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Abstract

This paper describes an alternative approach fprawing the output power performance for coastateva
impact energy harvesting systems, located at vetecture interfaces. This is achieved by simulbaséy
coupling the triboelectric and piezoelectric effeatxhibited in some materials. The use of finiwment
modelling, and experimental electrical characté¢igra enables the integration of hybrid devices iat
breaking water wave generator tank. This providemechanism for simulating actual ocean wave
conditions at low frequencies (0.7 Hz — 3 Hz). BEmdemments in the output performance by a factor.24 2
and 3.21, relative to those obtained from usinglsittriboelectric and piezoelectric nanogenerataes,e
achieved. This is demonstrated by evaluating thputicurrent, voltage, transferred charge, andgihgr
performance from a grid of up to four hybrid degi@®nnected to capacitors of different capacitaabees.
Such hybrid devices were capable of powering awag-wireless transmitter with a generated output
power between 340.85 uW to 2.57 mW and sent alsigrzareceiver at different distances from 2 n8 tm.
The research shows that such an integrated deait@rovide a promising mechanism for developingnhig
performance energy harvesting mechanisms for ose&e impact to drive self-powered systems having a
average power consumption of 1 to 100 mW. Furtlés, estimated that through the construction oféa
water-hybrid nanogenerator-structure interfacefpuiypowers of approximately 21.61 W can be geedrat
for powering networks of self-powered sensing systén smart large-scale applications.

Keywords: Coastal wave impact, dielectric-conductor, trileoglic-piezoelectric effects, hybrid
nanogenerators, marine sensing platforms, watectsire interfaces.

1. Introduction

The energy harvested from the shallow ocean waasdhen attracting a great potential as a
source of electricity for many years [1]. Speciatiyfferent triboelectric nanogenerators (TENG)
based on contact electrification of solid-solid ddid-solid interfaces [2-8], and hybrid devices
combined with TENG-electromagnetic generators (ENB;)L0] have been developed focusing in
harvesting the irregular motions at low frequenciestween 0.5 Hz to 5 Hz, generated by the
shallow ocean wave energy. Therefore, this wocki$es on harvesting the breaking wave impact
energy at coastal structures that varies betwemmlyshcting pulsating loads, and more intense
impulsive loads [11], which can be effectively eifgd as a source of electrical energy. Two
different approaches for harvesting coastal waveath forces have been demonstrated using a
dielectric-metal contact separation mode triboeiectanogenerators (DMCS-TENG) with solid
materials in contact at wide frequency range (3di252 Hz) [12, 13], and also water-dielectric
contact [14] using water as a triboelectric mateatdow frequency range (1.2 Hz). However, as
further investigation is required to explore suigatlesigns of TENG with engineering challenges
to improve the energy conversion efficiency harnngsthe breaking ocean wave impact. This
research proposes an alternative approach, stdse, simple to fabricate, and lightweight hybrid
nanogenerator to promote the output current to ongrthe low output power of DMCS-TENG
harvesting the impact of the water waves as prelyostudied [12-15]. Focused at low frequency
impact among 0.7 Hz to 3 Hz, by integrating a pilylidene fluoride (PVDF) piezoelectric layer
[16, 17] with suitable chosen triboelectric matiepiairs [13, 18-20].



Firstly, the simultaneous operation of triboelecpiezoelectric effects [21-23] under water
wave impact was studied. The hybrid nanogeneratmrgy harvesters utilize dielectric-to-
conductor triboelectric contact, and a flexiblezoielectric material with an active area of 4 cm x 4
cm. Secondly, a finite element model (FEM) was tmped for the hybrid devices using
COMSOL Multiphysics, to understand the couplingien both effects, study the load resistance
matching and parameter optimization in order td figher output performance.

Thirdly, the generated output voltage, output aurregansferred charges and output power by
the proposed hybrid devices were characterizedatemconditions using a breaking water wave
generator tank, which simulates the conditionshefrhechanical energy generated by ocean wave
impacts on the shoreline at low frequencies mertioabove. The output performance of the
hybrid prototypes was compared with triboelectrianogenerators and piezoelectric
nanogenerators (PENG) tested in similar conditifi® 14]. Additionally, a load resistance
matching experiment was performed with the objectieing to obtain maximum output power
performance from the prototypes.

