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triboelectric-piezoelectric hybrid nanogenerator

Weizhe Wang,1 Wei Tang,2,3,* and Zhaohui Yao1,4,*

SUMMARY

Energy harvesting technologies that convert fluid energy into usable electrical
energy are of great significance, especially in long-distance pipeline systems.
Here, in order to avoid the collision of conventional galloping triboelectric nano-
generators (GTENGs), and causematerial damage or noise, a freestanding gallop-
based triboelectric-piezoelectric hybrid nanogenerator (HG P-TENG) is proposed
to reduce material wear and improve the reliability of GTENG. Two piezoelectric
sheets are attached to the cantilever beam. The root-mean-square (RMS) and
peak output power of the HG P-TENG are 68.9 mW and 1.27 mW, respectively.
To improve the harvesting efficiency, the fixed copper electrodes are segmented,
and experiments indicate that this way of segmenting electrodes can improve
the energy harvesting efficiency. Finer electrodes can effectively increase the
charging rate of capacitors. A self-powered thermohygrometer and light-emit-
ting diodes (LEDs) are demonstrated in the wind tunnel. It demonstrates that
the proposed hybrid nanogenerator will exhibit great potential in pipeline
systems.

INTRODUCTION

With the development of the Internet of Things and the digital Internet, a large number of distributed

micro-sensors are required to collect various information. These sensors require low power, some as little

as a few microwatts, but still need to be powered by conventional methods such as batteries. Traditional

batteries have the disadvantages of large size, environmental pollution, and need to be replaced period-

ically (Beeby et al., 2006), whereas obtaining energy from the environment through an energy harvester can

effectively provide a durable and stable energy supply for the micro-sensor. There are various types of en-

ergy in the environment, such as solar energy, wind energy, tidal energy, biomass energy, etc., and wind

energy is undoubtedly an inexhaustible and very clean energy. So far, energy harvesting technologies

have been extensively developed in several types: triboelectric (Liu et al., 2021; Chen et al., 2018; Fan

et al., 2012; Wang et al., 2017; Wang, 2014), piezoelectric (Abdelkefi et al., 2014; Alhadidi et al., 2020;

Wang et al., 2021; Hu et al., 2018a), electrostatic (Mitcheson et al., 2004; Basset et al., 2014), pyroelectric

(He et al., 2022b), and electromagnetic (Avila Bernal and Linares Garcı́a, 2012; He et al., 2022a; Vicente-Lu-

dlam et al., 2014). Compared to several other energy harvesting techniques, the use of piezoelectric and

triboelectric is more suitable for this type of low frequency vibration, and a more systematical comparison

is shown in Table S1. Therefore, providing stable energy for micro-sensors via triboelectric nanogenerator

(TENG) and piezoelectric nanogenerator (PENG) is a feasible solution.

Since TENG was proposed by Wang (Fan et al., 2012) in 2012, a lot of research work has been done on

TENG and it has been widely used in various scenarios, such as wearable electronic devices (Wang

et al., 2013; Tee et al., 2012; Xu et al., 2021), micro-sensors (Li et al., 2021; Yang et al., 2021) and energy

harvesting (Park et al., 2019; Zhang et al., 2021b; Wang et al., 2015, 2021), and other related work. Long-

distance pipeline contains enormous amounts of energy, so energy harvesting is a feasible way to power

pipeline monitoring devices. TENG for gas energy harvesting is a very interesting area of research. There

are three main types: fluttering (Hu et al., 2019; Ren et al., 2021; Olsen et al., 2019; Bae et al., 2014; Wang

et al., 2020d; Jiang et al., 2020), rotary (Wen et al., 2015; Li et al., 2022; Fu et al., 2021), and galloping (Zhang

et al., 2020a; Wang et al., 2020c). Xia et al. investigated the effects of wind speed, length and thickness

of the film, and spacing between the upper and lower of two flat electrodes on the performance of the

