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EVALUATING STRUCTURE AND POWER CONVERTING
CIRCUITS FOR HYBRID TRIBOELECTRIC AND
PIEZOELECTRIC NANOGENERATOR

A hybrid nanogenerator integrates both triboelectric and piezoelectric
components into a single device. By doing so, it can harness energy from
different types of mechanical inputs more efficiently. When the hybrid
nanogenerator is subjected to mechanical motion, both triboelectric and
piezoelectric effects are activated. For example, when pressing or sliding
motions occur, the triboelectric layers produce a charge due to contact
and separation, while the piezoelectric material generates a charge from
the mechanical stress applied. The combined effect can produce higher
electrical output and improve the efficiency of energy harvesting from a
broader range of mechanical motions. In this paper, the novel structure of
hybrid triboelectric and piezoelectric nano-generators have been merged
to harvest abundant mechanical energy. Ecoflex and PVDF-based hybrid
nanogenerator have been proposed to harvest mechanical energy. While
Ecoflex synthesized with 0.5 % hexachlorofullerene (C60CI6) is used for
the triboelectric layer in the TENG part, 3wt% polymethyl methacrylate
(PMMA) integrated with polyvinylidene fluoride (PVDF) matrix is
utilized as a dielectric medium in piezoelectric part of the nanogenerator.
Efficient hybrid nanogenerator structures were selected and appropriate
power converters were used. The hybrid NG’s performance in generating
electrical microenergy was demonstrated experimentally.
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Introduction

With the swift expansion of the industrial economy and the global population,
traditional energy sources like fossil fuels are increasingly inadequate to satisfy
energy requirements. The adoption of renewable and sustainable energy sources,
including light, heat, wind, wave, vibration, and rotational energy, emerges as a
viable and promising strategy to address the worldwide energy crisis [1]. Over
the past decade, extensive research and efforts have focused on environmental
energy harvesting techniques. These sources generate large-scale electricity for
industrial and household use, alleviating local power shortages. Simultaneously,
microscale energy harvesting has gained global attention for replacing batteries
in portable electronics and wireless sensor nodes, enabling self-charging devices
and self-powering smart wireless sensor network systems [2].

These energy harvesters capture ambient renewable energy and convert it
into electricity using various transduction mechanisms, including photovoltaic,
thermoelectric, pyroelectric, piezoelectric, electromagnetic, and triboelectric
methods, offering sustainable power solutions [3].

Most renewable energy sources in our environment are not consistently stable
or available. Because a single harvester’s energy output depends on the source’s
availability, it often cannot meet the power needs of electronic devices. Hybrid
energy harvesting technology is emerging as a solution to the energy insufficiency
of single harvesters. It involves collecting energy from multiple sources and
converting it into electricity through various transduction mechanisms. This
approach, using hybrid materials, structures, and mechanisms, enhances energy
conversion efficiency and benefits from multiple energy sources simultaneously.
Multi-source hybrid energy harvesters with diverse energy conversion materials
and configurations have been consequently developed as integrated devices [4].

The output power increases significantly when multiple energy sources
are available simultaneously or alternately. Despite this, the development of
high-efficiency power conversion from single-source harvesters and various
transduction mechanisms remains a primary research focus. Technical reviews
on piezoelectric [5], electromagnetic [6], triboelectric [2], thermoelectric
[7], pyroelectric, and hybrid mechanisms have covered materials, theories,
configurations, and applications [8]. Due to their irregular high-voltage, low-
current pulse output, TENGs typically have low energy supply efficiency when
powering electronics or charging storage devices, limiting their practical use in
self-powered microsystems. Therefore, effective power management is crucial
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to enhance the energy efficiency of TENGs [3]. Self-powered applications using
NGs have grown rapidly, particularly in biomedical fields. Implantable TENGs
have proven effective for human-machine interfaces and wearable devices for
monitoring physical activities. Recent studies indicate that TENGs can generate
electricity from various mechanical energies, including water waves, sound, and
traffic noise. While TENGs generate high voltages and low currents, PENGs
produce low voltages and medium currents [9]the high impedance of the TENG
cannot meet the low impedance requirement of electronic devices. TENG devices
need efficient and secure power management solutions to overcome the issue.
Recently, different power management techniques with matched impedance and
regulated output power have been proposed to efficiently utilize a TENG as a
power source. These power management techniques include direct current (dc.
Both have low power outputs and therefore require efficient power management
circuits for hybrid TENG/PENG.

