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Abstract: Transformers can produce gases dissolved in oil that can cause damage to their structures,
and preventing failures caused by these gases is a goal to be reached. There is a demand for wireless
sensors to monitor those gases. Alongside its development, there is a growing interest in new
energy sources enabling these technologies. Triboelectric nanogenerators can gather energy from
the environment, such as mechanical energy from vibrations, and convert it into electricity from the
contact of two dielectric materials. In this work, the authors propose the study of a low-cost and
straightforward triboelectric nanogenerator (TENG) based on ZnO nanorods as a positive dielectric
material, with PDMS:GO composites at different concentrations as the negative dielectric material.
All the studies were carried out in a wide frequency range varying from 45 to 250 Hz. Additionally,
an analysis of the addition of a steel spring into the TENG to improve the device’s generating output
is shown. A power density of 246 mV m~2 and 4 V of the output voltage was obtained using a
PDMS:GO 4% (w/w) composite and a steel spring. A correlation between the “mass-spring” system
and the better performance of the triboelectric device is presented. Further, vibration frequencies in
several external points of the transformer walls and the device’s performance in these frequencies are
shown, and the results gathered from this data are discussed.

Keywords: energy harvesting; triboelectric nanogenerator; ZnO nanorods; graphene oxide; PDMS;
transformer

1. Introduction

Currently, there is a growing demand for monitoring gases dissolved in transformer
oil, including hydrogen, hydrocarbons, and carbon oxides, to realize the diagnostic of
failures and predict the life of a transformer [1-3]. The dissolved gas analysis (DGA)
commercial devices currently use cables to power the sensors contained therein. However,
the advent of the Internet of Things (IoT) and the possibility of using wireless sensors to
monitor dissolved gases in transformer oil have brought challenges in developing new
sources of energy [4,5].

Nanogenerators are considered promising to power sensor devices once they can
convert the energy available in their surroundings, such as mechanical energy from vibra-
tions, into electricity [6]. The mechanical energy of an environment can be transformed
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into electrical power using the piezoelectric or triboelectric effect [7-10]. Because of this,
the use of nanogenerators for energy harvesting is an innovative, renewable, sustainable,
and low-cost solution studied as an alternative for feeding wireless gas sensors [11-13].
Among the nanogenerators, triboelectric nanogenerators (TENGs) have been considered
up-and-coming mechanical energy harvesters due to their high throughput via a simple
operation [14-16].

TENGS generate electric power by collecting electrostatic kinetic energy induced in
the contact electrification and electrostatic induction coupling [17]. The TENG’s physical
principle with the contact-separation mode consists of the physical contact of two dielectric
materials of the opposite ends of the triboelectric series [18]. When the two dielectric materials
touch, opposite charges are generated on their surfaces . As such, a current will move from
one electrode to another to achieve the electrostatic equilibrium during their contact and
separation. Usually, vibration movement, such as that present in the walls of the transformer,
can promote the contact and separation of the materials [19]. The output performance of
TENG:S is influenced by several factors, such as contact materials, system structures, and the
contact surface’s morphology [20-22]. Because of this, most published papers focus on using
different materials or expensive techniques, such as lithography, ion plasma, and etching,
to increase the effective contact surface. However, the influence of the addition of a steel
spring to a triboelectric nanogenerator (TENG) on the performance of its output power is
less discussed. Recently, we reported the possibility of applying nanogenerators for energy
harvesting in transformers. Still, using a steel spring to ensure the high electrical performance
of the TENG was little discussed [23]. Among the various materials used in TENGs, zinc
oxide (ZnO) nanostructures are promising due to their semiconductor properties, low cost,
and ease of synthesis [18,24]. ZnO nanorods (ZnO NRs) are resistant, sensitive to small
mechanical vibrations [25], biocompatible [26], show low toxicity, long-term stability [27], and
fast electron transport [28]. In TENGs, ZnO nanostructures show positive polarity, since their
characteristics tend to make them donate electrons.

