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A water droplet sensor based on a flow-through front surface electrode is demonstrated. It is shown that a
triboelectric nanogenerator based on a metal-dielectric junction can be utilized to construct simple, self-powered
water drop counters that require only a minimum of electronical components. Every water drop generates a flash
in a light emitting diode, which is detected by a silicon photodetector located some distance away. Different
transducer designs are investigated, either in the form of flat tilted surfaces or polymer-covered metal wires, with

the former found to provide the largest charge transfer while the latter is less sensitive to positional stability. It is
also demonstrated that the sensor could be utilized to monitor the state of the magnetic field-controlled turbidity
of a solution without any additional electronics, thus making a minimalistic design feasible.

1. Introduction

It is well-known that water acquires electrical charge when coming
in contact with solid surfaces, and that this can be used to generate
electrical currents [1]. However, as the understanding of the process has
progressed, the recent few years has seen a range of new self-powered
sensors and actuators based on contact electrification of water drop-
lets [2-7]. The integration of such water-droplet triboelectric nano-
generators in solar cells [8-14] or wearable items [15,16] has become
important. The development of materials for water drop energy har-
vesting is closely interwoven with those developed for water wave en-
ergy harvesting [16-22], since both rely on water/solid/air interfaces.
The development of suitable dielectric materials has been guided by the
properties of the surface, including hierarchical structure [6,8,10,
12-15,23-28], slippery and lubricant-impregnated porous surfaces [29,
30] as well as biomimetic [31] and natural materials [32,33]. A range of
parameters influencing surface energy are known to influence the
charge transfer [34-37], and the use of charge supplies [38] or electret
precharging [39] allows performance enhancement. Also, the droplet
impact dynamics plays a significant role [40,41], which makes it a real
challenge to find the optimal combination of surface properties for best
performance. The water droplets can either be dropped, pumped,
splashed or slapped, impacting on single, interdigital or other compli-
cated electrode structures, where the latter allows the harvested energy
to be increased [8,15,42-471].

The picture is further expanded by the fact also air bubbles in water
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can be used to harvest energy [48,49]. The recent demonstration that
droplets falling though liquid membranes also allow charge transfer can
be used to open up new applications [50]. Redox-induced electricity
using water droplets may further aid the development of self-powered
wearable electronics [51].

The fact that liquids coming in contact with common polymers allow
charge transfer has been used to develop different types of sensors
[52-55] and actuators [56]. Light distress and communications signals
and by emission of light has been investigated [57,58]. An optical switch
driven by a triboelectric generator was presented in Refs. [59]. Different
designs for monitoring liquids could involve, e.g., mechanically active
transducer elements utilizing solid gas or solid-water interaction
[60-62], while rotary disc-shaped triboelectric nanogenerators have
been developed for online monitoring of ion concentration [63].
Liquid-solid interactions may allow rapid and accurate liquid leakage
detection [64].

In the current work I investigate a new type water drop energy
harvesting system based on the idea of a front-electrode coming in
contact with water as presented for water waves in Ref. [22] and water
droplets in Refs. [7]. Also, in Ref. [65] a front-surface electrode was
used, but with the goal to investigate the charge transfer coefficient for
water droplets. As opposed to previous studies, the front electrode used
in the current study is a flow-through type, which allows some addi-
tional freedom in creating devices for new environments, including
funnels and spill guards. I elucidate the theoretical working mechanism
of the design, and show how it can be used to detect individual water
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droplets or monitor the turbidity of a solution.
2. Background and working mechanism

When hydrophobic fluoropolymer surfaces come in contact with
water, negative charge may develop. Considerable amounts of research
have been conducted in order to understand the underlying mecha-
nisms, both from theoretical and experimental points of view [65-72].
While there is evidence suggesting that the negative charge occurs due
to preferential adsorption and/or orientation of O-H groups, and there is
significant recent progress revealing the influence of contact line
movement, ion concentration and polymer side-groups [65,71,72], the
basic mechanism causing the charge transfer is still not fully understood.

The sensor system studied in this work is based on water-droplet-
induced charge transfer, and is illustrated in Fig. 1. It differs from that
of Ref. [7] in that the front-surface electrode coming in contact with
water drops is separated from the contact electrification layer, thus
allowing a more flexible design but at the cost of losing some of the
ability to build up charge from droplets or external ion injection.