Finally, the ability to charge a variety of capacit with a single hybrid device, and a grid of
four hybrid devices connected in parallel [24-2&]srcharacterized. An enhancement in the output
performance by exploiting the advantage by the dnetbtriboelectric-piezoelectric effects using
the proposed grid of energy harvesters was achiasedresult of simultaneous operation of both
mechanisms under water wave impact at low frequesmoge in a single contacted-pressed-release
operation. Additionally, it was demonstrated thattsgrid of energy harvesters has the potential
to drive small electronic devices that will enabléure advancement for powering a variety of
battery-less, self-powered marine sensing platfdonenvironmental monitoring.

2. Working mechanism of electricity generation using triboelectric-piezoelectric effects under
water wave impact

The three-electrode structure of the hybrid naneg®Dnr prototypes utilizes an arc-shaped
dielectric-to-conductor triboelectric contact andlexible piezoelectric material with an active
area of 4 cm x 4 cm (Fig. 1 a, Fig. 1 e and Figf).1The energy applied to the hybrid
nanogenerator system is translated into two cougpiteatts. The triboelectric effect is affected by
Euneiic (1), Which is the energy carried by the moveabteshaped dielectric layer that plays the
role of contact material for triboelectricity, artl.«c (2) which is the energy stored in the
dielectric layer acting as a spring for separaéfiar contact.

1

Eyinetic = Emvz (1)
1

Eelastic = EktxZN (2)

where,v is the average velocity of the dielectric layerewithe contact is made, caused by the
water wave impactn is the mass of the moveable arc-shaped l&yes the spring constant due a
flexural stiffnessx is the displacement of the arc-shaped layer shatjual to the spacing between
the two contacting surfaceg £ 5 mm), andN is the number of springs considered for the arc-
shaped structure of the hybrid nanogeneraior 2).

Additionally, the piezoelectric effect is affectég the mechanical energy of the water
wave impact which stress the piezo-layer a distanead that can be approximately calculated by
the work doneW due to pressing/pulling as shown(8)[27].

2
W =FAL = oA, 3)

0

The piezo-film is stressed by tensiBr= ¢A., whereos is tensile stresses, ad is the cross-
sectional area of the piezoelectric layer. Congidethe piezo-layer as an elastic medium, the
spring constank, due the stiffness in stretching that is givenkgy= EAJL,, whereE is the
Young’'s modulus. The length change of the piezaetematerialdL, can be approximated &t
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The operation of the PENG (Fig. 1 b) and the twazbde structures of the arc-shaped TENG
(Fig. 1 ¢) and DMCS-TENG with self-restoring stuet (Fig. 1 d) used to compare the output
performance of the hybrid nanogenerator under kmgakave impact is illustrated in the
Supplementary Information document.
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Fig. 1. Twodimensional schematic of the a) Hybrid nanogenerajoPENG with charge distribution wt
it is under an external force. ¢) The arc-shaped3MIENG, and d) the DMCS-TENG seésettin
system. e) Digital photo and f) cross sectionaitdigpghoto of the hybrid nanogenerator.

The simultaneous operation of triboelectric-pieeotic effects under water wave impact is
depicted in Fig. 2 (a-e). Before the water wave dotp the hybrid nanogenerator, there are
accumulated negative charges in the dielectriorJayre positive accumulated charges in electrode
2 (E2) and electrode 3 (E3) caused by dielectricetoductor triboelectrification after few cycles
of movement (Fig. 2 a and Fig. 2 f). First, the &mop of the water wave produces forward
triboelectric effect as the gap between contac#sylecreases, and a piezoelectric effect as the
charges flow due to tensile stress on the pieztedetayer (Fig. 2 b and Fig. 2 g). The
piezoelectric polarization influences the chargariiution on electrode 1 (E1), and E3 since they
are connected. Positive charges flow to E3 leafdhgvith negative charges, when the device is
contacted and pressed (Fig. 2 b and Fig. 2 g).rée@s the water wave breaks down and moves
off the hybrid device, no polarization exist sod&id E3 remain electrically neutral as the device it
is in the “contacted and released” state (Fig.a&a Fig. 2 h). Third, the gap increases and hence
this changes the electric field between the coathctlielectric-conductor materials. The
piezoelectric material recovers to its original @hawith a change in piezoelectric potential and
electric field, driving the charges in the loadfltiw in an opposite direction. Therefore, there are
charges with opposite signs in E1 and E3, respayt{¥ig. 2 d and Fig. 2 i) as the structure of the
hybrid prototype is releasing. Finally, the hybndnogenerator is fully released, and reaches
equilibrium once again (Fig. 2 €). Thus, one openal cycle of the hybrid prototype is achieved.
Once the following water wave impacts the hybridtptype, a periodic output will be obtained
(Fig. 2 a-e).
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Fig. 2. (a-e) Working mechanism tife hybrid nanogenerator with a simultaneous ojmerand electricit
generation of triboelectric-piezoelectric effectsdar water wave impacDigital photos of grid of hybr
nanogenerators in the breaking wave impact genetaé f) before receivip water wave impact, g) contac
and pressed, h) contacted and released, andasnede