TENG. The results show that choosing appropriate structural parameters can effectively improve the per-

formance of the energy harvester and reduce the cut-in wind speed (Xia et al., 2021). Lin et al. designed an
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angle-shaped TENG (AS-TENG) that effectively increased the contact area between fluorinated ethylene-

propylene (FEP) film and aluminum electrode. The AS-TENG can be facilely integrated into a 360� radial
array, which greatly increased the effective area of the whole system with high level of integration. At

the same time, a wedge-shaped wind guide channel is also proposed to reduce the cut-in wind speed,

which is more suitable for collecting breezes (Lin et al., 2019). In addition, more and more researchers

are using rotary sliding triboelectric nanogenerators (RS-TENGs) to harvest wind energy. Xie et al. first

proposed a rotary cup-structured triboelectric nanogenerator (R-TENG) to drive the flexible polytetra-

fluoroethylene (PTFE) to continuously sweep across an aluminum sheet under the action of breezes in

the environment, and the energy was collected through continuous contact separation (Xie et al., 2013).

Zhang et al. studied elastic rotary triboelectric nanogenerators (ER-TENGs), which effectively reduced

the friction between electrodes through material selection and structural design. Compared with conven-

tional ER-TENGs, the energy harvesting efficiency is doubled and the durability is even quadrupled, greatly

improving the practicality of the device (Zhang et al., 2021a). Most of the current research is still focused on

the exploitation of R-TENG for wind energy harvesting. However, using galloping for energy harvesting has

the advantage of a simpler structure and high robustness (Hu et al., 2018b). Therefore, a gallop-based

TENG is designed. Zhang et al. created a galloping triboelectric nanogenerator (GTENG) based on contact

electrification between two flexible beams. It is able to achieve an output voltage of more than 200 V at a

low wind speed of 1.4 m/s through the cross-flow galloping vibration of a main beam with a prism and

collision with an auxiliary beam (Zhang et al., 2020a). Zeng has developed a novel TENG based on the

flow-induced vibration (FIV) effect (FIV-TENG) which is packed into a bluff body. It not only reduces the

environmental interference, but also avoids the huge rotational resistance and frictional wear faced by or-

dinary TENGs (Zeng et al., 2020; Ren et al., 2020). However, this type of beating can easily cause permanent

damage to the structure. The reliability of the GTENG is one of the most important considerations, while

durability and robustness are also key issues (Li et al., 2020). It is necessary to develop a structure that can

work for a long time without damaging the material.

To solve the problems of low reliability and poor durability of current GTENG, in this paper, a gallop-based

triboelectric-piezoelectric hybrid nanogenerator (HG P-TENG) is proposed. In order to reduce system

damping, most areas of the structure are designed to be non-contact, which also can reduce the cut-in

wind speed and at the same time reduce the friction loss of material. Although the charges on the surface

of FEP material can be stored for several days, it will dissipate gradually and is not suitable for long-time

operation. Therefore, the flexible rabbit fur brushes are designed on the outer side of the both sides of

electrode for periodic contact with the FEP film to continuously provide charges to the FEP surface.

Furthermore, the electrode layers are segmented and the results show that the 6-degrees G-TENG has

higher performance which can generate an RMS and peak power of 52.2 mW and 1.13 mW at a wind speed

of 6.24 m/s. Although the 2-degrees G-TENG has only an RMS power of 34.7 mW, it can generate more cur-

rent cycles in one period, thereby charging the capacitor faster. At the same time, to increase the power

output, two piezoelectric sheets are attached to the cantilever beam, and the maximum output power

of the piezoelectric sheets is about 16.7 mWwhen the wind speed is 6.24 m/s. To demonstrate the durability

of the HG P-TENG, about 250,000 cycles were tested with only a slight decrease in voltage. This fully illus-

trates the advantages of hybrid nanogenerator in terms of improving power and durability of energy har-

vesting. To reveal its great potential in smart pipeline monitoring systems, the feasibility of this HG P-TENG

to power thermohygrometer and light-emitting diodes (LEDs) at a wind speed of 6.24 m/s is also

investigated.

