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Abstract

In this study, planar spiral electrodes for triboelectric contact and proximity detection are
investigated. The spiral electrodes are created using liquid metal in a soft elastomer in order to
make the sensor flexible and stretchable. When the metallic object to be detected comes in
contact with the silicon elastomer surrounding the electrodes, charge transfer occurs, and this can
be utilized for contact and noncontact sensing of the metallic object in flat or curved geometries.
An equivalent electrical circuit model for the noncontact system is proposed and found to be in
good agreement with the experimental data. A comparison between triboelectric proximity
detection and eddy current resonance frequency proximity detection, using the same electrode
geometry, shows that the two methods have comparable sensitivity. An added advantage of the
triboelectric system is that it transforms mechanical into electrical energy and thereby allows one
to monitor the triboelectrical signal upon impact of a metal object, and the experimental data

show that the generated current scales with the impact force.

Keywords: triboelectric, proximity sensing, elastomer

(Some figures may appear in colour only in the online journal)

1. Introduction

Triboelectric nanogenerators have attracted considerable
interest due to their ability to convert mechanical energy from
the surroundings into electrical energy [1, 2]. Triboelectric
nanogenerators can generate electrical energy through ver-
tical, sliding or other modes with different electrode geome-
tries [2-5], surface roughness [6-9] and nanoparticle
composites [10]. Creative design allows one to include them
wireless transmission systems [11], security systems [12], as
energy harvesters in shoes [13], clothes [14—16] or smart skin
[17-20]. Triboelectric nanogenerators have also been
demonstrated to be useful for creating vibration [21], touch
[22] and noncontact motion sensors [23]. Soft and stretchable
triboelectric generators can be fabricated by embedding
electrodes in the form of liquid metals [24, 25] or silver flakes
[20] in a silicone elastomer matrix. The unique ability of
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liquid metals to change shape without local buildup of stress
make them very useful for soft electronics, where the design
and printing of circuit components is done directly in air or
encapsulated in elastomers. On the other hand, metal films
may crack or deform when stressed, such that the electrical
resistance changes and thus alter the performance of the tri-
boelectric generator. Similarly, other solid materials such as
conducting particles in a carrier liquid may contribute to local
stress when the soft device is being stretched or bent, thus
altering the electrical output parameters.

In the current study, soft planar spiral electrodes for tri-
boelectric contact and noncontact sensing of the metallic
objects are being studied. While such planar electrodes have
been studied for use in induction and eddy current sensing
[26-28], less is known about their performance when tri-
boelectrically induced charges are used for contact and non-
contact sensing. Research has demonstrated that systems
based on cylindrical spiral or hybrid triboelectric and
electromagnetic generators can be based on three-dimensional
spiral geometries [29, 30], but planar spiral geometries based
on strain-absorbing soft materials for use in human devices
have not been investigated. It is known that the electrodes

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic diagram showing how the elastomer-embedded liquid metals electrodes are created. First, copper pattern is created using
a spiral photomask and standard ultraviolet lithography on photoresist followed by development and etching (a). The copper pattern is
covered with liquid elastomer (b), which is subsequently cured and removed from the copper pattern(c). The liquid EGaln metal alloy is filled
into the trenches (d), and liquid elastomer covers the EGaln (e) before it is cured (f).

involved triboelectric systems often determine the perfor-
mance of the device, and parasitic capacitances have to be
taken into account [31]. In the current study, an equivalent
electrical circuit model for the noncontact system taking into
account capacitive couplings is found to explain the exper-
imental data quantitatively. A comparison shows that the
triboelectric proximity detection performs comparably to an
eddy current resonance frequency detection system utilizing
the same spiral electrode geometry. In addition, the tribo-
electric sensor system exhibits a force-dependent impact
signal when metallic objects come into contact with the
elastomer, thus allowing contact sensing more precisely than
an eddy current sensor.

2. Materials and methods

The elastomer-embedded liquid metal coils are created as
demonstrated in figure 1. First, standard lithography is used to
create 100 um thick copper pattern on a standard epoxy
substrate (figure 1(a)). The copper pattern consists of two
spiral electrodes, which were designed and developed using
ultraviolet lithography and chemical etching. The copper
track has a width 2.9 mm, and there is a gap of 3.1 mm
between the tracks. The outer spiral electrode has an inner
radius 50 mm and is designed for excitation of the MHz
electromagnetic radiation or for leading current to ground
when used as triboelectric generator.

