This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

Sensors-25999-2019

http://dx.doi.org/10.1109/JSEN.2019.2912070

Dielectric-metal triboelectric nanogenerators for
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Abstract— This paper describes the effect of oscillatory
frequencies caused by ocean wave impact on the output
performance of dielectric-metal contact separation mode
triboelectric nanogenerators (DMCS-TENG). The triboelectric
effect is generated as a result of regular, non-uniform contact
between a dielectric layer which gains electrons (negative
triboelectric material) and a conductive layer that loses electrons
(positive triboelectric material). Impact testing was used to
characterize arc-shaped dielectric-metal single electrode
triboelectric nanogenerators (DMSE-TENG) with different
triboelectric material combinations based in their output power
generation, using a 40 mm ball bearing to apply a 12 N force
impulse. It was found that the best dielectric-conductor
combination for the DMCS-TENG performance was polyimide
and PDMS in contact with the conductor layers of aluminium and
silver conductive cloth tape. Therefore, in the range of operation
from 30 Hz to 300 Hz with an amplitude acceleration of 319.62 to
559.29 mm/s’. The maximum generated output power, power
density and total energy conversion efficiency of the device, made
with polyimide and honeycomb patterned aluminium foil, can
reach up to 778.43 pW, 12.16 pW/cm? and 15.85 % respectively for
a load resistance of 10 MQ. The output power performance of the
DMCS-TENG shows an enhancement by a factor of 2.3 with a
honeycomb-patterned aluminium foil, by increasing the surface
charge density between the layers in contact, relative to flat
aluminium foil. Additionally, through the integration of the energy
harvester prototype into a water wave generator tank. An output
power density of 169.218 mW/m? was reached, where it is expected
to generate output power energy around 3.05 W, over an area of
18 m? with wave sizes among 0.3 m to 4 m. This work
demonstrates that the device can function as an energy harvesting
mechanism for ocean wave sensing applications that require self-
powering.

Index Terms— ocean wave impact; compressed air bubbles;
oscillatory frequencies; triboelectric effect; dielectric-conductor;
ocean wave sensing; self-powering.

I. INTRODUCTION

CEAN wave energy has been attracting a great interest as

a source of electrical energy for many years [1]. Effective
utilization and sustainability of this kind of energy can be
exploited due to the effects of climate change with the rapid
increase of sea levels and recurrent flooding of coastal zones.
Specifically, the cumulative loads of wave impact forces at
coastal defence structures deliver high magnitude pulse-like
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forces with a wide frequency range of oscillatory compressed
air bubbles at structure-water interfaces. The surging flow front
impacts the structure, spreads vertically upwards as shown in
Fig. 1 (a), and produces the first hydrostatic pressure
oscillations peak between 30 to 80 Hz with an amplitude range
of 57 to 116 Pa. After the wave collapses a plunging breaker is
formed (Fig. 1 (b) and many air bubbles are entrained (Fig. 1
(c)), which compresses and dilates in a high frequency
oscillatory manner, impinging upon the coastal protective
structure as shown in Fig. 1 (d). This yields a cyclic
hydrostatic pressure response between 150 to 252 Hz with an
amplitude range of 148 to 348 Pa, predicted through a fluid-
structure simulation [2, 3]. Such energy can be potentially
harvested and exploited using a dielectric-metal contact
separation mode triboelectric nanogenerators (DMCS-TENG)
as a new type of energy harvester for ocean wave impacts (Fig.
1 (a)). This aim in the main frequencies 30, 80, 150, 180, 200,
219 and 252 Hz to harvest the major energy [2, 3]. The
triboelectric effect is generated by regular non-uniform contact
between a dielectric layer that gains electrons (negative
DMCS-TENG
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Fig. 1. (a-d) Hydrostatic pressure distribution of the ocean wave impact at the
water-structure interface and main frequencies of interest (30, 80, 150, 200, 219
and 252 Hz) [2, 3] for ocean wave energy harvesting generated by (a) the water
wave impact and (d) the impact of oscillatory compressed air bubbles flows at
the water-structure interface exploited using the DMCS-TENG.
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triboelectric material) and a conductive layer that loses
electrons (positive triboelectric material), where the output
performance changes in proportion to the mechanical energy
applied by pressure oscillation [4]. TENG can be used as energy
harvesters for self-powering sensors [5, 6]. Their advantages
include broadband behaviour, lightweight, high energy density
and ease of fabrication exploiting low-cost, readily available
materials [7]. Firstly, in order to study and to find the most
promising triboelectric material combinations based on their
output power generation to enhance the DMCS-TENG
performance for mechanical energy harvesting, arc-shaped
dielectric-metal single electrode triboelectric nanogenerators
(DMSE-TENG) were fabricated. The output performance
characterization using contact electrification between different
dielectric-metal combinations was performed through an
impact test. Secondly, in this study we have developed a finite
element model (FEM) for a DMCS-TENG using COMSOL
Multiphysics, to  understand its  electromechanical
characteristics. Thirdly, the output performance of the
fabricated DMCS-TENG using the best triboelectric material
combination was evaluated at the frequencies mentioned above.
Finally, the proposed energy harvester that shows the highest
output performance was tested in a water wave generator tank,
to analyse its performance in realistic conditions. It is expected
that the enhanced output performance of the proposed energy
harvesting prototypes will enable future advancement in energy
harvesting at structure-water interfaces for ocean wave
monitoring applications that require self-powering sensors.