Water drops are falling onto a fluoropolymer surface, under which an
electrode is attached, see Fig. 1 b). The fluoropolymer surface is already
charged negatively by previous droplets falling onto it, and a corre-
sponding positive charge is induced in the underlying metal electrode.
When the water drops hit the insulating polymer surface, some of the
charge on the fluoropolymer surface is ‘neutralized’ by positive charge
in the water droplet, thus forming an electrical double layer. Almost
simultaneously, the water droplet also spreads over a porous metal
electrode, thus allowing the charge to be pumped into the droplet, see
Fig. 1c). Since water, even in its purest form, has a finite conductivity,
this charge may contribute to the further buildup of the electrical double
layer at the surface of the fluoropolymer. In a single-electrode
arrangement such as that studied in e.g. Ref. [8,12,40], this charge
would have not been pumped back into the droplet, but instead go
directly to ground, thus reducing the contribution to the electric double
layer. When the droplet has finally lost contact with the fluoropolymer,
it brings along the positive charge, and a corresponding return current
with opposite polarity of that shown in Fig. 1 ¢) will occur, see Fig. 1 d).
The currents are large enough to light up an LED, and the pulsed light
can be sensed by a detector, see Fig. 1a).

To further illustrate the working mechanism, finite element simula-
tions of the triboelectric nanogenerator under open circuit potential
were performed in COMSOL 5.4. The surface charge on the FEP surface
was selected to be —0.1 pG/m?. The metal electrode covered by polymer
was assumed to have a free-floating potential, whereas the electrode
coming in contact with water was grounded. Due to the negative surface
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charge, the polymer surface is at a negative potential. As can be seen
from Fig. 2, when the droplet moves over the transition from FEP to
metal, the floating potential increases by about 26 V before returning to
its original value when the droplet has left the polymer surface and only
is in contact with the metal. Thus, one may expect to observe a positive
voltage pulse of about 26 V between the two electrodes as the droplet
passes. In a closed-circuit system as described in Fig. 1b) and c), the
current would run from the polymer-covered electrode to the front-
surface metal electrode when the latter comes in contact with the water.

3. The energy harvesting system

In order to investigate different methods for generating light pulses,
three different designs were considered. In design 1 and 2, a 50 pm thick
FEP film (DuPont) was glued with PDMS to a copper plate or an
aluminum tape, see Fig. 3. The surface was placed approximately 45°
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Fig. 2. Finite element simulations of the changes in electric potential as the
water drop moves from left to right, transitioning from an FEP surface of surface
charge —0.1 pG/m? to an earthed metal surface.
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Fig. 1. The water drop sensor setup (a). In b)-d), a simplified schematic drawing of the working mechanism is presented, as explained in the text.
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with the vertical line followed by falling droplets. In design 3, a 0.22 mm
diameter copper wire (Block) was inserted into a 0.3 mm Teflon tube
(AlphaWire), and then a length of about 0.5 m was threaded in between
the hexagonal Al mesh as shown in Fig. 3. In all cases, the metal elec-
trode to be contacted by water drops was a flow-through hexagonal
aluminum mesh with hole openings of about 6 mm. Thus, while con-
tacting the fluoropolymer surface (FEP in design 1 and 2, Teflon in
design 3), the water droplets also come in contact with the aluminum
mesh, and a current pulse as described in Fig. 1 occurs.

It should be pointed out that while in design 1 and 2 the water has to
hit the transition between the FEP and front-surface metal electrode,
thus making the useful impact region rather narrow. However, in design
3 the Teflon wire is wrapped around the aluminum mesh electrode, and
the drop could therefore hit anywhere and still come into contact with
both polymer and metal simultaneously. This makes design 3 less
vulnerable to positioning of the device relative to the incoming water
drop.

4. Electrical characterization of the energy harvesting systems

The droplets were released from a height of 18 cm, using an earthed
dropper connected to a pump, see also Ref. [73]. A Keithley 6514 in-
strument was used to measure the closed circuit current (Ig,) and the
open circuit voltage (V) of the three different designs. As examples of
the measured electrical parameters, Fig. 4a) and b) show the open circuit
voltage and closed circuit current for 50 pL droplets impinging on the
FEP-metal surface of design 1 at a rate of almost 4 droplets per second. In
Fig. 4c) and d) the same electrical parameters are shown for design 3
when the droplet rate is doubled. It is noted that the open circuit voltage
and closed-circuit currents are nearly tenfold reduced, most likely due to
the reduced surface area (much smaller than a drop) of the Teflon wire.

In Fig. 5a) and b) the open circuit voltage and closed circuit current
for 50 pL droplets impinging on the FEP-metal surface of design 2 at a
rate of almost 4 droplets per second is displayed. Note that also here the
electrical performance is poorer than in design 1, despite the fact that
these two design utilize the same FEP film. Several different funnels
were tested, and it is believed that the curvature of the funnel in design 2
might cause a reduction in the impact spreading of the droplet thereby
reducing the current and voltage.