3. Hybrid nanogenerators FEM

An FEM was developed for the hybrid energy harussie order to understand the output
performance, load resistance matching of simultameooupling between triboelectric and
piezoelectric effects under water wave impact. W& €onsider theV-Q-x relationship” [28, 29]
proposed for modelling the operating principleadFENG. When it is connected with an external
resistive load R), the maximum output power of the whole system banderived using
Kirchoff's law [28, 29]:

aQ _ 1 1
Re = —cm Ut Vocw = =@ +Voc 4)

where Voc is the voltage generated between two DMCS-TENGams, Q is the amount of
charge within the two contact€, is the capacitance of the two electrodes, xatglthe distance
between the triboelectric layers that varies with tmechanical energy and phase of motion at
time, t. According to this model, the output powerformance by the DMCS-TENG depends on
the output currentl). The voltageY) is influenced by the load resistance, and théasarcharge
densityos depends on the properties of the materials inambniThe piezoelectric nanogenerator
has a smaller output voltage but larger outputesdrrwhich is caused by the relatively low
equivalent resistance. The equivalent externaktaste of a piezoelectric nanogeneraty), (
when the output power reaches its maximum valuebeagxpressed as [30]:



a
Rp - bLepf (5)

whered,, b, L ande, are the thickness, width, length and permittiafythe piezoelectric material
andf is the frequency of the external mechanical energy

The FEM simulations were performed by coupling dolhechanics, electrostatics and
electrical circuit interfaces so as to model thgaticurrent, voltage and power generated by the
hybrid nanogenerators connected to resistive |¢adsying from 0.001 to 100 B4) under a
horizontal applied periodic motion at the osciltgtifrequencies of 0.7, 1.2, 1.8, 2.5 and 3 Hz. This
applying a waveform, input, and a boundary loadrenhybrid device as described in TABLE I.
The model is based on the hybrid prototype strecasrshown in Fig. 1 a, with different lengths of
(L =4 cm. 6 cm and 8 cm), so that the best destgnbe found. The device structure includes a
PVDF piezoelectric layerdf = 40 pm) with a piezoelectric polarizatioxi) of 150 pC/rhithat is
connected to two silver electrodel,(de; = 10 um) E2 (grounded) and E3. A copper &l € 10
pm) with a polyimide dielectric layeddf; = 50.8 pum) acts as the triboelectric part. The trmm-
charge surfaces were assigned with the theoretiaglmum surface charge density [13, 33k =
+34.063 pC/rh respectively (TABLE I).

TABLE |
PARAMETERSUSED IN THEFEM
Parameter Value

R_load R) 0.001 to 100 MR
R_TENG R) 10 MQ
R_PENG R) 0.5 MQ
Frequenciesf) 0.7,1.2,1.8,2.5,and 3 Hz
Time () 1ls
Waveform 6*pi*f
Input wvi(t)

Boundary load

Surface charge density, ()
Piezoelectric polarizatior{)

Time dependant (Simulation time)

Dielectric layer (Polyimidedp,)

Piezoelectric layer (PVDF,)

Copper electrodesl;)

Silver electrodeste,, dgs)

Gap

solid.rho*g_const
+34.063 pC/m"2

150 uC/mn2
range(0,0.006,0.72)s
Thickness = 50.8 pm
Length=4, 6 and 8 cm
Thickness =40 pm
Length=4, 6 and 8 cm
Thickness =10 um
Length=4, 6 and 8 cm
Thickness =10 um
Length=4, 6 and 8 cm
150 pm