There have been several studies devoted for designing of the hybrid
triboelectric and piezoelectric nanogenerators to harvest mechanical energy. The
flexible nanogenerator using P(VDF-TrFE) nanofibers and a PDMS/MWCNT
composite membrane, operating through separate triboelectric and piezoelectric
hybrid mechanisms has been proposed [10]. P(VDF-TrFE) nanofibers, created via
electrospinning, serve as both a piezoelectric functional layer and a triboelectric
friction layer. Multiwall carbon nanotubes (MWCNTSs) were added to PDMS
films to enhance the triboelectric generator’s performance by increasing
initial capacitance. The nanogenerator was fabricated using low-cost MEMS
processes. Another study suggests that a hybridized triboelectric-piezoelectric-
electromagnetic nanogenerator may efficiently harvest vibration energy [11].
The device integrates three energy harvesting modes into a single unit, with a
magnetic levitation structure as its core component. This design might potentially
offer higher sensitivity compared to conventional spring or cantilever systems,
due to reduced energy loss, making it suitable for capturing small vibrations, such
as those from a slapping desk or a running car. Additionally, the design may help
prevent mechanical fatigue or damage, although further validation is necessary to
confirm these benefits. A hybrid piezo/triboelectric nanogenerator (H/P-TENG)
was designed for mechanical energy harvesting using polymer ceramic composite
films, specifically PDMS/BZT-BCT and PVA. The H/P-TENG, incorporating 15
wt% forward-poled BZT-BCT in PDMS, showed a 190 % performance increase
over a TENG made from pure PDMS [12]. Finally, Hybrid nanofiber mats
were created using poly(vinylidene fluoride) and thermoplastic polyurethane as
piezoelectric and triboelectric materials through simultaneous electrospinning [13].
When subjected to periodic compression, these hybrid nanogenerators showed a
75.0% increase in voltage density and a 169.23 % increase in current density due
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to surface roughening. Additionally, the decoration with rGO NPs and ZnO NWs
further boosted voltage density by 271.80 % and current density by 230.77 %. A
piezoelectric/triboelectric hybrid nanogenerator (PT-NG) was developed using a
composite film of electrospun PVDF nanofibers embedded in PDMS [14]. This
design enhances mechanical-to-electrical energy conversion while protecting the
PVDF during compression. The PT-NG efficiently charges capacitors and performs
well as a self-powered wearable sensor, capable of detecting finger movements,
recognizing gestures, and monitoring respiration.

The power management module must match the impedance of electronic
devices with a hybrid TENG/PENG and regulate its output for steady power.
DC buck conversion, capacitive transformation, rectification, electromagnetic
transformation, IC switches, voltage trigger switches, travel switches, and transistor
switches have been adopted for efficient power conversion, the techniques are not
efficient and straightforward though [2].

Recent studies have been devoted on polymer-based TENG and PENG,
highlighting their use as both energy harvesters and self-powered sensors [15].
Generally, TENGs convert mechanical energy into electrical energy through
the combined effects of contact electrification and electrostatic induction. This
mechanism allows TENGs to harvest energy from various mechanical motions in
the environment. On other hand, PENGs utilize the piezoelectric effect to convert
mechanical energy into electrical energy, serving as energy harvesters, and detect
mechanical stimuli to generate electrical signals, functioning as self-powered
sensors [16]. Both devices can be combined to improve the power density of the
sources.