The inner spiral electrode is designed for detection, i.e.
either for detecting the MHz electromagnetic radiation or for
collecting the current that is generated upon triboelectric
generation. The latter has 2 turns, has inner diameter 14 mm
and outer diameter of 37 mm, and can be represented by an

Archimedean spiral with radius r = 0.9 (in millimeter),
where 0 is the angle. The selection of this particular geometry
was a compromise between the requirements of an eddy
current sensor and that of a triboelectric generator to allow
one to investigate the two principles independently with the
same geometry. The application as a triboelectric nanogen-
erator required a flexible electrode geometry that generate
current while at the same time could be fitted on a normal arm
to keep the system reasonably small. These concerns
restricted the inner diameter of the outer electrode to about
50 mm. Smaller diameters would result in reduced signal
from the inner electrode, thus leaving the given geometrical
parameters as a good choice.

After fabricating the copper mask, it is surrounded by
foam tape which acts as barriers when the liquid elastomer is
poured on top of the mask (figure 1(b)). Here we used two-
component Sylgaard 184 of 10:1 elastomer to curing agent
ratio, which is degassed in vacuum until no bubbles are
observed. The bubble-free liquid is cured at 110 °C for
30min, and the cured polydimethylsiloxane (PDMS) is
peeled off the mask (figure 1(c)). Next, EGaln is deposited in
the channels using a pipette (figure 1(d)). To avoid spill and
to keep the area outside the grooves as clean as possible, a
cotton swab is dipped in NaOH solution (1 M) and moved
over the elevated regions. Since NaOH is known to remove
the oxide layer of the liquid EGaln, any liquid metal residue
coming in contact with NaOH will form small spheres that
can easily be removed. The liquid metal residing in the
grooves is covered by liquid PDMS (figure 1(e)), which is
subsequently cured and the whole device is detached from the
substrate (figure 1(f)). The total thickness of the elastomer is
about 1 mm, and the thickness of the liquid metal conducting
traces is about 100 pum. An example of one of the flexible
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Figure 2. Pictures of spiral electrodes. In (a), a 1 mm thick
elastomer-embedded liquid metal coil system are depicted after
curing the PDMS. In (b), the elastomer-embedded liquid metal
electrode system is mounted on an arm for detection of a metal film.

spiral electrodes of thickness 1 mm fabricated in this way is
shown in figure 2(a).

Solid metal wires were connected to the liquid metal
spiral electrodes. The simplest method used here was to
penetrate the PDMS with small pieces of 0.4 mm copper wire,
such that the copper makes direct contact with the EGaln. The
0.4 mm copper wire is stiff enough to easily penetrate the
PDMS, and is welded to even thinner (0.1 mm), but longer
(typically about 15 cm) copper wire to ensure flexibility. As
an alternative connection between the EGain and solid metal
wires, short 0.4 mm polymer-covered copper wires were
directly welded to BNC contacts. Unfortunately, the stiff
copper wire would, upon bending, easily create cracks in the
thin elastomer were liquid metal could leak out. To avoid this,
an extra thick elastomer (thickness 2.5 mm) could be used,
containing an additional layer of PDMS near the connection
points to avoid cracks. This increased thickness (2.5 mm)
came at the cost of reduced flexibility as compared to the
thinner elastomer substrates (0.5-1 mm). For this reason,
thinner wires like those seen in figure 2(b) were preferred.

The electrodes can be used in two different modes
independently, either for detection of objects using the tri-
boelectric detection principle or eddy current resonance fre-
quency proximity detection. See figure 3. When using the
system as a triboelectric generator, the signal generator and

Oscilloscope

Computer

Figure 3. Experimental setup. For eddy current resonance frequency
proximity detection, a signal generator feeds a broadband pulsed
signal into the larger liquid metal spiral electrode. The smaller liquid
metal spiral electrode is connected in parallel with an external
capacitor, and the detected signal recorded by a computer controlled
oscilloscope. The elastomer embedding the electrodes are not
shown. When measuring the triboelectric signal, the capacitor C, the
signal generator and the oscilloscope are disconnected, and the
current (or voltage) is measured over the electrodes shown as dashed
lines.

the oscilloscope were disconnected, and the generated current
or voltage was measured using a Keithley 6514.