II. TRIBOELECTRIC MATERIAL SELECTION USING DMSE-TENG

A. DMSE-TENG fabrication and electrical characterization
set-up

In order to maximize the DMCS-TENG performance for
mechanical energy harvesting from the oscillatory frequencies
generated by wave impact, arc-shaped dielectric-metal single
electrode triboelectric nanogenerators (DMSE-TENG) were
fabricated using different material combinations. The arc
shaped DMSE-TENG, as illustrated in Fig. 2 (prototype 1),
were fabricated using a simple, low-cost process. The device
prototypes have an active triboelectric area of 5 cm x 5 cm, and
an acrylic sheet was selected as a substrate material. The
conductor layer (either aluminium, copper or silver) was
attached to the acrylic with a thin adhesive layer, at room
temperature. The conductor layer is used as a triboelectric
material, and an electrode connected to an external load of 10
MQ for electrical characterization. Likewise, the dielectric
layer (polyimide, PDMS, polytetrafluoroethylene, i.c. PTFE,
Teflon FEP etc.) was fixed with thin adhesive on a clear acetate
film (thickness = 100 pm). The dielectric layer was attached
with an arc-shaped form to the metal electrode using Kapton
tape (lcm width) at room temperature. The maximum gap
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Fig. 2. Two-dimensional schematic of the arc-shaped DMSE-TENG (i’rototype
1).
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Fig. 3. Experimental set-up of impact test using a 40 mm ball bearing on the
arc-shaped DMSE-TENG prototypes (connected to a 10 MQ load resistor) with
different triboelectric materials combinations.

between the arc-shaped dielectric layer and the metal layer was
5 mm. The materials used for the arc-shaped DMSE-TENG
prototypes fabrication are shown in Table I (Literature).

The output power performance characterization of the arc-
shaped DMSE-TENG prototypes was evaluated from the
generated output voltage and current, measured with an impact
test set-up in order to study and find the optimum triboelectric
material combination to reach the highest output performance.
This system uses a 40 mm ball bearing (mass = 261.04 grams)
attached to a magnetic switchable base, which is fastened to a
RVFM laboratory stand set at the height of 30 cm. The device
prototype was held at the base of the laboratory stand and the
applied force to it was measured using a force sensor (Interlink
electronics FSR406 1.5” diameter force sensing resistor) as
shown in Fig. 3. The output voltage measurements of the arc-
shaped DMSE-TENG were obtained with a digital oscilloscope
Tektronix TDS 2014C, the output current measurements were
performed using an Agilent Technologies N6705B power
analyser.

B. FElectrical characterization of the arc-shaped DMSE-TENG
for the triboelectric material optimization

The output performance measurements of the arc-shaped
DMSE-TENG prototypes through the impact test, which
applies a force impulse of 12 N. The results show that the
maximum output power was 6.28 uW corresponding to an
output voltage (Vrus) of 5.22 V and current ({rys) of 1.20 pA
using a triboelectric material combination of PDMS-silver
conductive cloth tape. The instantaneous voltage of the sample
using PDMS in contact with aluminum under the impact of a 40
mm ball bearing is shown in Fig. 4.

The highest instantaneous output voltage occurs when the
dielectric layer is in contact with the conductor layer. The
movement of the top dielectric layer due to the impact of the
ball bearing, changes the local electrical field distribution
created between both layers due the surface charge transfer, so
that there is electron exchange between the bottom electrode,
external load of 10 MQ and the ground to maintain the potential
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Fig. 4. Instantaneous output voltage of arc-shaped DMSE-TENG prototype
(connected to a 10 MQ load resistor) using PDMS in contact with Aluminum
under the impact of a 40 mm ball bearing.
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change of the electrode. The first impact of the ball bearing
generates the highest voltage peak, which is related with the
impact force that helps to increase the contact area between both
layers. The instantaneous voltage decreases due the bouncing
behavior of the ball bearing after impact with the sample as
shown in Fig. 4. Among all the arc-shaped DMSE-TENG
prototypes the top five highest output power performance was
dominated by structures with silver conductive cloth tape in
contact with polyimide, PDMS, silicone rubber and PET except
PTFE, where the highest performance was in contact with
aluminium. The dynamic operation of the DMSE-TENG
prototype is shown in the Supplementary Information
document.