In this paper, the Ecoflex and PVDF-based hybrid nanogenerator has been
proposed to harvest mechanical energy. While Ecoflex synthesized with 0.5 %
hexachlorofullerene (C60C16) is used for the triboelectric layer in the TENG
part, 3wt % polymethyl methacrylate (PMMA) integrated with polyvinylidene
fluoride (PVDF) matrix is utilized as a dielectric medium in piezoelectric part
of the nanogenerator. Efficient hybrid nanogenerator structures were selected
and appropriate power converters were used. The hybrid NG’s performance in
generating electrical microenergy was demonstrated experimentally.

Materials and methods

A.Hybrid NG structures

The structures for hybrid nanogenerators are fabricated with synthesized
dielectric materials with improved triboelectric properties and their chemical
and electrical characteristics have been presented in previous studies [15], [16].
Four structures of the hybrid nanogenerators (NG) as well as PENG and TENG
have been presented below (Figure 1). The hybrid NG consists of triboelectric
and piezoelectric components. The structure-1 was fabricated such that Ecoflex/
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flurelene 5 wt% was attached to the top electrode (N1) while PVDF/PMMA 3 wt%
was placed between electrodes N2 and N3 (Figure 1a). The contact and separation
of electrodes N1 and N2 represent a triboelectric component, and the deformation
of dielectric material between N2 and N3 operates as a piezoelectric component.
Similarly, the structure-2 of the hybrid NG is fabricated such that in triboelectric
component PVDF/PMMA 3 wt% is attached to N1 and polyvinyl alcohol (PVA)
15 wt% is attached to N2 (Figure 1b). In the piezoelectric component, Ecoflex/
flurelene 5 wt% is placed between the electrodes N2 and N3. The structure -3
of hybrid NG is fabricated such that the triboelectric component’s electrode N1
is attached with Ecoflex/flurelene 5 wt% and N2 attached with PVA 15 wt %
(Figure 1c). The piezoelectric component’s electrodes have Ecoflex/flurelene 5
wt% between N2 and N3. Structure-4 of the hybrid NG is fabricated similarly to
structure-1 but N2 is attached with PVA 15 wt% in the triboelectric component
(Figure 1d). The structure of TENG consists of the electrode N1 attached with PVA
15 wt%, and Ecoflex/flurelene 5 wt% attached to N2 (Figure 1e). The structure of
PENG consists of PVDF/PMMA 3 wt% placed between the electrodes N1 and N2.

(2) (b)

(©) (d)
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(e) ¢

Figure 1 —The fabrication structures of the hybrid NGs (a) structure -1, (b)
structure -2, (c) structure — 3, (d) structure -4, (¢) TENG structure, (f) PENG
structure

Deriving and applying electromechanical equations for a hybrid NG is
complex, especially when the components’ motions are closely linked. A general
system of equations for a hybrid NG combines piezoelectric and triboelectric
principles, particularly applying Maxwell’s law of displacement current, but varies
across the piezoelectric and triboelectric domains [17]:

where is the separation distance between the triboelectric layers or the
distance inside the piezoelectric material; is the surface polarization charge density
on the piezoelectric material; is the surface density of free electrons accumulated in
the electrodes of the triboelectric material; are the thickness and dielectric constants
of two dielectrics of the triboelectric pair; are the output voltage downstream of
the piezoelectric and the triboelectric device; is a function that involves the output
voltages and currents of the piezoelectric and triboelectric components and which
depend on the specific configuration and electrode connections.

B.Power converters circuits for hybrid NG

The power converters’ topologies are presented and assessed according
to their performances measured from the output side. The first converter’s
topology (connection-1) represented a three-phase full-bridge rectifier connected
to N1, N2 and N3 electrodes (Figure 2a). The second topology (connection-2)
represents half-wave rectification with two diodes, anode sides connected to
N2 and N3 (Figure 2b). The third topology (connection-3) has two full-bridge
rectifiers connected in parallel (Figure 2¢). The final topology (connection-4)

has two full-bridge rectifiers connected in series (Figure 2d). Inputs of the first
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full-bridge connected to N1 and N2, and the second full-bridge rectifier’s inputs
connected to N2 and N3. It should be noted converter’s topology for TENG and
PENG consists one full bridge rectifier as it utilized in [15] and [16].