On the other hand, polymers have been considered for use as an opposed pair to
materials with positive polarity. Polymers tend to receive electrons, which have negative
polarity [29]. Polydimethylsiloxane (PDMS) (Sylgard®184) is a low-toxicity polymer, bio-
compatible [30], easily moldable, and cured at low temperatures. Due to its high electron
affinity, PDMS can work as an excellent negatively charged dielectric material [29] in ZnO
nanostructures-based TENGs. Furthermore, graphene oxide (GO) can be incorporated into
PDMS to improve the generation and collection of loads in TENGs.

GO is a 2D-structure material with oxygen groups on its surface that aid faster electron
transport [31]. Apart from the numerous advantages of TENGs, there is a premise that increas-
ing the surface area [32], the charge density of the surface [33,34], adding two-dimensional ma-
terials to store charge [35], or modifying the structural design of mechanical metal springs [36]
can improve their performance. These characteristics are essential and influence contact time,
approach and detachment speed, and the gap between the two electrodes.

In this work, the authors propose to study the use of a steel spring in ZnO (NRs)-based
TENG design and its influence on energy harvesting from the transformers’ vibrations. The
TENG was built using ZnO NRs as positive materials and PDMS:GO composites as negative
materials. Different concentrations of the GO were tested, and the study was carried out in a
wide frequency range (45 to 250 Hz). The authors also discuss the TENG'’s ability to collect
vibration energy from the wall of transformers and convert it into electrical energy, based on
using a steel spring in the design of the device, and the natural vibration frequency.

2. Materials and Methods
2.1. Synthesis of ZnO NRs

Zinc oxide NRs were grown onto flexible copper tape (6 X 6 mm) by the chemical
bath deposition method (CBD) at low temperatures. The synthesis was performed using
ammonium hydroxide (NH4OH) and zinc nitrate hexahydrate (Zn(NO3), - 6 H,O) as pre-
cursor agents. After synthesis, the ZnO NRs were characterized using scanning electron
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microscopy ((SEM) Tescan model Mira 3 XMU) and X-ray diffraction (XRD) Shimadzu
XRD 7000 X-ray diffractometer).

2.2. Preparation of the PDMS:GO Composite

PDMS film (10 x 10 mm) was obtained from a Sylgard®184 reagent (Dow Corning,
Midland, MI, USA) using a 1:10 ratio. Aiming to prepare the PDMS:GO composite, the
Sylgard®184 reagent was mixed with an appropriate amount of GO suspension (2 and
4% weight) using an ultrasound. GO suspension was prepared in our laboratory accord-
ingly as previously reported in reference [37]. So, PDMS and PDMS:GO mixtures were
deposited onto alumina substrate (Al,O3) by spin coating at 3000 rpm for 30 s. The films
were then cured at 80 °C in a vacuum oven and characterized by optical microscopy
(Olympus BX51) and scanning electron microscopy ((SEM) Tescan model Mira 3 XMU).

2.3. Assembly of Triboelectric Nanogenerators (TENGs)

TENGs were assembled to operate in a vertical contact-separation mode, according to
Figure 1. Cu tape was used as conductive electrodes. ZnO NRs and PDMS or PDMS:GO
films were utilized as triboelectric pairs. ZnO NRs grown on copper tape will act as the
electron-donating material, PDMS film or PDMS:GO composite deposited on a copper
tape will be the electron-receiving material. Figure 1 shows the two vertical configurations
of TENGs built in this work. In all designs, PDMS/Cu tape was fixed in a shaker. In
the first, the ZnO NRs/Cu tape was set in mechanical support, Figure 1a. In the second
configuration, a steel spring blade (0.1 x 9.5 x 35 mm) was attached to the back of the
ZnO NRs/Cu tape, and the set was positioned near the mechanical support, Figure 1b.
The steel spring used for this purpose was analyzed by energy-dispersive X-ray analysis
(EDX) by scanning electron microscopy ((SEM) Tescan model Mira 3 XMU) for elemental
composition.