Fig. 5 ¢) shows a single current pulse under closed-circuit conditions.
As pictured in Fig. 1 c), the droplet spreading over the polymer-metal
interface results in a positive current into front-surface electrode, i.e.
electrons moving into the metal electrode on the backside of the fluo-
ropolymer. The droplet spreading across the polymer-metal interface
occurs within 1-2 ms, while the subsequent unidirectional translational

Design 1 and 2 Design 3
Al mesh Cu wire in teflon cable

¥

Fig. 3. Three different designs utilizing a flow-through aluminum mesh as
front-surface electrode coming in contact with water combined with either FEP
film on metal (design 1 and 2) or a Cu wire immersed in a hollow teflon cable
(design 3). The only difference between design 1 and 2 is that a funnel is used to
collect water in design 2. A funnel is also used in design 3.
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movement across the interface takes about 10 ms, and charge recovery is
therefore considerably slower. This can be understood by noting that the
spreading of the water droplet over the hydrophobic polymer is much
faster than the subsequent droplet removal from the hydrophilic front-
surface electrode. If one removes the connection between the back-
electrode of the polymer and the front-surface hexagonal Al mesh
electrode, the device functions as a single electrode triboelectric nano-
generator. The peak current is now reduced by a factor of two. It is also
found that the charge transfer during the fast droplet spreading, i.e. the
positive part of the current pulse in Fig. 5¢) and d), is reduced from 4 nC
to 2 nC, also a factor of two. This reduction is expected from the visu-
alization in Fig. 1, since none of the charge in a single-electrode tribo-
electric nanogenerator is pumped back into the electrical double layer.

The current was also investigated as a function of water droplet
volume for design 1, as seen in Fig. 6. In Fig. 6 a) the current pulses due
to 8 pL droplets are displayed, while Fig. 6 b) shows data for 75 pL
droplets. It is seen that not all the droplets produce a current pulse when
the droplets are 8 pL, an effect that only becomes more pronounced for
even smaller droplets. One reason for this behavior might be that small
droplets are not able to clear the FEP-metal transition properly at the
given kinetic energy, and may become attached to it. Moreover, it
should also be pointed out that weak airflow may cause the smallest
droplets to not hit the FEP-metal transition spot on, thus causing large
variations in signal. Fig. 6 ¢) shows that the peak current grows nearly
linearly with drop size. By integrating the positive current pulse to find
the charge transfer during the fast droplet spreading, it is found that also
the positive charge transfer scales linearly with the drop size as seen in
Fig. 6 d). It should be mentioned, as discussed above, that there is also
corresponding slower negative charge transfer of equal magnitude, such
that the total charge in the current pulse generated by one droplet is
approximately zero.

The current and voltage output presented in Figs. 5 and 6 is
considerably smaller than that observed in Ref. [7], where charges of 50
nC and current peaks approaching 300 pA where reported using a
fluoropolymer-metal transition in a system that was precharged by
either water droplets or ion injection. In the current study there is no
precharging, thus being the main reason that the transferred charges are
about an order of magnitude smaller. However, it should be pointed out
that the charges and currents reported here are considerably larger than
the comparable currents obtained with similar materials and
droplet-falling conditions using the single-electrode or interdigital
electrode geometries [38,40], thus making the particular geometry
investigated here interesting even without precharging. Moreover, the
current design does exhibit a front-surface electrode laterally separated
from the FEP electrification layer, which allows one to play around more
easily with the metal electrode design as reported above.

At this point it should also be pointed out that in both design 1 and 2
the water droplets have to impact the transition between the FEP and
front-surface metal electrode to generate a large signal, thus making
them sensitive to position placement. To see this, Fig. 7 a) shows the
short-circuit current versus time as obtained by positioning the FEP-
metal junction to obtain the maximum signal from design 2 using 50
pL water droplets, whereas Fig. 7 b) shows the corresponding signal
when the droplets impact 1 cm further up thus only contacting the
polymer before translating to the FEP-metal junction. It can be seen that
the signal is now rather sporadic, probably depending to some degree on
charge accumulation of droplets near the junction. In general, the
variation of current with position depends on droplet dynamics upon
impact, i.e. the splashing regimes, and such a study is outside the scope
of this work. However, I have established that there is always a position
for droplet impact that gives maximum current signal, and that varia-
tions of about a few millimeters within this maximum position do not
give significant changes in signal.