A series of simulations were performed in ordeanalyse the output performance of the entire
system at the frequency range aforementioned., Rinsanalysis of the load resistance influence in
the output performance and electric potential iblb&lectric and piezoelectric part was performed
independently as illustrated in Fig. 3 a and Fidy.3The results show a highest output power
performance with the structures of L = 8 cm at tieillation of 3 Hz. The triboelectric
nanogenerator and piezoelectric nanogenerator edatie maximum output power of 21.88 mW
and 19.56 mW with a 10 M and 0.5 M2 load, respectively (Fig. 3 d).
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Fig. 3. Electric potential model and simulated electriccait diagram of a) TENG, b) PENG, and
simultaneous coupling of triboelectric-piezoelectaffects (hybrid nam generator). d) Simulation of f
influence of the load resistance in the output poe¥el ENG, PENG and Hybrid prototype) Output power ¢
the simulated hybrid devices with different leng{Bxm, 6 cm and 8 cm) under different frequen{e® Hz tc
3 Hz) that highlights the optimum load resistarmeeivery structure.

Therefore, the coupling of both effects was perfimsing the electric circuit diagram shown
in Fig. 3 ¢, to perform a quantitative load matchianalysis of the hybrid device output
performance, and electric potential. The output growf the hybrid prototype shows an
enhancement by a factor of 1.36 and 1.56 compar@th the simulated triboelectric
nanogenerators and piezoelectric nanogeneratdesités similar conditions respectively (Fig. 3
d). The maximum generated output voltage 381.89n¥ autput current of 76.87 pA, which
corresponds to the maximum output power of 29.94, with a 5 M2 load as shown in Fig. 3 d,
and Fig. 3 cillustrates the electric potentialeyated by the hybrid prototype.

Additionally, the increase in the length (L = 8 camyd oscillating frequency (0.7 Hz to 3 Hz)
of the hybrid devices promote an increase in theuwiypower by a factor of 1.34 (L = 4 cm) and
1.06 (L = 6 cm), respectively. Consequently, théinapm load resistance reduces as response



[28], so for the hybrid structures L = 4 cm and b sm the optimum resistances were 1Q kihd
8 MQ (Fig. 3 e), with a maximum output power of 22.2WwMand 28.22 mW, respectively (see
Supplementary Information document).

Although the structure of 8 cm x 8 cm is the lesibtain higher output performance for the hybrid
device, the structure with the active area of 4 xm cm was selected to fabricate the hybrid
nanogenerator, with the purpose of obtain a stablput performance operation. This when the
hybrid device and the grid of 4 hybrid devices avattached into the operation area (13 cm x 34 cm)
in the water wave impact generator tank (52 cm gr@4 18 cm).

4. Hybrid nanogenerator prototype fabrication and electrical characterization set-up

4.1 Fabrication

The hybrid prototypes composed with a three-eléetrconfiguration with an active area of 4
cm x 4 cm depicted in Fig. 1 a and Fig 1 e-f, wlalwicated using a simple and low-cost process.
Two carbon conductive ink electrodes (E2 and E3)ewmanually printed on both sides of a
flexible PVDF piezoelectric layer (PIEZOTECH, = 40 um) at room temperature (Fig. 1 b).
Therefore, by using suitable triboelectric materfdl3, 18-20], a dielectric polyimidel{; = 50.8
pm) was manually fixed with conductive glue at rommperature on a copper lay€ég;(= 100
pm) which acts as E1. Additionally, the E1 layerswmaanually insulated on the other side using
Kapton polyimide heat and chemical resistant tap@am temperature. Then, the E1 layer was
placed facing the polyimide dielectric layer oviee piezoelectric layer and bonded using Kapton
tape at room temperature to form the arc-shapddatiie-to-conductor structure with a gap of 5
mm on both sides (Fig. 1 a).