(@)

Copper tape
ZnONRs |

[ PDMS |
Copper tape

(b)

Copper Electrode

PDM

Copper Electrode
| Polymeric Base

Metal Base

Figure 1. Cont.



Machines 2022, 10, 215

40f17

(c)

Energy Characterization
Harvesting Resistor

Buffer Circuit Oscilloscope

Figure 1. Design of the TENGs built in this work: (a) PDMS has the role of a spring material;
(b) device containing a steel spring; (c) external circuit connected to the triboelectric nanogenerator.

2.4. Electrical Characterization of the TENGs

Electrical characterization was performed in a system built in our lab to produce
vibration on the device and collect the generated energy. The vibration was created from
a generator (“shaker”) (DTC TEN-V20) coupled to an amplifier (DTC TEN-A100). In all
experiments, the gain in the amplifier was kept at 1.5 V,;5 to ensure the vibration amplitude
was constant.

The voltage data generated by the device were collected from an oscilloscope (Tek-
tronix TDS2014B). The nanogenerator was connected to an external circuit, Figure 1c. The
buffer circuit acts as an impedance-matching circuit, allowing the correct voltage measure-
ment over the characterization resistor without the impedance of the measuring instrument
affecting the measurement. The voltage (Volts) is generated from the charge formation dur-
ing the compression/removal process of both materials. From the result obtained (voltage)
and the device’s active area, it is possible to obtain the power density value (mW m~2). The
measurements were performed by varying the frequency range (45 to 250 Hz) at 10 MQ).
We also tested the devices at 45, 60, and 200 Hz in different resistance ranges (10% to 10° Q).
To simulate maximum generated voltage in an open circuit (V,.) and the maximum current
value when the generator leads are shorted (I;), we utilize a resistor of 600 M(Q2 and a
resistor of 1 k() in the external circuit, respectively.

To verify the capacity of the ZnO (NRs) and PDMS:GO 4 wt%-based TENG with steel
spring addition (Figure 1b) to charge a 1000 pF capacitor, two experiments were realized.
The first was theoretical and involved using the SPICE simulation software, Ltspice@, to
simulate the voltage and time necessary to charge a 1000 pF capacitor of an analog device
gas sensor. In the second, an external circuit was built in a protoboard containing a 1000 pF
capacitor and a 1 MQ) resistor load, and connected to our TENG device. The amplifier was
adjusted to input a fixed frequency of 60 Hz into the shaker, and the charged voltage was
measured every 30 min using a digital multimeter connected to the capacitor.

2.5. Mechanical Characterization of the TENG

The TENG system can be characterized as a “mass-spring” system, representing a
simple harmonic oscillator, where the forces indicated in Figure 2 act. F;, is the force caused
by the acceleration of the mass, F; is the spring force, and m is the mass of the blade. Both
forces depend on the position of the spring end (x). The system was designed to act from
the transformer wall vibration, and the movement is in the horizontal plane, orthogonal
to the gravity acceleration. Therefore, there is no influence of the force on the gravity
acceleration. For a flat blade, which is the case for the TENG tested here, the natural
frequency (fr) of the system is calculated by Equation (1):
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where E is the modulus of elasticity of the steel used (200 GPa), I is the moment of inertia
of the blade cross-section, L is the length of the blade, and m is the mass of the blade. The
dimensions and mass of the blade are in Table 1, resulting in a natural frequency of the
order of 33 Hz.

Figure 2. Forces acting on a “mass-spring” system.

Table 1. Characteristics of the steel spring blade.

Lenght Width Thickness Mass MomeITt of Natural
Inertia Frequency
(mm) (mm) (mm) (g (kg m?) (Hz)
35.0 9.5 0.1 0.26 7.9 x 10716 32.8

2.6. Measurements of the Vibrations in Transformers

Vibration measurements of the external walls of transformers were made with a Fluke
805 m, which provides Vs (root-mean-square velocity) and A (peak-to-peak displacement).
Results of the vibration frequency at the measurement points were obtained from the
integration of the velocity equation in the simple harmonic movement (SHM). The velocity
(v) in the SHM, is given by (2):

u(t)=A wsin(w t+ g) 2)

where w is the angular frequency and ¢ is time. The root-mean-square velocity is defined
by solving the function integrated into the range from 0 to T, given by (3).