When monitoring the presence of metal samples using
resonance eddy current detection, the thin copper wire on the
outer excitation electrode is connected through a BNC-con-
tact directly to a signal generator, see figure 3. The signal
generator, TTi TG200, generates a voltage pulse of 10V of
rise time about 30 ns, thus generating a broadband magnetic
field near the detection electrode. The ends of the copper
wire connected to the inner detection coil are coupled to a
BNC contact which is coupled in parallel with a polyester foil
capacitor of capacitance C = 2.7 £ 0.1 nF. This was capa-
citor was selected to force the system into a suitable reso-
nance to facilitate easier eddy current detection, see [27] for
explanation of the principle. The reason for selecting an
external polyester foil capacitor, and not an elastomer-
embedded liquid metal capacitor, was that the latter only
allows relatively small capacitances using the selected fabri-
cation method (typically smaller than 100 pF), which would
create a too large resonance frequency and too high sensitivity
towards unwanted stray capacitances for sensitive eddy cur-
rent detection using the setup considered here. The signal was
read out by a digital oscilloscope (PicoScope 5204) set at a
sampling frequency of 1 GHz.

3. Triboelectric proximity sensing

When the elastomer is brought in contact with the metallic
object under study, contact electrification occurs. If the
PDMS is brought in contact periodically with a flat metal
piece of the same size as the elastomer, under an applied force
of peak 5 N, one obtains a peak current of nearly 4 A as seen
in figure 4(a). The charge transfer during one contact event
was calculated by integrating the current of one single pulse

in figure 4(a) according to f Idt. Doing this for all the pulses
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Figure 4. The current measured running from the inner to the outer
liquid metal electrode when a flat (a) or a curved (b) metal surface is
contacting the elastomer with a force of about 5 N. Also shown is a
graph of the open circuit voltage when the curved metal surface was
contacting the elastomer (c).

in figure 4(a) and then taking the average, it is seen that the
charge transfer is of the order of 20 nC.

The peak current remains nearly the same if the PDMS is
brought periodically in contact with a curved metal film of
diameter 40 mm, see figure 4(b). The open circuit voltage
may exceed 60V as seen in figure 4(c).

The working mechanism of the triboelectric generator is
the freestanding triboelectric layer mode (see [2, 21, 23]),
since the metallic object is located above the dielectric
(PDMS) encapsulating the liquid metal electrodes. However,
we note one additional novelty of the current setup. Since the
electrodes are asymmetric, i.e. the inner and the outer elec-
trodes cover different areas, there is an additional charge
transfer, which explains why the currents in figure 4(a) are
larger than those found for interdigitated electrodes made of
the same elastomer and liquid metal combination (see [25]).
Due to the asymmetry in the electrode geometry, additional
charge transfer occurs when the object approaches.

The triboelectric charge formed upon contact between
metal and PDMS remains even after the metal is removed for
hours. If the metal film is placed in proximity of the encap-
sulated liquid metal electrode, the induced charge increases as
the metal approaches. Setting the flat metal film into oscilla-
tions at a frequency of 6 Hz and amplitude about 1cm, a
current will be induced between the inner and outer spiral
electrodes. This is illustrated in figure 5(a), where the closest
distance z (during oscillations) between metal and PDMS is
3mm (left side) or 25 mm (right side). The induced peak
current [, decreases as the closest distance z between the
metal and elastomer changes, as seen in figure 5(b).

The observed behavior in figure 5(b) can be explained by
considering the electrostatics of the system. The PDMS and
liquid metal electrodes have initially no net charge. When the
copper plate is brought in contact with the PDMS, a charge
—Q is transferred to the isolator and +Q to the metal due to
the triboelectric effect. The charges +Q and —Q form a
double layer that maintains neutrality, since the net charge is
assumed to be zero. When the copper plate is separated from
the PDMS, the charges in the double layer are separated. If
unequal amount of charge is formed in the two spiral liquid
metal electrodes, charge may flow from one electrode to
another. To model the process, an equivalent electrical circuit
for the system is shown in figure 5(c). Here C), is the
capacitance between the two electrodes. C;llir is the capaci-
tance associated with the layer of tribocharge on the PDMS
surface right above the inner spiral electrode surface and the
copper plate located in air. Similarly, C%;, is the capacitance
associated with the layer of tribocharge on the PDMS
surface right above the outer spiral electrode surface and the
copper plate located in air. The areas of the inner and
outer electrodes are A and A, respectively, and if one make
the approximation of plane-parallel capacitors one may set
CL (1) ~ £0A, /z(#) and Ca(t) ~ A /z(1). Here ¢, is
permittivity of air and z(¢) is the distance between metal and
PDMS. Since A, and A, are comparable, it is seen that the
equivalent capacitance between the electrodes and the copper
plate is Cy = ChiiCai/(Chir + Cai) ~ Ca/2. Equivalently,
one may write Cy(f) ~ £0A/z(f), where A ~ A;/2. The
capacitance between the PDMS surface and the inner and
outer spiral electrodes are Cilso and Cizso, respectively. Since
the distance between the copper plate and the liquid metal
electrodes is always fulfilling z >> d/e, where ¢ = 2.7 is the
relative permittivity of PDMS [32, 33] and d = 0.5 mm is the
thickness of PDMS separating liquid metal from air, we may
assume that the corresponding voltages associated with Cl,
and C%, are negligible. A charge —g is now located in the
copper plate, and this charge compensates a fraction of the
Q1 —q charges on the surface of the PDMS.