The output performance comparison of arc-shaped DMSE-
TENG devices fabricated with silver conductive cloth tape
versus the ones fabricated using aluminum foil is shown in Fig.
5. The effective values of output voltage (Vrms 0f 1.22 V t0 5.96
V), current (/lrms of 0.49 pA to 1.20 pA), output power (0.668
uW to 6.284 uW) and its standard deviation analysis calculated
for each prototype (10 measurements performed on each
sample). Such values showed that the highest performance of
the proposed triboelectric energy harvesting devices can be
achieved by using silver conductive cloth tape in contact with
the dielectric layers of PDMS and polyimide. Furthermore, the
polyimide or PTFE-silver conductive cloth tape or aluminium
foil combinations can reach similar output power performance,
ranging from 3.8 pW to 5.8 uW.

The ranking of the triboelectric materials used for the arc-
shaped DMSE-TENG prototypes, arranged according to the
output performance is shown in Table I (Tested). The most
positive material of the conductors according the
measurements, was shown to be the silver conductive cloth tape
and the most negative material was PDMS. This means that the
charge transferred using this material combination will be the
highest from the selection of triboelectric materials. Each
conductor material on Table I (Tested) was highlighted with a
specific color in order to identify the higher output
performance, when they are in contact with the insulators
highlighted with the same color. The dominance of the silver
tape among the chosen triboelectric materials, with the aim of
reaching higher electrical output performance in the proposed
energy harvesting prototypes, is clearly seen. Although silver
conductive cloth is the best positive material, Al foil was chosen
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Fig. 5. Comparison of the output voltage (Vzus), current (Irys) and power
effective values of the top five arc-shaped DMSE-TENG fabricated prototypes
(connected to a 10 MQ load resistor) with silver conductive cloth tape and
aluminum foil, under impact test through a 40 mm ball bearing.
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TABLEI
COMPARISON OF THE RANKINGS OF POSITIVE AND NEGATIVE TRIBOELECTRIC
MATERIALS IN TERMS OF EASE OF LOSING OR GAINING ELECTRONS WITH DATA
FROM THE LITERATURE [14] VERSUS OUR IMPACT TEST CHARACTERIZATION

DATA.
Triboelectric materials (40 mm ball bearing)
Literature Tested
g Aluminum (18 ) Conductive cloth tape (Silver)
E (Copper (100 ym) Alminum (18 pm)
[© | B |Conductive cloth tape (Silver) Copper (100 ym)
Paper Paper
Polylactic acid (PLLA) (Polyester) Polytetrafloroethylene (Teflon) PTFE tape (90 um)
Cellulose tape (63.5 pm) Polylactic acid (PLLA) (Polyester)
carton paper Cellulose tape (63.5 um)
Polypropylere (PP) (46 ym) Polytetrafloroethylene (Teflon) PTFE tape (100 pm)
” Polyethykene foam (2 mm) carton paper
§ Polyvinyl chioride (PVC) (100 ym) Polypropykene (PP) (46 ym)
% Polystyrene (1 mm) Polyethylene foam (2 mm)
E Polyethykene terephthalate (Polyester) (PET) (60 ym) Polyvinyl chloride (PVC) (100 )
Polydimethylsiloxane (Silicone rubber compound) Polystyrene (1 mm)
Polyimide (127 ym, Kapton, 50.8 ym, 25.4 ym) Polyethylene terephthalate (Polyester) (PET) (60 ym)
Polydimethykiloxane (PDMS) (125 ym) Polydimethylsiloxane (Silicone rubber compound)
Polytetrafloroethylene (Teflon) PTFE tape (90 um) Polytetrafloroethylene (Teflon FEP, PTFE) (25 pm, 100 ym, 300 pm, 1 mm)
Polytetrafloroethylene (Teflon) PTFE tape (100 pm) Polyimide (127 ym, Kapton, 50.8 ym, 25.4 ym)
[\ |Polytetraforoethykne (Teflon FEP, PTFE) (25 ym, 100 pm, 300 um, 1 ) [P (PDMS) (125 ym)

for the fabrication of the DMCS—TENG as a low-cost option
with excellent performance.

