Default drop y-position (glass centre)
w_ laser 30[um] Width of the insulating line between electrodes
top_ pitch 1.6[mm] Spacing of x-electrodes (horizontal)
bottom pitch 1.85[mm] Spacing of y-electrodes (vertical)
n_xelectrodes 17 Number of x-electrodes
n_yelectrodes | floor(w_glass/bottom pitch)-1 Number of y-electrodes
X_active 8 Default active x-electrode (glass centre)
y_active 6 Default active y-electrode (glass centre)
r0 5.6[mm] Measured sphere section radius of sample
R 6.17[mm] Underlying sphere radius of sample
z0 sqrt(R2-r02) Height underlying sphere
Er 80 Relative permittivity of sample
Er_air 1 Relative permittivity of air
Er ito 4 Relative permittivity of ITO
Er glass 4.2 Relative permittivity of glass
Er parylene 2.65 Relative permittivity of parylene C
v0 1[V] Terminal voltage of top electrode to ground

Table A2: Conductivity versus concentration: Log/log linear regression intercept, slope, and fit correlation of

the regression lines for Figure 6a.

Table A3: Capacitance versus concentration: Log/log linear regression intercept, slope, and fit correlation of

Electrolyte | Intercept Slope R?
[log;(S] [log;,S/logi,M]

NaOAc -1.76 0.88 0.96
NaCl -1.38 0.87 0.99
KCl -1.24 0.89 1.0
MgCl, -1.07 0.88 0.99
CaCl, -0.91 0.92 1.0
FeCl, -0.41 0.92 1.0

the regression lines for Figure 6b.

Electrolyte | Intercept Slope R?
[PF] [pF/log i, M]

NaOAc -8.32 -1.11 0.98
NaCl -8.47 -1.04 0.98
KCl -8.12 -0.94 0.96
MgCl, -8.29 -0.95 1.0
CadCl, -8.54 -0.99 0.98
FeCl, -8.4 -0.86 1.0
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