The voltage difference between the inner and outer spiral
electrodes is now given by

O1—q q O1—q q
Vi) =— - —n —w — — s 1
®) ol . w z(t) (D

where the latter expression assumes that the spiral electrodes
can be approximated by plane-parallel capacitors with capa-
citance Cj, = g9cA|o/w, where Ay, is the part of the area of
the inner electrode towards the outer electrode and w the
distance between the inner and outer electrodes. The current
through the resistor R is given by I = dq/dt = V(¢)/R, or

1 1
=2 4af L, 1| @
RG>, R\C; Go

We assume short circuit conditions, which means that V
(®) = 0 (or equivalently, R = 0), such that the potential at the
two metal electrodes remains the same. Then equation (2) can
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Figure 5. The current measured running from the inner to the outer electrodes when a flat metal surface is moving back and forth at a
frequency 6 Hz and amplitude of about 1 cm (a). The smallest distance from the metal plane is z = 3 mm (larger oscillations on the left side)
or z = 25 mm (smaller oscillations on the right side). The peak current /, as a function of distance z (b). In (c) an electrical equivalent circuit

for the triboelectric spiral electrode system is shown.

be transformed into

O _ QA 1
1+ C_1]2 Ape z(1) + LA

€ Ap

qt) = 3

air
The short-circuit current when z(f) is changing is given by

dq(t) UwA; 1
2~ -0 >
dt Appe (Z(t) + Ki)

€ Ap

) “)

Iy, =

where u = dz/dt is the velocity of the copper plate relative to
the liquid metal electrodes. Figure 5(b) shows a fit of equation (4)
to the experimental data with a = QuuwA,/(eA}p) = 2.1 X
1072 Am? and b = wA;/(cA;;) = 1.0 x 10 ?m. Since the
plane-parallel approximation used here is rather rough, the
effective area A, is not known precisely. One might expect that
only the outer part of the inner electrode interacts efficiently with
the outer electrode, in which case one may expect A/A1, to be in
the range between 1 and 2. Moreover, the distance between the
outer and inner electrodes is w ~ 13 mm, which means that one
can estimate an upper value b = wA;/(eApp) ~ 102m, in
agreement with the fit of equation (4) to the experimental data.
From the fit of equation (4) to the experimental data one also
obtains uQ; =2 x 10°° Am, which means that Q; ~ 35 X
107°C since u ~ 0.4 ms . This is only one quarter of the total
charge of 20 nC transferred during touch as found from figure 4.
It is likely that some of the contact charge transferred during
contact with the flat copper plate either does not remain on the
PDMS surface or does not participate in the charge transfer due
to some loss of electrostatic coupling when the copper plate is
moved away from the polymer. It is also known that the tribo-
electric charge on the surface of polymers gradually becomes
neutralized by the presence of water molecules and other mole-
cules existing in the humid air. In our system, the charge decay is
not fast and is observed to decay slowly over the time span of
one day. Thus, any experiment that could be finished within one
hour would not suffer from charge losses. Moreover, it is

possible to recharge the surface by contacting it with metal. On
the other hand, if the charge must remain stable over hours while
performing an experiment, the whole system must be put in
vacuum. However, this is outside the scope of the current work.