Viw= [ 2dr=1 [ (awsin(wi+ ) a ®

The development of the function can be seen, with T being the period of oscillation
and w the angular frequency of the movement, and the vibration frequency can be obtained
using the values of V,;s and A provided by the measuring device from the resulting (4).

2 V2
o=y @

where the relationship between the angular frequency w and the period T is given by (5).

27
= — = 2
W= mf ®)
The measurements were carried out in transformers with different powers (5, 25,
41, and 133 MVA). Figure 3 shows a picture of the vibration measurement at one of the
measured positions.
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(A) (B)

Figure 3. Pictures of the vibration measurement: (A) one of the measured positions; (B) different

measured points.

3. Results and Discussion
3.1. Zno NRs onto the Copper Tape: Electron-Donating Material Characterization

Zinc oxide NRs were grown onto 6 x 6 mm flexible copper tape using the chemical
bath deposition method (CBD). Figure 4 shows the scanning electron microscopy (SEM)
images and XRD spectra of ZnO NRs onto copper tape. We can note a homogeneous
growth of ZnO NRs with a diameter and length around 70 nm and 2 um, respectively,
and a total covering of the active area. The advantage of this research is that ZnO NRs
are grown directly on the tape substrate without needing any traditional pattern transfer
procedure to prepare micro/nanostructures onto the Cu tape surface. The rough structure
of the ZnO NRs surface could increase the triboelectric contact and improve TENG output
performance similar to Ni/Cu non-woven polyester [38].

2500 (b)

Cu (200)

2000 4

Zn0 (002)

1500

=
ot
p=
=
Q

Intensity (a.u.)

1000 4

Cu (220)

n0O(103)

|

Zno (101)

|
|
s
S
2
a4

26(degree)

Figure 4. (a) Images obtained by SEM of the ZnO NRs grown onto Cu tape; (b) XRD spectra of ZnO
NRs synthesized onto flexible copper substrate.

Analyzing the XRD plot (Figure 4b), we can observe the presence of peaks indexed to
ZnO, according to JCPDS card no. 36-1451 [39]. We also note the presence of peaks indexed
to metallic Cu, JCPDS card no. 89-2838 [40]. The ZnO NRs show a hexagonal phase with a
preferential orientation (002) and narrow peaks, indicating the excellent crystallinity of the
nanorods. The copper peaks are attributed to the Cu tape used as the substrate.
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3.2. Pdms and PDMS:GO Films: Electron-Receiving Material Characterization

PDMS-pure and PDMS:GO films were characterized by optical microscopy and SEM
(Figure 5). The microstructure of the pure PDMS film is different from that with the addition
of GO. This is probably because the GO sheets interfere with the polymerization/curing
mechanism of the PDMS, since the Sylgard reagent is bicomponent. Nevertheless, the
PDMS:GO films show a homogeneous microstructure with well-dispersed GO sheets on
the polymeric matrix (Figure 5b,e and Figure 5c,f).

Figure 5. Images obtained by optical microscopy (a—c), and SEM (d-f) of the samples prepared.
(a,d) PDMS; (b,e) PDMS: 2% weight GO; (c,f) PDMS: 4% weight GO.

3.3. Characteristics of the Razor Blade Used as Steel Spring

A razor blade with the dimensions of 0.1 x 9.5 x 35 mm attached to the ZnO NRs/Cu
tape was used as a steel spring to build the nanogenerators. As the composition of the spring
material can affect the natural frequency of the device, the steel spring was characterized
by SEM and EDX analyses. An elemental analysis, Table 2, shows the presence of iron and
chromium in its composition. The Fe:Cr wt% proportion is characteristic of a 400 series
martensitic stainless steel used as a razor blade. Other elements present in the martensitic
stainless steel, such as carbon, molybdenum, and vanadium, appear in small amounts and
can not be detected by EDX analysis.
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Table 2. Elemental analysis of the steel spring by EDX. Percentage of elements present in steel

spring blade.
Element Atomic No. Netto Mass (%) Normalized Mass (%) Atom (%) Absolute Error (%) Relative Error (%)
Iron 26 98,975 21.26 84.77 83.83 0.59 2.79
Chromium 24 24,049 3.82 15.23 16.17 0.13 3.43