Additionally, the arc-shaped TENG have an activeaanf 4 cm x 4 cm (Fig. 1 ¢), and an
acrylic sheet was selected as a substrate matAnighluminum conductor layer (thickness = 18
pm) was attached to the acrylic with a thin adreetayer, at room temperature. Acting as both the
triboelectric material and the electrode that isugided. The polyimide dielectric layer (thickness
= 50.8 um) was fixed with an arc-shaped form usbogductive acrylic adhesive at room
temperature on a copper layer (thickness = 100tphat)is used as the second electrode connected
to an external load for electrical characterizatiddditionally, the copper layer was manually
insulated on the other side using Kapton. The maringap between the arc-shaped dielectric
layer and the conductor layer is 5 mm. Therefdre, DMCS-TENG with self-restoring structure
was fabricated following the process describedlBj using the dielectric-metal contact between
polyimide and aluminium (Fig. 1 d).

4.2 Electrical characterization

The electrodes of the fabricated hybrid prototyperenconnected to two full wave bridge
rectifiers in order to perform the electrical chaegization, as depicted in Fig 4 a. E1, and E3ewer
connected to each rectifier as a supply from theritlydevice in a simultaneous operation using
the triboelectric effect and piezoelectric effaetspectively. E2 was connected in both rectifiers
that is used as the second triboelectric mategralupded) and second electrode (grounded) of the
piezoelectric layer.

Their output voltage, output current, transferré@rges and output power performance was
compared with triboelectric nanogenerators, andggikectric nanogenerators [13] (Fig. 1 b-d)
which were characterized in similar water condiiofhe energy harvesters were insulated with
polyethylene packaging, in order to protect theomfithe contact with water. Such devices were
placed at the wall on the right side of the tandirfg the impact of the water wave as shown in
Fig. 4 b, where the water wave breaks with an &og#i of (110 to 12 cm and frequencies of 0.7
Hz to 3 Hz [13, 14]. A practical load resistancatohing analysis (varying between 1Q@o 100
MQ) to reach a maximum output power performance wita hybrid nanogenerators was
performed.
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Consequently, the ability to charge a variety qfamators (between 2.2 to 100 pF) for a period
of 80 seconds with a single hybrid device, piezttele device, triboelectric devices and a grid of
four hybrid devices (connected in parallel in orderincrease their output performance) was
tested. Furthermore, a durability test was perfarne the hybrid devices under water wave
impact during different periods between 30 min 8 Inin and number cycles of operation (see
Supplementary Information document). Moreover, glogential of the grid of hybrid devices to
charge and discharge capacitors was tested faorget@eriod. The output power generated of the
energy harvesters was derived using the rectifiegbud current and rectified output voltage
measurements performed using an Agilent Technaddg&/05B power analyser. The transferred
charges was measured with an electrometer Keitbel4 (See Supplementary Information
document), and the charging performance of the itiylevices was measured with a digital
oscilloscope Tektronix TDS 2014C, respectively fd€asurements performed on each sample).

5. Experimental results and discussion

The rectified output current, voltage and chargadferred of the hybrid, TENG and PENG
prototypes increases linearly, as the frequenc¥ 2. — 3 Hz) and amplitude (10 cm — 12 cm) of
breaking wave impact rises (Fig. 5 a-l). The maximoutput current, voltage and transferred
charges generated for the hybrid nanogeneratogases from ~35.7 pA to ~140.93 YA, ~68.23 V
to ~229.31 V, and ~102.12 nC to ~399.29 nC, (Fig-c) respectively. Thus, the maximum output
power performance increases from ~6.79 mW to 1194 The power performance of the hybrid
prototypes shows an enhancement by a factor of 2.88 and 3.21 compared with the arc-shaped
TENG, DMCS-TENG and the piezoelectric nanogenergiigy. 6 a). Such output current, voltage
and charge transferred increases linearly from8-@.2& to ~76.52 pA, ~34.02 V to ~107.89 V,
and ~17.73 nC to ~292.90 nC (Fig. 5 d-I). Accortiinthe maximum output power performance
of those energy harvesters were between ~0.87 m¥1c42 mW (Fig. 6 a), tested in similar
conditions of the mechanical energy generated gmwmave impacts, and connected to a® M
load resistance, respectively. Furthermore, thieaecement was verified with the charging
performance of the energy harvesters charging actap of 2.2 pF for 80 seconds, where the
hybrid nanogenerators reached a maximum voltagedo¥ as shown in Fig. 6 b.
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tested in a water wave impact aenerator tank udifierent freauencies of impact between 0.7 Hz t6z3

Furthermore, the maximum average output power amkepdensity of ~15.92 mW and ~0.99
mW/cnt, respectively was generated with a load resistafi@ MQ through the load resistance
matching practical experiment (Fig. 6 e). This eenpared with the maximum generated output
power of ~19.76 mW with a load resistance of 1Q Mached through the simulated model of the
hybrid prototypes (L= 4 cm) (see Supplementary rimition document). Such output
performance difference results from assuming thgimmam surface charge density between the
triboelectric materials in contact, and piezoelegiplarization under ideal conditions.