4. Eddy current proximity sensing

An eddy current proximity sensing using the excitation and
detection scheme illustrated in figure 3 was set up to assess
the proximity detection performance of the new triboelectric
sensing system. The electrodes had the same geometry as
reported above. Figure 6 shows the voltage signal in time
domain (a) and frequency domain (b) picked up by the inner
electrode which is connected in parallel with an external
capacitor C = 2.7 £ 0.1 nF.

The signal measured by the oscilloscope is on the form V
(t<0)=0and

V(1) = Voe /7 sin@ufy1), 1 = 0, 5)

where V), is the peak signal, fz the resonance frequency and 7
is the decay time. In principle, all three parameters, Vj, fz and
7 can be used to detect metals due to the setup of eddy cur-
rents in these. However, it was found that the peak signal V;
and the resonance frequency fr were the most stable and
reproducible parameters in the available system. The method
for identifying the resonance frequency is based on per-
forming a nonlinear fit of a lorentzian curve
S(f) = ST
(f=fr)” + e

(6)

to the experimental data. Here S, is a constant which in
practice is set numerically such that the spectrum is normal-
ized. In figure 6(b) a fit of equation (6) is shown with
fr =543 £ 0.0l MHz as the resonance frequency and
7= 1.86 + 0.01 us as the decay time. While the single
measurement precision is good, repetition of the experiments
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Figure 6. The signal detected by the (smaller) detection spiral
electrode (a) and the corresponding frequency spectrum (b). The
solid line in (b) is a fit of a lorentzian curve to the experimental data.

shows larger variations, particularly in the time constant. The
loss factor is small since the measured resistance in the
excitation coil R < 12 was measured for the situations stu-
died, (R/L)2 < 1/LC, and the resonance frequency can be
approximated by f, =1/ 27/LC. That is, the resistance of
the liquid metal electrode does not play a significant role here.
While the capacitance of the system is mainly governed by
the external capacitor, the inductance can be estimated using
the resonance frequency to be L ~ 1/ (27r)2f,§C ~ 0.3 puH.
Using equation (2) of [28] one obtains 0.1 pH, which is of
comparable magnitude. The deviation of the observed and
estimated inductances can be attributed to the wires used to
connect the coaxial cables with the excitation electrode. Since
the skin effect influences the performance of eddy current
detections, one should be aware of this parameter when
designing the systems. At a given frequency f, the skin depth
can be estimated using 1/./mu,, of , where (i, is the perme-
ability. At f = 5 MHz, the skin depth is 122 ym for EGaln,
which is larger than the thickness of the liquid metal. Thus,
the electromagnetic field fully penetrates the conducting
tracks at the considered frequencies, such that the sensitivity
is not influenced by variations in frequency slightly above or
below the used frequency.

Figure 7(a) shows the signal when the elastomer with
embedded liquid metal coils is in close contact with a 0.1 mm
thin aluminum film either in a flat state (red curve), or a
curved state (blue curve). The diameter of the curved metal
film was 40 mm. Curling the coil around the metallic object
brings the spiral electrodes in closer contact, thus increasing
the eddy currents (in the object) and subsequently reducing

the measured signal in the inner spiral electrode. The voltage
amplitude and the resonance frequency were recorded as a
function of position, where the elastomer containing liquid
metal remained curved with a diameter of 40 mm at all times.
This was done by holding the elastomer in place by small
polymer grips (which were found not to influence the signal
or resonance frequency) such that it remained fixed in a
curved state. Figure 7(b) shows the peak voltage, whereas
figure 7(c) shows the resonance frequency as a function of
position.

The change in resonance frequency with the presence of
metal seen in figure 7(c) can be modeled using Bethe—
Schwinger perturbation theory, which gives [27, 34, 35]

_ o
1+5(0—? /j’m’ d)’

where 3(o, p,,, d) is a complex function of the conductivity o
of the sample, the permeability p,, of the sample and the
distance d. As in [27], this function can be well approximated
by B(o, tim, d) = —a(o, i) exp (—d/dy), where a(o, ,,) and
dy are fitting parameters. The solid line of figure 7(c) is a fit of
equation (7) to the experimental data using fy = 5.8 MHz,
a = —0.10 and dy = 3.3 mm.