3.4. Teng Devices

Using ZnO NRs/Cu tape and PDMS:GO films/Cu tape should ensure the fabricated
TENGs have an excellent cost-effective balance once the CBD and spin-coating techniques
used to prepare the two triboelectric pairs are easy to handle, and the materials are low-cost.
Besides, the steel spring and Cu tape make it easy to assemble. As such, it is interesting
to analyze the performance of these TENG devices. In this work, the performance of the
devices was evaluated in the typical vertical contact-separation mode.

The power density versus frequency obtained for all TENGs are shown in Figure 6.
We can verify two influences on the built devices: the amount of GO added to the PDMS
and the use of the steel spring. The influence of the latter in the generated power is less
reported in the literature, and we will discuss it later. Regarding the amount of GO, the
power density increases at higher concentrations. A double higher-density value around
60 Hz is obtained for the device prepared using PDMS 4 wt% GO (Figure 6a) without
adding a steel spring to the TENG’s configuration. An increase in the power density is
attributed to the oxygenated groups present on the surface of the GO, who assist in the
load distribution process in the electron-receiving material contributing to improving the
device’s performance. Another behavior observed in these devices is the broad peak of the
power density in the function of the frequency (Figure 6).

The broad peak is more significant in devices prepared with the PDMS containing 0 or
2 wt% GO than with the 4 wt% GO. As GO is responsible for homogeneously distributing
the load in the electron-receiving pair, its absence corroborates with the natural frequency
of devices’ operations and is not so pronounced. The power density rises, and the peak of
the power density becomes sharper around 60 Hz for all samples by adding a steel spring
to the TENGs’ configurations (Figure 6b). It is essential to point out that the generation of
electricity from our TENG comes from the transformation of mechanical work (vibration)
due to the contact and deformation of the active surfaces of the two materials through
passing an electric current. When a steel spring is used in a TENG, the device’s behavior is
similar to “mass-spring” devices, allowing them to operate close to the natural frequency
of the set. The movement amplitude is maximized in this condition, and forces act on the
active surfaces. The results obtained indicate the importance of using a steel spring in the
configuration of a TENG to improve the power density, making it operate as close to the
natural frequency as possible.

Although the addition of 4 wt% GO provided a slightly higher power density in these
devices, the addition of the spring steel had a more significant influence on the device’s
performance. Recently, Wardhana et al. [41] reported that a high output voltage depends on
the separation velocity between the triboelectric layers, not on the separation distance. Using
a steel spring in the TENGs’ configuration could also control the separation velocity better.

Aiming to verify the influence of the addition of a steel spring in the performance of
the devices in different vibration frequencies, the TENGs prepared using PDMS:4 wt% GO
were characterized at 45, 60, and 200 Hz in the 103 to 10° Q range. The results are shown in
Figure 7.



Machines 2022, 10, 215

90f17

200
i (a) —8—PDMS:GO 0%
180 —8—PDMS: GO 2%
4 rFY .
160 ~a —A&— PDMS:GO 4%
& 140 4 \
£ ] A
= 120+ \‘
E . ¥ A
£ 1004 / ~a
z -
@ 80 Mok
= ] /. / \\' / L3 A—L—A\
0 60 \/ N “u ‘H‘_‘\‘_‘
o 1 AN A,
= 40 N\, ¢ 4
[a] 7 n \o \\
o 7 R T PP
20—_ *- \x.__._._./ = .“l—l—l—l—i—ti.
0 'y

—— 1 T~ T "~ T "~ T "~ T T T "~ T "~ T T "~ T "~ T
0 20 40 60 80 100 120 140 160 180 200 220 240

Frequency (Hz)

200 (b) —=— PDMS:GO 0%
180 ] . —&— PDMS"GO 2%
] —A PDMS:GO 4%
160 4 T
140 4 \‘
] A
120 | Ve .