III. DMcS-TENG FEM MODEL

Considering the so called “V-Q-x relationship” proposed for
the operation and modelling of a TENG when it is connected
with a resistive load (R), utilizing Kirchhoff’s law, the
governing equation of the whole system can be given by [8]:

dQ _ 1

1
p —%Q+Voc(x)=—EQ+VOC (1)

Where Voc is the voltage generated between two DMCS-
TENG contacts, Q is the amount of charge between the two
contacts, C is the capacitance between the two electrodes, and
x is the distance between the DMCS-TENG triboelectric layers
that varies with the mechanical energy and phase of motion at
time, ¢ According to these models, the power output
performance by the DMCS-TENG depends on the output
current (/). The voltage (Voc) is influenced by the load
resistance, and the surface charge density ¢ depends on the
properties of the dielectric materials. The maximum theoretical
surface charge density o for contact DMCS-TENG was
determined using the ion injection method, by comparing the
threshold voltage for the air breakdown (V,.;) and the actual
voltage drop (V,4) across the air gap. Thus, when x starts to
increase from O during the releasing half cycle of the DMCS-
TENG, the V,.; at any x > 0 needs to remain bigger than Vg, in
order to avoid breakdown of air.

A(Px) dox
- In(Px)+B  go(d+xey)

2

where P is the gas pressure for air at standard atmospheric
pressure of 101 kPa, 4 and B are the constants determined by
the pressure of the gas, 4 = 2.87X10° V/(atm'm), and B = 12.6.
&, 18 the relative permittivity of the dielectric layer, and ¢y is the
vacuum permittivity. From equation (2), oy can be determined

as follows [9]:
APgg(d+xer) .

Omax = [d(ln(Px+B) min Q)
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Fig. 6. Two-dimensional schematic of the DMCS-TENG prototype (Prototype
2).

The FEM simulations were performed coupling
electromechanics and electrical circuit interfaces, to model the
current, voltage and output power generated by the DMCS-
TENG connected to resistive loads (varying from 1 MQ to 100
MQ) under the oscillating frequencies estimated of the ocean
wave impact forces (Fig. 1). These are based on the DMCS-
TENG structure (Prototype 2), as shown in Fig. 6. Two
structures comprising different dielectric layers, namely
polydimethylsiloxane (PDMS, thickness dy; = 125 pm, ¢, =2.5)
and polyimide (Kapton, thickness d;; = 50.8 um, ¢, = 3.4), were
attached to a copper (Cu, thickness d.; = 100 pm) lower
electrode 1. An aluminum (Al, thickness d., = 100 um) layer
was used as the second triboelectric material, the top electrode
2 (grounded). The top layer was fixed in both extreme sides and
is the point at which the periodic motion (six cycles (t = 0.12
s)) was applied with the oscillatory frequencies of 30, 80, 150,
200, 219 and 250 Hz and an amplitude of 1 mm.

From equation (3), we consider a scenario where the
maximum gap x separation is | mm and the time duration is 30
seconds. The two tribo-charge surfaces were assigned to the
model with a calculated value oppys = Gmax,poys= +11.53 pC/m?
and  Giax Polyimide +34.06 pC/m*> (see Supplementary
Information document). A series of simulations were performed
in order to analyze the output performance of the entire system,
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Fig. 7. The influence of the load resistance divided into three working regions
on the magnitude of the output voltage (¥), current (/) and maximum output
power performance of the DMCS-TENG prototype (L = 8 cm) with (a) PDMS-
Al and (b) Polyimide-Al layers at the oscillation frequency of 150 Hz. DMCS-
TENG under oscillatory frequency and deformation. (¢) Two dimensional
shape showing the two triboelectric layers in contact, (d) Al layer released,
which will rise a much higher potential.
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Fig. 8. Maximum instantaneous output power of simulated DMCS-TENG
prototypes as a function of the main oscillatory frequencies of 30, 80, 150, 180,
200, 219 and 252 Hz with an amplitude of 1 mm (t = 0.12s).

with different structure lengths (L =2.5 cm, 5 cm and 8 cm) over
the oscillatory frequency range mentioned earlier, so that the
best design can be found. The highest calculated output
performance for both samples was obtained with the DMCS-
TENG structure of L = 8 cm at the oscillation frequency of 150
Hz as shown in the three regions of operation [8] of the proposed
devices in Fig. 7 (a) and Fig. 7 (b). The DMCS-TENG with
polyimide-Al reached a higher maximum instantaneous output
power = 3.66 mW with a 10 MQ load shown in Fig. 7 (b). In
comparison, the maximum instantaneous output power of the
DMCS-TENG with PDMS-Al was 416.47 uW in region II as
depicted in Fig. 7 (a).