Another variable of interest is the pH, as it is known that it may in-
fluence the performance in water drop energy harvesting [71]. The
black boxes in Fig. 7 ¢) and 7 d) show the maximum current and charge
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Fig. 4. The open circuit voltage (a,c) and the short circuit current (b,d) of design 1 and 3, respectively. Different drop rates were used, but that did not influence the

values of the current and voltage.
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Fig. 5. The open circuit voltage (a) and the short circuit current (b) of design 2 with 50 puL water droplets. A current pulse is shown in ¢), whereas d) shows the
corresponding current pulse if the metal interface is removed from the circuit such that the device functions as a single-electrode triboelectric nanogenerator.

when 50 pL droplets of various pH impact the metal-FEP transition of
design 2. With the experimental setup used, it was found difficult to test
droplets over an extended range of pH due to the copious amounts of
solution and the extensive cleaning needed between each pH, so only
three pH values were tested in this way. In order to be able to extend to a
larger range of pH values, I decided to make a dipping device which

could move the FEP-metal transition vertically across a water surface in
a 70 mL cup filled with liquid. The dipping device is a FEP-metal tran-
sition very similar to that of design 1 (Fig. 3), but with the hexagonal
aluminum mesh electrode replaced by a 0.03 mm thick aluminum film
attached on top of the lower part of the FEP film. The device was
oscillated using an electromagnetic shaker (Smart Materials GmbH),
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Fig. 6. The current versus time for droplets of volume 8 pL (a) and 75 pL (b) using design 1. The peak current (c) and the positive charge transfer (d) are also

displayed as functions of droplet volume.
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Fig. 7. The current versus time for 50 pL droplets impacting spot on (a) or 1 cm above (b) the FEP-metal transition on design 2. In ¢) and d), the peak current and
charge are shown as a function of pH for 50 pL droplets impacting design 2 (black boxes), or the dipping device described in the text (blue circles).

also used in Ref. [39], with a frequency 5 Hz and amplitude 1 cm. In this
way, the water surface in the 70 mL cup moved up and down past the
FEP-metal transition. The width of the FEP-metal transition (20 mm)
was made such that the current and charge matched measured matched
that of design 2 as seen in Fig. 7 a). The peak current and charge as the
device is dipped into water is shown as blue circles in Fig. 7c) and d),
respectively. It is seen that there are significant variations in the signals,
but that they do overlap with those found by dripping water droplets

onto design 2, to within the experimental uncertainty. There are three
interesting observations that could be made from Fig. 7 d). First, there is
a maximum value of transferred charge at slightly basic pH. While the
droplets impacting on design 2 appear to give rise to similar charge
transfer at pH 7 and pH 12, the dipping device appears to exhibit a
maximum charge transfer at pH 10. At this point, the reason for this
behavior is not known, but it might be related to enhanced preferential
adsorption of O-H groups, although one cannot entirely rule out
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enhanced charge transfer at the metal surface. However, further study of
this behavior is outside the scope of this work. As the pH increases
further, the charge transfer tends to decrease again, below what is found
for pure water. Moreover, it is found that the charge becomes weakly
negative, about — 1 nC, for pH 2. It should be pointed out that electro-
kinetic measurements on polytetrafluoethylene have demonstrated that
the zeta potential changes sign at pH between 3 and 4 [74]. Moreover,
the observations reported in Fig. 7 d) for low and high pH’s are in
qualitative agreement with the observations made on a different system
in Refs. [71], thus suggesting that electrification of the hydrophobic
polymer controls the charge transfer in these pH ranges.

5. Water droplet sensor

A water droplet sensor was constructed by connecting the generator
to a light emitting diode, as shown in Fig. 1 a). The light was received by
a silicon detector (Thorlabs, PDA36A-EC), mounted in a cage system
(Thorlabs) 10 cm away from the light emitting diode. The signal from
the detector was recorded by an oscilloscope (Picoscope 3000) con-
nected to a computer. In presence of ambient light, as one would expect
in most practical situations, the light emitting diode signal will appear
on top of some background signal, as seen in Fig. 8 a) for 50 pL droplets
falling from a height of 18 cm on design 1. A close-up of the marked
signal pulse in Fig. 8 a) is depicted in Fig. 8 b). Note that the signal from
the energy harvester is rectified, such that only the positive pulse re-
mains. The corresponding signals on design 2 and 3 are shown in Fig. 8
c) and 8 d), respectively. In all cases the background bias is about 25 mV,
and one would need a LED current of about 0.5 pA to overcome this bias.
On top of that, the noise in the detection system is about 5 mV, which
means that the current peak should exceed 0.5 pA to be detected. It is
seen that for the given ambient light, the current pulses from design 3
are just barely detected without failure. Indeed, as seen from Fig. 4 d)
the current peaks are about 0.7-0.8 pA, which is just above the threshold
limit. With design 1, which gave the largest current pulses, it was found
that droplets as small as 8 L could barely be detected by the detection
system. Due to the fact that all such small droplets are not able to clear
the FEP-metal transition properly at the given kinetic energy, it can be
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concluded that 8 pL is at the detectability limit of the current water drop
sensor. Thus, with design 1 droplets with volume above 8 pL, with
design 2 droplets larger than about 20 pL, whereas with design 3 only
droplets of 50 pL or above could be counted individually for the given
kinetic energy. Providing more kinetic energy by increasing the falling
height would be one way to attempt to increase the detector signal.
However, that would require a more bulky system that could not easily
used indoors to detect water droplets. Testing the system in natural rain
is also of interest, but that is beyond the scope of the current study.