] 'y
100 /
80 i
60 | (]
] / . N
40 .
1 \

204

Power Density (mW m?)

. . . —— . —— . s
0 20 40 60 80 100 120 140 160 1[} 2[}[} 220 240

Frequency (Hz)

Figure 6. Power density versus frequency for TENGs assembled with different configurations:
(a) TENG without a steel spring material; (b) device containing a steel spring.

The devices work better at 60 Hz for the two configurations than at other frequen-
cies. This frequency is approximately a multiple of the natural frequency calculated by
Equation (1): 32.8 Hz. Using a steel spring favors obtaining a device with better perfor-
mance at 60 Hz or less, and a sharper peak. Table 3 shows the output values, varying
resistance loads, and frequencies obtained from the different devices. Two different values
for voltage, current, and power density are shown for the two assemblies of the devices.
The first correspond to those obtained from the voltage reading of an oscilloscope connected
to a TENG in a resistive output load. The second are the optimal values obtained for load
resistance, voltage, and current determined by varying the values of the load resistance
and achieving a maximum or near-maximum power peak to determine the optimal load
resistance (Figure 8).



Machines 2022, 10, 215

10 of 17

250

—&— 45 Hz
(a) —®— 60 Hz
—&— 200 Hz
200 4
cg‘“ L
E 150 /
- *
=
E
= .
% 100 - . \
a | /- /\..\
[ N
g 50 hd /- - -\\:.
i Y
] e
0| l—l—l—'—l=l‘4!f‘ ,>l LY.
T T T T T T T
10° 10 10° 10° 107 10° 10°

Resistance (Q)

—=— 45 Hz
2204 (b) . —e— 60 Hz
\. —&— 200 Hz
- 200 4
E
=
é 150 4
_E_\ B [ ]
E 100 ; \
5" [N
% 50 - :"' Kﬁ
o
-/
od o a . ‘% ‘,Ari‘—"‘ >ilh

10° 10° 10° m 107 m“ 10’

Resistance (Q)

Figure 7. Power density versus resistance for TENGs assembled with different configurations:
(a) TENG without a steel spring material; (b) device containing a steel spring.

Table 3. Output values and varying resistance loads obtained from the device using PDMS:GO 4%,
without steel spring, and with steel spring addition.

Device Frequency Load Voltage Current Power Density
(Hz) MQ) V) (pnA) (mW m—2)

without steel 45 10 6.5 0.65 92.8
spring 60 10 8.9 0.89 176
(reading of an oscilloscope) 200 10 5 0.5 549
without steel 45 8.1 4.36 0.5 51.5
spring 60 4.2 441 0.96 101.7
(optimal value) 200 6.9 4.05 0.5 52.2
with steel 45 10 6.8 0.68 124.3
spring 60 8.2 8.6 1.05 246.4
(reading of an oscilloscope) 200 60 9.5 0.15 404
with steel 45 8.1 4.69 0.6 63
spring 60 4.5 5.1 1 155.3
(optimal value) 200 13 2.87 0.19 221
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The best power density was obtained for the TENG assembled with a steel spring
and working at 60 Hz. We found a power density around 246 mW m~2 at 8.2 MQ) from
an oscilloscope reading in this condition. The optimal power density, voltage, and load
were 155 mW m~2,5.1V, and 4.5 MQ), respectively. The difference between these values is
related to the high impedance of the TENG, and it was observed for all assembled devices and
characterized at different frequencies [42]. Another issue observed during the characterizations
is the similarity of the power density values at 200 Hz for both assembled devices (without
and with steel spring, Table 3). It is well known that the steel spring’s dimensions, kind of
material, and weight influence the natural frequency of devices” operations, and in-plane
spring-kind devices. The characteristics of the metal spring used here, for example, thickness
and weight, may not be appropriate for TENGs working at 200 Hz, and they need to be
studied to improve the power density at this frequency.