DMCS-TENG in the original state before the contact of the
triboelectric layers do not experience charge transfer, and thus
no electrical potential occurs across the electrodes (Fig. 7 (¢)).
By applying a force to the upper metal layer on the dielectric,
each layer will be brought into surface contact, resulting in
electron transfer from a material in the positive side of the
triboelectric series to the one in the negative side in the series
[10]. Accordingly, electrons will be injected from the Al to the
polyimide/PDMS surface, leaving the positive charges on the Al
layer. Such a process will continue in the first hundreds of cycles
until the accumulated charges reach a saturation and
equilibrium, and the negative charges will be preserved on the
dielectric surface due to the nature of the insulator [11].

Once the pressing force is released, the Al layer of the DMCS-
TENG will quickly rebound back due to the elasticity of the film
and a gap is formed again between the two layers. From the
numerical simulation results, it can be seen that the electric field
generated by separate surface charges will give rise to a much
higher potential on the Al layer side than the bottom electrode
(Fig. 7 (d)). Such potential difference will drive the flow of
positive charges from Al layer to the bottom electrode through
the external load until the potential difference is fully offset by
the transferred charges, rendering the bottom electrode with a
surface charge density of +Q, while the charges on the Al is with
a sum of two parts. One part is due to the transferred charges
between electrode 1 and electrode 2 (-Q) and the other part is
due to the triboelectric charges at the surface area (So). Thus, the
total charges on electrode 2 are So — Q. Subsequently, when the
two layers in the DMCS-TENG are in contact again, charge
redistribution will result in a positive potential on the bottom
electrode, which will drive all of the transferred charges +Q to
flow back to the Al layer. The complete electricity generation
cycle is achieved and the device will go back to the equilibrium
state.
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The maximum output power of both energy harvesters is at
150 Hz, followed by 30 Hz under the load resistor of 10 MQ
(between 3.7 mW to 230 uW), which tends to decrease and
fluctuate as the operation cycle increases. The difference in the
output power of the two simulated DMCS-TENG prototypes
across the oscillation frequency range (30 to 252 Hz) is shown
in Fig. 8. Such difference is related to the higher surface charge
density at the device with polyimide-Al due the thinner dielectric
layer.

IV. DMCS-TENG ELECTRICAL CHARACTERIZATION UNDER
DIFFERENT OSCILLATING FREQUENCIES AND USING A WATER
WAVE GENERATOR TANK

A. DMCS-TENG fabrication and electrical characterization
set-up

For preliminary triboelectric material characterization using
the impact tests, five DMCS-TENG prototypes of similar
configuration to those used in the COMSOL model (Fig. 6)
were fabricated using the most promising triboelectric material
combinations that showed the highest output power. The
DMCS- TENG prototypes have an active triboelectric area of 8
cm x 8 cm. Two types of aluminium foil were evaluated, one
flat aluminium foil (with ¢, = 18 pm) and a honeycomb
patterned aluminium foil (with ., = 16 pm, individual hexagon
area = 31.83 mm?). The aluminium foil were fixed with a thin
adhesive layer on the acrylic substrates at room temperature,
acting as both the triboelectric material and the electrode 2 that
is grounded. The dielectric layers (PDMS (dai = 125 pm),
silicone rubber (dg; = 150 pm), FEP (da1 = 25 pm), polyimide
(dar = 127 pm) and PET (dai = 60 pm)) were fixed with
conductive acrylic adhesive (thickness = 25 pum) at room
temperature on a copper layer (£.,; = 100 um) connected to an
external load of 10 MQ for electrical characterization. The
honeycomb patterned aluminium foil was selected to improve
the contact electrification due to its surface morphology.
Surface patterning is potentially a low-cost option to enhance
the output performance of the DMCS-TENG prototypes [12-
14].