6. Turbidity sensor

The proposed sensor system can be used to monitor the turbidity of a
liquid sample given a continuous access to falling water drops. As shown
in previous studies, monitoring the turbidity of liquid solutions of
superparamagnetic beads allows one to determine a unidirectional
magnetic field as well, and subsequently do analysis of the colloidal
aggregate state to monitor the presence of e.g. biopolymers [75,76]. In
this study, 10 pL carboxyl modified paramagnetic polystyrene beads of
radius a = 1.4 pm (M270, Dynal) at density of 2 x 10° beads per mL were
placed between the two glass plates with a spacer of about 0.1 mm. The
colloids consist of nanoscale iron oxide grain in a polystyrene matrix,
thus exhibiting superparamagnetic behavior [77]. The magnetic field is
supplied by running a current through a coil such that the resulting
magnetic field points perpendicular to the transmission cell. The mag-
netic field detection principle is shown in Fig. 9, where the transmission
cell containing superparamagnetic beads is placed between the light
emitting diode and the silicon detector. In absence of any magnetic field
the colloids form a two-dimensional arrangement that blocks light, see
Fig. 9 a). However, if an axial magnetic field is applied, the magnetic
beads form chains and the transmittance is significantly reduced, see
Fig. 9 b).

Fig. 10 a) shows the signal received by the silicon detector when the
magnetic field is switched on (4 mT) or off (0 mT) over a period of 50 s.
The system is now placed in complete darkness by surrounding the light
emitting diode and the detector by black cardboard. It takes typically
2-3 s for the colloids to align with the magnetic field, thus determining
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Fig. 8. The voltage U,s. measured over the silicon detector when a current I gp, is injected into the LED due to a impacting water droplets for design 1 (a,b), design 2

(c) and design 3 (d). The encircled peak in a) is the current trace shown in b).
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Fig. 9. The principle of a magnetic field-controlled turbidity sensor based on a droplet-powered light emitting diode.
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Fig. 10. The detected signal in the silicon detector when the magnetic field is turned on or off (a), and the average signal as function of magnetic field (b). The large

fluctuations is due to the varying signal generated by each droplet.

the temporal response of the system.

Fig. 10 b) shows the observed average signal from the detector as a
function of magnetic field B. The transition range where the colloids
realign with the magnetic field is between 1 and 2 mT, and at about 2
mT, the signal is fully saturated due to full alignment. As seen in Fig. 10
a), the blinking drop detector can easily function as a two state-detector,
distinguishing a fully opaque state where the colloids block much of the
light from a transparent state where the light is allowed to pass the
transmission cell. Due to the variations in current due to each droplet
hitting the fluoropolymer-electrode transition, there are significant
fluctuations of the detected signal in the silicon detector. If one wants to
monitor the colloidal aggregation state more precisely, one could
construct a system with a reference detector receiving some of the light
before the transmission cell. Under such circumstances the variations in

signal due to the variations in current from the energy harvester can be
countered by normalizing the signal to that of the reference. However,
this task is outside the scope of the current study.

7. Conclusion

A water droplet energy sensor based on charge transfer to a front
electrode is demonstrated and the working mechanism is elucidated.
The sensor system utilizes that the charge is pumped from the back
electrode to the front electrode when the droplets passes the polymer-
metal surface, thus allowing more charge to transfer during each
droplet impact as compared to a single electrode mounted on the
backside of the polymer. Different designs and applications are
demonstrated. The design could apply to various types of turbidity
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meters or rain collectors. Weather stations collect rain in holders that
allow analog or digital readout of the water level in millimeter, either in-
situ or by post-collection, thus requiring that the water passes unhin-
dered without loss through the water collection device. However, the
droplets are not individually detected in such weather stations, thus
rendering the ability to extract counts of droplets or droplet size distri-
butions a challenging task. The flow-through design presented could aid
the development of such a task.
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