(a)

(b)

(c)
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(d

Figure 2 — Power converters connections: (a) connection — 1, (b) connec-
tion- 2, (¢) connection -3, (d) connection- 4

Results and discussion

This section presents the electrical characteristics for harvesting mechanical
energy by hybrid NG for analysis. The performance of the designed hybrid NG
(structure-1) has been measured with an oscilloscope in contact separation mode (5
Hz and 10 N) and compared with PENG and TENG performance. The connection-1
power converter’s topology was utilized in this test. The open-circuit voltage and
short-circuit current diagrams are shown in Figure 3 and Figure 4. The maximum
values of the PENG, TENG, and Hybrid NG output voltages reach 10.8 V, 5.28
V, and 6 V respectively. However, the mean value of the voltage of Hybrid NG is
the highest, 0.5905 V which is higher by 23% and 22.3% from TENG and PENG
voltages respectively. The maximum values of the PENG, TENG, and Hybrid
NG currents reach 1.24 pA, 0.536 pA, and 0.42 pA respectively. However, the
mean value of the current of Hybrid NG is the highest, 0.0534 pA which is higher
by 72.8% and 13.9% from TENG and PENG voltages respectively (Table 1).
Moreover, the Hybrid NG demonstrates the maximum charge transfer compared
to PENG and TENG (Figure 5). For example, the Hybrid NG has generated 1.84
pC which is higher by 8.65% and 291.4% than TENG and PENG respectively.
Similarly, the performance of the Hybrid NGs has been analyzed by considering
their structures which are presented in the previous section. The output voltages of
the Hybrid NGs are presented in Figure 6. Structure-4 has the best performance than
other structures. For example, it has reached 45 V with 5.9579 pC charge transfer
which is improved by 61.4%, 879.6%, and 8.52% than structure-1, structure-2,
and structure-3 respectively (Table 2). This has shown that Structure-4 is a better
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configuration for power generation. Next, the power converters have been tested
for efficiency and minimal losses. The maximum output voltage has reached 67
V with 2 half-bridge rectifiers whereas 25 V with a three-phase rectifier which is
higher by 38.9% and 108.3% than with connections 3 and 4 (Figure 7).

Table 1 — The output voltages and currents of the Hybrid NG

Type of NG Y ,V , 0A , 0A

TENG 5.28 0.48 0.536 0.0309
PENG 10.2 0.483 1.24 0.0469
Hybrid NG 6 0.591 0.42 0.0534

Figure 3 — Hybrid NG’s output voltage after full-wave
rectification at S Hz and 10 N
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Figure 4 — Hybrid NG’s output current after full-wave rectification
at5Hzand 10N

Figure 5 — Hybrid NG’s charge generation within 55 sec at 5 Hz and 10 N
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Figure 6 — Hybrid NG’s output voltages with structures 1, 2, 3, and 4

Table 2 — Hybrid NG’s maximum output voltages and maximum charges with
structures 1, 2, 3, and 4

Parameter TENG PENG Structure -1 | Structure -2 | Structure | Structure -4
-3

Maximum 39.2 0.18 24 1.44 21.6 46.8

output

voltage,

\%

Maximum | 5.222 0.033216 3.6912 0.60819 5.4902 5.9579

Charge, oC
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65 —— 3 phase rectifier
6ol —— parallel 2 full-bridge rectifiers
55 [ —— series 2 full-bridge rectifiers
sl —— 2 half-bridge rectifiers
45
L40F
g35F
Sl
"5l
20
15+

-5 1 1 1 1 1 1 1 1 1

=10 -5 0 5 0 15 20 25 30

Time, sec

Figure 7 — Hybrid NG’s output voltages with power converter
connections 1, 2, 3, and 4 types