The output performance response of the fabricated DMCS-
TENG devices (focused in the frequencies of interest 30, 80,
150, 200, 219 and 252 Hz) was characterized using a Pasco
Scientific SF-9324 mechanical shaker table connected to a
TG550 function generator in order to replicate the conditions of
the mechanical energy generated by the oscillating frequencies
caused by ocean wave impacts. The function generator output
was configured as a sine wave and the frequency swept from 25
to 300 Hz with an increasing step of 5 Hz for 55 seconds. The
driving amplitude was set at 20 V peak-to-peak. The Al
electrode was placed facing the surface of the dielectric layer
and bound together on each side at the middle with Kapton tape
(1 cm width) at room temperature (Fig 9 (a)). Finally, each of
the DMCS-TENG prototypes were mounted as depicted in Fig
9 (b). The gap of the DMCS-TENG varies with the mechanical
oscillation producing the triboelectric effect when the dielectric
layer is in non-uniform contact with the Al film. The average
acceleration, velocity and displacement generated by the
mechanical shaker on the proposed energy harvester prototypes
were measured with a PDV-100 Portable Digital Vibrometer.
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Fig. 9. (a) Fabricated DMCS-TENG, (b) DMCS-TENG mounted on the
mechanical shaker table for the output performance measurements at different
frequencies of oscillation. (¢) Insulated DMCS-TENG prototype placed on the
water wave generator tank for its output performance measurements.

The energy harvester prototype which shows the higher
output power performance through the aforementioned
experiment, was characterized in water conditions using a wave
generator tank, in order to simulate the real conditions of the
mechanical energy generated by ocean wave impacts. A hybrid
stepper motor (RS Pro 535-0502) attached with an acrylic layer
of 20 cm x 20 cm (t= 8 mm) is used to generate the water waves
motion into the water wave tank mounted on the left side of the
tank [15]. The DMCS-TENG prototype was insulated with a
Polyethylene plastic pack, in order to protect it from the contact
with water. Such device was placed at the wall on the right side
of the tank facing the impact of the water wave as shown in Fig.
9(c) where the water wave breaks with an amplitude of 10 cm
and frequency of 1.20 Hz. The output power generated by the
DMCS-TENG prototypes was calculated through the output
voltage, and output current measurements performed using a
digital oscilloscope Tektronix TDS 2014C and an Agilent
Technologies N6705B Power analyser.

B. DMCS-TENG dynamic operation, experimental results and
discussion

The analytical model to calculate the maximum open-circuit
voltage at the resonant frequency of the DMCS-TENG
prototype through the motion of the oscillatory system can be
described at device level as a damped system subjected to a
harmonically varying force provided by the mechanical shaker
table. Consequently, the V,cue at resonant frequency can be

expressed as [16, 17] (see Supplementary Information
document):
Voemax = (2) (5o ) )

Where my is the mass of the top plate, k£ is the stiffness
coefficient of each spring, { is the damping coefficient of the
DMCS-TENG system and a is the acceleration of the
mechanical shaker table. The DMCS-TENG prototypes
respond to the mechanical energies applied through resonant
oscillatory frequencies. Where the Al foil is in constant non-
uniform contact with the dielectric film and attracts electrons
away from the copper electrode to flow through the 10 MQ
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Fig. 10. DMCS-TENG with (a) polyimide-flat Al and (b) polyimide-
honeycomb patterned Al voltage-time response through simulated resonant
frequencies of 30 Hz, 80 Hz, 150 Hz, 180 Hz, 200 Hz, 219 Hz and 252 Hz.
Average acceleration, velocity and displacement inputs measured with a PDV-
100 Portable Digital Vibrometer.

external load as shown in Fig 10 (a) and (b) for all the
measurements at each frequency over 30 s. It has been observed
that the maximum peak-to-peak voltage was measured for the
DMCS-TENG prototypes using the honeycomb patterned foil
in contact with polyimide (Fig 10 (b)). This can be compared
with the output voltage measured using flat Al foil — polyimide
(Fig. 10 (a)).

Among all the DMCS-TENG prototypes employing the top
five triboelectric material combinations (Table I (tested)) in
contact with flat Al foil and honeycomb patterned Al foil, the
following results were found. The output power performance
comparison between 30 to 252 Hz with an acceleration between
319.62 to 559.29 mm/s? of amplitude showed an improvement
factor of 2.3 for the DMCS-TENG devices fabricated using the
patterned Al foil, relative to those fabricated using flat foil (Fig.
11). Such enhancement of the measured values shows the
effectiveness of the honeycomb patterned Al foil to improve the
electrical contact and surface charge density between the
selected triboelectric layers. The maximum generated output
voltage (Vrus) was 12.50 V, with an output current (Jgus) of
62.27 pA, which corresponds to the output power and power
density of 778.43 uW and 12.16 uW/cm?, respectively. This
was reached using polyimide in contact with the honeycomb
patterned Al foil at the frequency of 150 Hz and average
acceleration of 559.29 mm/s?. This is followed by the DMCS-
TENG devices using PDMS and FEP with the output voltage
(Vrus) from 11.10 V to 4 V, current (Irus) from 22.16 pA to
63.62 A, output power from 246.02 pW to 254.48 uW and
power density from 3.84 pW/cm? to 3.98 uW/cm?, in contact
with the patterned Al foil (Fig. 11).