Additionally, the maximum voltage reached by thédgof hybrid devices was 12.87 V,
compared with a single unit that reached a maximalme of 5.4 V charging a capacitor of 2.2 uF
for 80 seconds as depicted in Fig. 7 a, and Fig. The grid of hybrid devices connected in
parallel with a total active area of 256 Trasulted in an enhancement factor of 2.43 in titpud
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Fig. 6. a) Rectified average instantaneous output power iendtandard deviation analysis calculated
measurements performed for each sample) of Hylewicd compared with TENG and PENG devices conn
to a 1 M2 resisbr under water wave impact (0.7 Hz to 3 Hz). b) 1@y performance of a single hybrid dev
arcshaped TENG, PENG, and DMCS TENG connected to auE.Zapacitor. ¢) Load resistance matc
analysis to reach the highest output power perfooma@f the 4 hybrid devices tested in the wateeggnor tank.

power (Fig. 7 f) and output performance enhancénmeoharging different capacitors compared
with a single hybrid nanogenerator. Such a gridloaf energy harvesters generated a maximum
average instantaneous output current, voltage hadge transferred, which rises steadily under
the different frequencies (0.7 Hz to 3 Hz) from 8D A to ~314.13 pA, ~185 V to ~631 V, and
~346.38 nC to ~1095.62 nC, (Fig. 7 c-e) respectivls a result, the maximum generated output
power and power density were between ~10.70 mWA&58 mW, and ~0.042 mW#rto ~ 0.18
mW/n? with a load resistance of 8 M respectively as depicted in Fig. 7 f. Furthermdee
calculate the average energy conversion effici{ByE) n of the grid of hybrid device system,
defined as the ratio between the electric energy.{8 delivered to the load resistor of &NMand

the mechanical energ¥ (aewave) applied by the water wave impact over a pertd@f(30 seconds
with the different frequencies. Theyewic released by the grid of hybrid nanogenerators was
%
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parallel to different capacitors (2.2 uF — 100 d¥)Rectified instantaneous output current, d) outpltage
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calculated by:
t2
Eelectric = ftl RI%dt = 16.10] (6)

wherel is the average instantaneous currentRiglthe load resistance. The total average energy
(potential energy and kinetic energy) producedheywater wave generator tank was calculated as
[32]:

1
Ewaterwave = E,DgAz =59.36J (7)

whereg is the acceleration of gravitg € 9.8 m/$), p is the density of watep(= 1000 kg/m),
and A is the wave amplitude ( between ~10 cm to ~12 fteguencies = 0.7 Hz to 3 Hz).
Consequently, the overajlof the grid of hybrid devices was 27.12% calcudatyg [33]:

n= Eelectric xloo% — 2712% (8)

Ewaterwave

Moreover, due to the improvement of the water wampact energy harvesting, and good
performance storing energy in different capacitosgg the grid of hybrid nanogenerators, an
application was demonstrated.

The grid of hybrid nanogenerators was used to pa@re way wireless 433 MHz transmitter
(Seeed 113990010) and sent a signal to the redeitarn on 4 Kingbright L-7104PWC-A 3 mm
white LEDs (1200 mcd), with a transmission distafifoen 2 m to 8 m as shown in Fig. 8 a and
Fig. 8 b. This was achieved after charging a capacf 47 pF between 312 seconds to 857
seconds, the voltage reached was within 2.95 Vit & and the switch was open to power up the
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Fig. 8. a) Setp for powering the wireless transmitter with thi@ gf hybrid nanogenerators under the w
wave impact. b) Electrical circuit diagram of thgbhd nanogenerators to charge the 47 pF capafor
powering the wireless transmitter. ¢) Capacitharging and discharging process for powerirg wlireles
transmitter under the water wave impact with adercy of 1.2 Hzd) Energy stored in the 47 puF capacito
the grid of hybrid devices, and the power generdtedthe capacitor during theistharging process i
powering the wireless transmitter to send a sigmal receiver with a transmission distance from @ 1@ m.