At small distances z, the resonance frequency can be
monitored at a sensitivity 0.2 & 0.1 MHzmm ' using eddy
current resonance frequency proximity detection. In the same
distance range, the voltage amplitude can be detected with a
sensitivity of 13 + 5mV mm'. However, this amplitude is
easily disturbed by external radio sources, and it turns out that
the resonance frequency can be monitored more accurately in
the long run. On the other hand, the triboelectric signal can be
monitored at a sensitivity of 1.1 +0.7nAmm ' as in
figure 5(b). While this signal is also possible to influence by
other metallic or dielectric objects, it turns out to be more
robust towards influence of for example external radio signals
than the amplitude voltage obtained in the eddy current
scheme. Thus, these widely different methods are comparable
in terms of relative sensitivity and provide detection schemes
that may complement each other.

Tr (M

5. Triboelectric impact sensing

One particular advantage of the sensor system presented here
is the flexibility and stretchability of the spiral electrodes,
which allows one to monitor the triboelectric signal upon
impact of curved metallic objects. In figure 8(a) a steel ball of
diameter 25 mm is pressed against the elastomer containing
liquid metal electrodes. When the steel ball is pressed peri-
odically against the elastomer with a force of 5N, the mea-
sured current (figure 8(b) and voltage (figure 8(c) vary with
time. It is noted that the peak current, voltage and also the
total induced charge in the external wires is considerably less
than observed for an extended flat or curved metal plate as
was reported in figure 4, simply due to the fact that the steel
ball has a diameter smaller than the inner liquid metal elec-
trode such that the electrostatic coupling is smaller.
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Figure 7. The flat (red) and the curved (blue) elastomer-embedded liquid metal spiral electrodes placed in vicinity of cylindrical aluminum
film of 40 mm diameter (a). The peak signal (b) and resonance frequency (c) for a curved spiral electrode system as a function of distance to

the curved aluminum film.

The peak current increases with increasing peak force as
seen in figure 8(d), although there are large statistical varia-
tions. Theoretically, one may obtain some insight by assum-
ing that the charge is given by O, = 0A, where o is the
triboelectrically induced surface charge density and A is the
contact area between the steel ball and the elastomer. Both
these variables are in general time-dependent, but some
insight can be obtained by assuming that the charge density is
constant. One may then write the current as I, = odA/dt,
where the rate dA/dt is approximately the same for every
force applied, and could be given by A = A, f(f), where f(¢) is
some periodic function and A,f is the maximum contact area
between metal and PDMS. The peak current is therefore
expected to be proportional to the maximum contact area, i.e.
I, < A,. Previous studies have demonstrated that the tribo-
electric signal scales with force [36]. In Hertz’ contact theory
between a sphere and an elastic half-space, the contact area is
related to the applied force through a power law, i.e.
A, x F 2/3, and one therefore expects that the peak current
should grow proportionally to F2/3, The large variations in
the peak current, and therefore also the transferred

triboelectric charge, seen in figure 8(d), means that it is dif-
ficult to attribute a specific power law that relates the peak
current and applied force. These variations are most likely
related to variations in the surface charge density as one
stretches the elastomer, as it is known that surface stress
influences the surface charge. However, one does observe
from figure 8(d) that the peak current increases with applied
force, in qualitative agreement with the arguments above. It is
also seen that the peak current in figure 8(d) is significantly
larger than that of figure 5(a), but smaller than that of
figure 4(b). This is due to the fact that the steel sphere only
comes in contact with a limited area of the elastomer, inside
the region of the inner spiral electrode (i.e. 14 mm). There is
no direct contact between the steel ball and the dielectric
elastomer directly above the position of the inner electrode,
such that all induced charge is due to the capacitive coupling
through air. On the other hand, when there is no contact at all
(as in figure 5), the induced charges in the liquid metal are
significantly smaller than those observed during contact, thus
allowing one to distinguish contact and noncontact by
observing the peak current.
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Figure 8. A steel ball of diameter 25 mm is pressed against the elastomer containing liquid metal electrodes (a). When the steel ball is pressed
periodically against the elastomer with a force of 5 N, the measured current (b) and voltage (c) varies with time. The peak current increases

with increasing peak force (d).
6. Conclusion

In this study, it has been demonstrated that spiral electrodes in
an elastomer can be used to detect proximity and contact with
a metal in flat or curved shape using triboelectric charges. An
equivalent electrical circuit model for the noncontact tribo-
electric system is proposed and found to be in good agree-
ment with the experimental data. Such planar, spiral
triboelectric detection systems have merits as self-powered
detection systems, and have here been shown to compare well
with a resonance frequency eddy current detection scheme
that requires power to work.
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