The total energy conversion efficiency (ECE) 1 of the DMCS-
TENG self-resetting system with Polyimide-honeycomb
patterned Al foil was defined as the ratio between the input
mechanical energy and the generated electrical energy E,. that
is delivered to the load resistance of 10 MQ by the DMCS-
TENG. The efficiency is determined by (5) [18]:

T T T T
%0 120 150 180

Time (s)

_ Eelectric Eelectric

x100% = x100%  (5)

Emechanical Ekinetict Eelastic

The E.. generated by the DMCS-TENG shows an energy
output between 0.40 of 13.02 pJ during a time of 60 s. The
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Fig. 11. DMCS-TENG output power, ECE % and average acceleration

measured at the main compressed air bubble frequencies generated during wave
impact with polyimide (Kapton), PDMS, FEP, silicone rubber, PET — flat Al
foil/honeycomb patterned Al foil.

kinetic Egineic and elastic Eeusic energy applied to the DMCS-
TENG by the mechanical shaker (Eyechanical = Etinetic T Eetasiic)
was calculated by equation (6) and (7). The measured values
for the dynamics of the DMCS-TENG were between 319.62 to
559.29 mmy/s? for the average acceleration @, 163.95 to 343.59
mm/s for the average velocity v and between 0.10 to 0.26 mm
for the average displacement x of the top dielectric layer.
Considering as spring the bending of the top layer, and as
constraints the attached kapton tape used to bound four sides of
the conductor layer with the dielectric layer that generates the
self-resetting system (Depicted in Fig. 9 (a)). The bending
stiffness (k = 4 to 6.14 N/m) was estimated based in the mass
(mpowimide = 2g) and average displacement x of the moveable top
dielectric layer. N is the number of springs considered for the
DMCS-TENG (N = 1) (Supplementary Information).

Exinetic = 3mv? = 26.87 t0 81.96 1 (6)

Eoptastic = %ksz =0.13 t0 0.58 yJ (7)
The energy applied (Enechanicat) to the DMCS-TENG by the
mechanical shaker table was calculated to be between 26.91 to
82.11 pJ, which indicates an efficiency between 1.51 to
15.85 % for the main frequencies of interest between 30 to 252
Hz. The highest efficiency was calculated at 150 Hz and
average acceleration of 559.29 mm/s?, followed by 30 Hz with
an acceleration of 549.14 mm/s? as shown in Fig. 11 according
to the experimental measurements.

It was observed, however, that at 80 Hz with an acceleration
of 472.78 mm/s? and at frequencies greater than 180 Hz with
acceleration between 319.62 to 461.77 mm/s?, the output power
performance response and efficiency of the devices were lower
as shown in Fig. 11. The variation in the output power
performance and efficiency (Fig. 11) shows that the proposed
devices can effectively respond to a broad range of input
oscillating frequencies showing different resonant peaks from
25 to 300 Hz. This means that the device has the potential to
produce a higher output power at the moment when the ocean
wave impacts the porous structures between 30 Hz and 50 Hz.
After the wave collapses, where the air bubbles are formed
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Fig. 12. (a) Power up of 62 serially-connected white LEDs instantaneously and
continuously with the DMCS-TENG prototype (polyimide-honeycomb
patterned Al foil). Measured average instantaneous power consumption by the
LEDs was around 13.48 mW. (b) Output power generated by the DMCS-
TENG prototype (polyimide-honeycomb patterned Al foil), when the
dielectric-metal layers are in contact and released exposed to water wave
impact with an amplitude of 10 cm and frequency of 1.2 Hz.
between 150 Hz and 200 Hz [2, 3]. The maximum output
performance measured experimentally is related to the
calculated response obtained by the FEM simulation at 150 Hz
for the proposed energy harvester prototypes, under similar
conditions of operation as described in section III.
Additionally, the difference in the output performance
between the simulated DMCS-TENG and the real prototypes
arises because the FEM simulations were solved by assuming
the maximum surface charge density between layers in contact
under ideal conditions. This leads to higher output power values
(between 3.66 mW to 416.47 uW). Compared with the
measured output power values of the built and tested devices
(between 781.31 pW to 244.41 pW) in non-ideal conditions.
Moreover, to demonstrate the capability of the DMCS-
TENG prototypes as direct power source, 62 Kingbright L-
7104PWC-A 3 mm white LEDs (1200 mcd) were utilized as
operating load connected to the device with the triboelectric
material combination of polyimide-honeycomb patterned Al
foil. The peak AC output current of the DMCS-TENG (without
rectification) was capable of instantaneously and continuously
lighting up 62 serially-connected white LEDs when the device
was under 150 Hz mechanical oscillation and average
acceleration of 559.29 mm/s> (Fig. 12 (a)). The measured
average power consumption by the LEDs was around 13.48
mW for this demonstration.