transmitter as depicted in Fig. 8 c. Furthermome ttee transmission distance increases, more
energy was required with a longer charging timeuiregl for the capacitor. The energy stored in
the capacitor for the grid of hybrid devices, ahd power generated for the capacitor during the
discharging process for powering the wireless tratter were between 204.51 pJ to 1.54 mJ, and
340.85 pW to 2.57 mW, respectively (Fig. 8 d). Besj it was demonstrated that the grid of
hybrid energy harvesters show the capacity to dsivall electronic devices by the achieved
output power levels (see Supplementary Video S1).

Finally, we consider the scale up the capabilitaafrid of these hybrid energy harvesters by
constructing large water-hybrid nanogeneratorssaire interfaces (Fig. 9) with an area of 18 m
that receives wave sizes among 0.3 m to 4 m [84hjel interface is integrated with 11,250 hybrid
devices connected in parallel, it is estimateddnegate an average output power, and energy of
~21.61 W, and ~23.70 kJ. Considering a water waygact over the proposed interface with a
maximum amplitude of 4 m, it is calculated to gewtera total energy of 78.4 kJ using (7). Using
(8), it is calculated that the large-scale hybrahogenerators could have an energy conversion
efficiency of 30.22 %, harvesting the impact enesgwater waves in large scale.

As a result, with the enhancement of the water wiengact energy harvesting performance,
the grid of hybrid nanogenerators is suitable fowering a variety of battery-less systems as
wireless nodes for coastal sensing applications.

Water wave High hydrostatic

impact between pressure
03mto4m distribution
Large scale

grid of hybrid

nanogenerators |J St

v“é e 4 l’y
a4
Fig. 9. Two-dimensional schematic illustration thie configuration of the proposed large water-tg/bri
nanogenerators-structure interfaces to escalatertesgy harvesting of water wave impact (Ocean mabee
adapted from [35]).

6. Conclusion

In this study, the improvement in the output perfance of prototype devices for ocean wave,
impact force energy harvesting was achieved by Isameously coupling triboelectric-
piezoelectric effects, and also by the attributdran electrical parallel connection of a grid of
such devices. This was verified by measuring thguwucurrent, voltage, charge transferred,
output power, and examining the ability to chargseection of capacitors with a grid of four
hybrid devices connected in parallel and testedeursimulated wave conditions at low
frequencies. As a result the output performancparese of the hybrid devices increases linearly,
as the frequency between 0.7 Hz to 3 Hz and andglibetween 10 cm to 12 cm of breaking wave
impact rises. Moreover, the grid of hybrid nanmgators has the potential to drive low-power
electronic devices. This was demonstrated by usiagstored energy in a capacitor charged over
different periods of time. The devices were capablgowering a wireless transmitter and sending
a signal to a receiver at varying distances. Kintie high output power obtained, shows that the
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integrated grid of devices offers a promising iradxe approach for the production of high-

performance energy harvesting mechanisms focuselaoresting water wave impact energy.

These are capable of energizing self-powered mas@esing systems for environmental

monitoring requiring an average power consumptiothé range from 1 mwW to 100 mW [36, 37].

Further, it is estimated that with the construct@inlarge water-hybrid nanogenerator-structure
interfaces for the generation of electricity onaeger scale, harvesting the impact of the water
waves for powering networks of self-powered sengpstems for smart fish farms having an

average power consumption from 100 W to 1 kW [38iis research work provides a promising

alternative approach to harvest breaking water viimpact energy that contributes to the previous
blue energy harvesting studies, which are focusetiayvesting shallow water wave energy [2-
10].
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Improvement in the output performance of devices for ocean wave impact energy
Simultaneously coupling triboel ectric-piezoel ectric effects

Grid of hybrid devices approach for high-performance energy harvesting
Water-hybrid nanogenerator-structure for large scale electricity generation

Energy conversion efficiency of 30.22 %, harvesting the water wave impact energy