Conclusions

In this paper, a novel hybrid structure combining triboelectric and piezoelectric
nanogenerators was developed to harvest abundant mechanical energy. Polymers-
based hybrid nanogenerators were proposed for this purpose. Specifically,
Ecoflex with 0.5 % hexachlorofullerene was used for the TENG’s triboelectric
layer, while a 3wt% polymethyl methacrylate integrated with a polyvinylidene
fluoride matrix served as the dielectric medium for the piezoelectric part. Efficient
hybrid nanogenerator structures were selected by evaluating performance with
varying dielectric layers attached to the designated electrodes and appropriate
power converters were utilized. The maximum power generation of the hybrid
nanogenerator as well as demonstration of its practical application are planned as
the future steps and will be presented in upcoming study.
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Tubpuomi Hanozenepamop MpubOIICKMPIIK HCOHE Nbe302IeKMPIIK
KOMnoHenmmepoOi Oip Kypviiebiaa Oipikmipedi. Ocoliatiud, 011 MEXAHUKATbIK
KipicmepOiy opmypii mypiepiHer SHePEUsiHbl MUIMOIpeK naudalana anaobl.
Tubpuomi HamozeHepamop MexaHuKamblk KO32alblCKA YWbIpazan Ke30e
MpubOIIEKMPILIK JHCOHE Nbe303JeKMPIIK ocepiep benceHoipineoi. Mvicanul,
bacy Hemece Coblp2anay Ko32aublcmapsl nauoa 6012anoa, mpuboseKmpiiK
Kabammap Jcamacy sHcore 00y CANOAPLIHAH 3apsi0 HCACAUuovl, Al
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Nbe302eKMPIIK MAMepuan Koa0aHbLI2AH MEXAHUKANbIK KepHEeyOeH
3apa0 dcacauovl. Bipikmipineen ocep deKmp KyamulH JHCO2apbliambin,
MEXAHUKANBIK KO32ANbICMApPOblY Kel aYKbIMbIHAH IHEeP2Us JHCUHAY
muimoinizin apmmuipaovl. Byn maxanada cubpuomi mpubosieKmpiix Jcome
Nbe302eKMPIIK HAHO2EHEPAMOPAAPObIY HCAHA KYDULILIMbL MEXAHUKAIBIK,
IHEPSUSHBL HCUHAY YUiH OIpikmipindi. Mexanukanvik SHepSUsHbl HCUHAY
yuwin Ecoflex ocone norusununudenoi pmopuonen (PVDF) nezizinoezi
cubpuomi nanoeenepamop ycvinwinovl. TENG benizindezi mpubosekmpiix
gabam ywin 0,5% eexcaxnoppynrepenmen (C60CI6) cunmesoenzen
Ecoflex natioananvinca, Ousiekmpukmix opmaHsly OUseKmpIiK Opmacsl
peminoe PVDF 6ipikmipineen maccanvix 3% noaumemuimemaxpuiam
(PMMA) konoanvinaowt. Tuimoi cubpuomi nanozeHepamop KypoliblMoapbsl
manoanein, cotikec Kyam mypiendipeiwmepi nandaianvliovl. I ubpuomi
HAHO2EHEePamopbIHbLY SNeKMPIIK MUKPOIHEP2UAHbL OHOIpYOe2i OHIMOiNi2
IKCHEePUMEHmMandbl mypoe Kopceminoi.

Kinmmi cosdep: eubpuomi namnozenepamop, mpubosneKkmpiix
HAHO2EHepamop, Nbe309JeKMPIIK HAHOLEHEPAMOP, MEXAHUKANbIK IHEPSUS]
JHCUHAY, OUITIEKMPIIK Opma, Kyam mypieHOIip2iu mizoeei.

b. K. Capcembaes', A. Mybapar?®, A. Apunoea® *I". C. Kanumynouna®
'Astana IT University, Pecniyonuika Kazaxcran, r. Acrana
1234HazapbaeB Yuusepcurtet, Pecnyonuka Kazaxcran, r. Actana
Ioctynuno B pegaxuuto 20.08.24