Finally, the generated output power by the aforementioned
energy harvester, when the dielectric-metal layers are in contact
and released under the water wave impact generated in the tank,
is shown in Fig. 12 (b). This device with its area of 64 cm?
generated an instantaneous output power, power density of 1.08
mW, 169.22 mW/m?, respectively. Consequently, it is expected
to generate output power and energy of 3.05 W and 2.53 J, if
2,812 of the DMCS-TENG prototypes are tiled (electrically
connected) over a water-structure interface with an area of 18
m? that received wave sizes among 0.3 m to 4 m [19].

The total energy (potential energy and kinetic energy) of a
wave can be calculated by [20]:

E =3pgA’ ®)

Where g is the acceleration of gravity (g = 9.8 m/s?), p is the
density of water (p = 1000 kg/m?) and A is the wave amplitude
(A =10 cm, frequency = 1.2 Hz). The input energy E, produced
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by the water wave impact in the tank (Fig. 9 (c)), was found to
be approximately 49 J. Accordingly, the DMCS-TENG devices
have an efficiency of 5.16 %, calculated by:

n = —Zelectric_ 51009 = 5.16% ©

Ewater wave

As a result of the power levels achieved by the devices, it is
feasible to propose that such energy harvesters can be used to
energize wireless nodes for coastal sensing applications.

V. CONCLUSION

The proposed work has shown that the triboelectric effect
can be used to realize an innovative type of energy harvester for
ocean wave impact forces. Firstly, by comparing the findings of
the literature, PTFE is the most electronegative material which
is widely used in TENG fabrication [12, 21]. Therefore, in our
work through an impact test, it was found the ideal dielectric-
conductor triboelectric material combinations for the fabrication
of the DMCS-TENG prototypes. The results showed that silver
conductive cloth tape is the material that attains maximum
positive charge, and PDMS as the material that attains maximum
negative charge. For the same load conditions (10 MQ), it was
found that the best output performance was obtained by using
dielectric layers with thicknesses between 100 to 125 pm.
Additionally, by employing a mechanical shaker for the DMCS-
TENG prototypes output power performance characterization.
The results show that excellent output power is obtained when
using polyimide as the negative material in contact with the
honeycomb patterned Al foil. Such results indicate that the
experiments set-up change the contact electrification
performance between the dielectric-conductor, which was
reflected in the output power performance of the proposed
TENG devices. A different most negative material was found
compared with the one shown in the literature when the contact
is made between dielectric-metal materials [12, 21]. Such results
suggest that the previously published triboelectric series [12, 21]
may not give the obvious material pair for the best energy
harvesting performance under all circumstances, and for cross-
comparison, thickness normalized values must be used.

Secondly, through numerical simulation to obtain a
quantitative understanding of the working mechanism and
analysis of the output performance of the entire system under the
effect of the ocean wave impact oscillating frequencies, the
optimum design of the DMCS-TENG was found.

Thirdly, it was observed that the proposed devices’ output
power and ECE efficiency changes with the main oscillation
frequencies between 30 Hz to 252 Hz with an amplitude average
acceleration between 319.62 to 559.29 mm/s?. Such variation
shows that the proposed devices can effectively respond to a
broad range of input oscillating frequencies showing different
resonant peaks at the aforementioned frequencies. The
maximum output performance was reached using the optimum
triboelectric material combination of polyimide — Al foil.
Therefore, an enhancement in the output power performance by
a factor of 2.3 was achieved using a honeycomb patterned
aluminium foil as a low-cost option to enhance the output
performance of the DMCS-TENG prototypes. Such
improvement in the output performance is due the surface
pattern of the Al foil, which increase the effective contact area
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between the materials that increase the triboelectric charges
generated during the friction.

Finally, through the integration of the selected DMCS-
TENG prototype into the water wave generator tank an output
power density of 169.22 mW/m? using an area of 64 cm? was
generated. It is predicted that over an area of 18 m?> with wave
sizes of 0.3 m to 4 m, an output power of around 3.05 W is
possible. This offers an alternative approach for generating
electrical power for coastal sensing applications that require
self-powering. Further investigation is required to explore
suitable designs to improve the output electrical performance of
the energy harvesting prototypes, with engineering challenges,
such as efficient energy coupling and robustness to withstand the
harsh environmental conditions of the ocean.
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