Figure 8 shows the voltage, current, and power density results at the different frequen-
cies (45, 60, and 200 Hz) for the TENG-based ZnO NRs and PDMS:GO 4% wt assembled
with a steel spring blade. The output voltage is similar to devices working at 45 and 60 Hz,
and around 4.69 and 5.1 V (Figure 8a,b, Table 3). However, the output current and the
power density obtained at 60 Hz are almost two times greater than 45 Hz. By increasing
the frequency to 200 Hz, the device’s performance decreases by half. As mentioned above,
the characteristics of the metal spring, such as thickness and weight, need to be studied to
improve the power density of the TENGs at frequencies higher than 60 Hz.

Figure 9 shows the open-circuit voltage (V,) and closed-circuit current (Is;) outputs
of the devices prepared using ZnO NRs and PDMS:GO 4 wt% with the addition or not of
the steel spring in their assembly. V,. and I; were obtained after the cyclic stretching and
relaxing of the TENGs. The plots show that the V. is similar for both devices, indicating a
saturation, while Is; increases for the device assembled with a steel spring. The increase
in the I, is attributed to the rapid induction and charge transfer resulting from the max-
imization of the movement amplitude, which augments the contact region. Besides, the
device assembled with a steel spring produces more output peaks than that without a steel
spring. These findings corroborate the better output voltage and power density results
obtained for the device assembled with the steel spring. The TENG containing the steel
spring produces a maximum V,. of 12 V and a maximum Is; of 2.5 pA.

The Ltspice@ simulated the voltage and time necessary for a ZnO (NRs) and PDMS:GO
4 wt%-based TENG assembled with a steel spring addition to charge a 1000 puF capacitor in
an analog circuit (Figure 10a). Through simulations performed, we verified to be possible
to charge a 1000 pF capacitor from 0 V to 3.3 V in 3.4 h. However, when our TENG device
was connected to an external circuit built in a protoboard containing a 1000 puF capacitor
and a 1 MQ) resistor load, a voltage of 3.3 V was only reached after 5.3 h of uninterrupted
operation, reaching 3.9 V after 7 h (Figure 10b). Considering the use of a single generator
appropriately fixed in a transformer wall vibrating at 60 Hz, the TENG-based ZnO NRs
and PDMS:GO 4% wt assembled with a steel spring blade could be able to feed the gas
sensor circuit after 5 or 7 h of operation. However, more circuits could be combined to
obtain greater capacity in the supply of the current or the voltage supplied to the load in a
shorter time.

The working principle of a TENG is explained in Figure 11. Initially, the dielectric
materials (ZnO NRs and PDMS) are apart from each other (a). In this position, both dielectric
materials are electrostatic neutral. Applying an external vibration results in the approximation
of the dielectrics and charges are generated by the electrical forces of attraction/repulsion [33],
and the neutral equilibrium is broken. ZnO NRs and PDMS are materials located at opposite
ends of the triboelectric series [18]. When in contact, the surface area of both materials is
polarized with an opposite charge. The PDMS surface becomes mostly negative and works as
an electron acceptor. The GO has an excellent charge distribution and a high surface area; its
structure is composed of oxygen-functional groups.
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Figure 9. Maximum voltage (V,.) and current (Is.) generated by a TENG device based on ZnO NRs and
PDMS:GO 4% wt at different assembly conditions: (a,b) Vi, for the device built with and without steel
spring, respectively; (c,d) Is for the device assembled with and without steel spring, respectively.
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Figure 10. (a) Circuit for testing charging of a 1 pF capacitor; (b) voltage obtained as a function of
charging time.