Ioctynuno ¢ ucnpasnenusmu 06.01.25

IIpunsaro B neyars 11.03. 25

OLIEHKA CTPYKTYPbI U CXEM IIPEOBPA3OBATEJIEA
SHEPI'H JJIA TMBPUJTHOI'O TPUBOJIEKTPUYECKOI'O U
HOBE3O2JIEKTPUYECKOTO HAHOT'EHEPATOPA

Tubpuonwiti Hanozenepamop 006veduHsem mpudosjeKmpuyecKue u
Nbe309IeKMpUiecKue KOMIHOHEHMbl 8 00HOM ycmpoticmee. Brazodaps
amomy ou modxcem 6onee IPPeKMmusHo ceHepupo8ams IHEPIUI0
Om pAa3IUYHbLIX MUNOB MeXaHuyeckux 6x0008. Koeoa eubpuonsiii
HaHO2eHepamop no08ep2aemcs MEXAHUECKOMY 8030€UCMBUI0 OBUIICEHUS,
AKMUBUSUPYIOMCSL KAK MPUOOIEKMPUYEcKue, max u Nbe3021eKmpuyeckue
agppexmuvl. Hanpumep, Kocoa npoucxoosam OGUINCEHUs HANCAMUSL
UNU CKOTBIICEHUSL, MPUOOITEKMPULECKUE CTIOU NPOU3BOOAM 3APS0 U3-
3a KOHMAKMA U pa3zoeneHuss, 8 mo epems KaK Nbe3021eKmpuyeckull
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Mamepuan npou3eooum 3apso U3-3a NPULONCEHHO20 MeXAHUYECKO20
nanpsocenusi. Coemecmuulil 3¢ pexm moxcem npouzgooums 6oJee
6bICOKULL IIeKMPUUECKUTl 8bIX00 U NOGblileHue 3ppekmusnocmu coopa
9Hepeuu U3 60Jee WUPOK020 OUANA30HA MEXAHULECKUX O08udiceHull. B
9MOU cmamve HOB8Asi CMPYKMypa 2UOPUOHbIX MPUOOIIEKMPULECKUX U
Nbe303JeKMPUYECKUX HAHO2EHepamopos bvlia 06veduHena 0as coopa
00UbHOU Mexanuyeckol sHepeult. I ubpuoHslil HaHO2eHePamop Ha OCHOGe
Ecoflex u nonusununuodenpmopuda (PVDF) 6vi10 npednosiceno cooupamo
Mexanuueckyro snepeuio. B mo epems kax Ecoflex, cunmesuposannviiic 0,5 %
eexcaxnop@yniepena (C60CI6), ucnonvzyemcs 0ist mpubodIeKMpPULecKo2o
cros 6 wacmu TENG, 3 % norumemuamemaxpunrama (PMMA),
unmeepupogannoco ¢ mampuyeti PVDF, ucnonvzyemcs 6 xauecmee
OUDTIEKMPUYECKOU CILOSL 8 NbE30ITCKMPUYECKOU YACMU HAHO2EHePamopa.
Bounu ebibpanst s¢hhexmusnas KoHCmpyKkyusi 2U6PUOHOC0 HAHO2EHePAMOPA
U UCNONIL308AHBI COOMEEMCMBYIOWUE NPeobpazosament MOWHOCMU.
DKCnepumMeHmanbHo NPOOEMOHCMPUPOBAHA IPPHeKMUBHOCb UOPUOHO20
Hano2enepamopa 01t NOJY4eHUs. DIeKMPUYECKON MUKPOIHEPSUU.
Knrouesvie cnosa: cubpuonsitl Hanozenepamop, mpuboieKmpudeckull
HAHO2EHEPAMOP, Nbe30EKMPULECKULL HAHO2EHEPAMOP, COOP MEXAHUYECKOU
IHepeUuU, OUIIEKMPUHECKUll IO, cXxema npeoopaszoeamelis MOUHOCMI.
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