All these properties enhance the PDMS-negative feature. Therefore, these regions act
like electron traps, increasing the negative charge density in the PDMS:GO-film surface.
ZnO NRs is a semiconductor, and it is classified as a positive triboelectric material, meaning
it is going to donate electrons. When PDMS and ZnO NRs are repeatedly pressed against
each other, the motion produces a potential difference that leads to a generation of charge
and current. Once separated, a potential difference is induced by an electron flow between
the two dielectric materials coming from the top electrode to the bottom electrode. This
electron flow causes a current from the bottom electrode to the top electrode.
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Figure 11. Schematic representation of the working principle of a TENG: (a) at the beginning, both
dielectric materials are electrically neutral; (b) the proximity of the materials causes separation of the
charges due to the electrical attraction/repulsion; (c) when the materials are in contact, it is observed
that there is the polarization of charges; (d) when the materials are coming apart it is observed that
there is a potential difference between the dielectrics; (e) when separated, both materials go back to
the neutral electric state.

3.5. Calculated Frequency in the External Walls of the Transformers

Vibration measurements of the external walls of the transformers were made with a
Fluke 805 Vibration Meter Tester, which provides V;;s (root-mean-square velocity) and
A (peak-to-peak displacement). The calculated frequency results obtained in different
points of the transformers from Fluke measurements are shown in Table 4. Apart from the
main frequency of 60 Hz, we also found vibration frequencies ranging from 45 to 242 Hz.
These other frequencies are probably the result of combining the main frequency harmonics
and vibration attenuation through the various components of the set (structure, coils, and
dielectric oil). Moreover, a considerable variation of the vibration frequency is observed in
different transformer points. This variation can be higher when considering transformers
of different powers. The results suggest that choosing the appropriate local to install a
TENG in a transformer is also crucial to improving its performance. Considering that the
frequency vibration of the transformers can be around 45-200 Hz, the TENGs constructed
here can be a powerful device for converting mechanical energy into electricity to power
wireless gas sensors in transformers.



Machines 2022, 10, 215

15 of 17

Table 4. Frequency calculation results from measuments obtained from transformers. Locations are
indicated in Figure 3.

Transformer Measurement Amplitude Speed Vibration Vibration
Capacity Location Api (mm) Vims mms~1)  Frequency (Hz)
133 MVA front side (a) 0.002605 2.38 205

front side (b) 0.004505 4.87 242
front side (c) 0.008245 4.68 127
front side (d) 0.00511 4.61 202
radiator 0.00252 1.47 131
backside 0.003825 2.49 146
5 MVA front side 0.001475 0.34 52
41 MVA front side 0.004545 2.32 115
front side 0.001655 0.66 90
front side (j) 0.002985 1.35 102
radiator 0.00178 0.35 45
25 MVA front side 0.001755 0.85 109
front side 0.00129 0.34 60
front side 0.001155 0.51 99
radiator 0.001625 0.39 54

4. Conclusions

A triboelectric nanogenerator was developed and tested for powering wireless sensors
applied to power transformers. The results showed the importance of using a steel spring
to assemble the devices based on ZnO (NRs) and PDMS:GO 4 wt% composites to improve
their performance. The best results were obtained for the TENG built with a steel spring
operating at 60 Hz. The optimal power density, voltage, and load were 155 mW m~2, 5.1V,
and 4.5 MQ) at these conditions, respectively. Although the nanogenerator generates less
voltage at 45 and 200 Hz, the device still operates. Besides, more circuits could be combined
to obtain greater capacity in the supply of the current or the voltage. The characteristics of
the TENG device built in this work enable its use in different locations at the transformer
surface, and most of them showed vibration frequencies ranging from 45 to 242 Hz. This
nanogenerator can be a powerful low-cost option for converting mechanical energy into
electricity to power wireless gas sensors in transformers.
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Abbreviations

The following abbreviations are used in this manuscript:

2D two dimensional

CBD chemical bath deposition

EDX energy dispersive X-ray analisys

GO graphene oxide

IoT Internet of Things

JCPDS International Centre for Diffraction Data Sample

Preparation Methods in X-Ray Powder Diffraction
PDMS Polydimethylsiloxane

SEM scanning electron microscopy
SHM simple harmonic movement
TENG triboelectric nanogenerator
XRD X-ray diffraction

ZnO NRs  Zinc oxide nanorods
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