RESULTS AND DISCUSSION

Structure design and principle

The whole experiment is carried out in a circulating wind tunnel, which can generate a highly uniform

incoming flowwith a turbulence degree of about 0.5%, and the cross-sectional size of the experimental sec-

tion is 50 3 50 cm Figure 1E shows the photograph of HG P-TENG, including G-PENG (Galloping PENG)

and G-TENG (Galloping TENG). The structure of HG P-TENG is mainly divided into two parts, the first part

is the wind vibration transducer, which uses the galloping vibration for energy harvesting. The cantilever

beam is mounted on a bracket, and a foam prism is mounted on top of the cantilever beam. Galloping oc-

curs when the wind flows through the prism (Vedio S1). At the bottom of the prism, there is a curved acrylic

plate with an angle of 26�, and the FEP film is adhered to acrylic plate (Figure S1). The second part is a fixed

free-standing layer with curved copper electrodes mounted on the acrylic directly below the film. Since the

motion of this prism is a circular motion with the length of the cantilever beam as the radius, the electrode
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layer is also designed to be circular to always remain parallel to the FEP, as shown in Figure 1A. In order to

make the FEP film always move on the copper electrode, the radius of the copper electrode should be

slightly larger than that of the FEP film, which can effectively prevent the energy loss caused by the incom-

plete overlapping of the electrodes due to the installation deviation during the movement of the FEP film.

A typical application scenario is shown in Figure 1F.

The working principle of HG P-TENG is shown in Figure 1, whichmainly consists of two parts. The first part is

the piezoelectric nanogenerator. It consists of two pieces polyvinylidene fluoride for energy harvesting us-

ing the piezoelectric effect (Figure S2). Two piezoelectric sheets connected in parallel on two sides of the

cantilever beam are bent under the influence of the galloping of the prism, resulting in positive and nega-

tive charges on its upper and lower surfaces. The second part is the triboelectric nanogenerator. In Fig-

ure 1DI, the prism vibration moves from left to right, and will form a left-to-right current in the external

circuit. The prism continues to move to the right, and the FEP dielectric layer under the prism will contact

the rabbit fur brushes in Figure 1D(ii). The rabbit fur is not only an excellent electropositive material but also

has low frictional resistance. According to the list of triboelectric series, the difference in triboelectric series

between FEP and rabbit fur is so large. Therefore, when the two are in contact, electrons on the surface of

rabbit fur will be transferred to the FEP, whichmakes the FEP surface negatively charged and the rabbit hair

positively charged (Chen et al., 2021; Davies, 1969; McCarty andWhitesides, 2008; Zhu et al., 2012). And the

Figure 1. Structure diagram of triboelectric-piezoelectric hybrid nanogenerator (HG P-TENG)

(A) Overall schematic of HG P-TENG.

(B) Schematic diagram of dielectric layer.

(C) Schematic diagram of 6-degrees of Cu electrodes layer.

(D) Schematic diagram for the working principle of G-TENG.

(E) Photograph of the FEP dielectric layer and hybrid nanogenerator.

(F) Application scenario of HG P-TENG in pipeline.

ll
OPEN ACCESS

iScience 25, 105374, November 18, 2022 3

iScience
Article



surface charges will be saturated after several such cycles. Due to the high stiffness of the cantilever beam,

when the cantilever beam reaches the limit of bending to the right in Figure 1D(ii), the velocity will decrease

to zero and start to accelerate to the left. When the FEP dielectric layer moves from the right side to the left

side, a reverse current will be generated in Figure 1D(iii). The prismwill continue tomove until it reaches the

limit on the left and will move to the right in Figure 1D(iv). So, when the wind passes through the prism, the

HG P-TENG will constantly harvest wind energy.

Galloping vibration analysis

The paper uses galloping method for energy harvesting, which reduces the complexity of the structure and

improves the robustness. There are four vibration modes of objects under the action of fluid force: flutter-

ing, galloping, vortex-induced vibration, and buffeting (Wang et al., 2020a, 2020b; Orrego et al., 2017;

AkaydIn et al., 2010). Buffeting and vortex-induced vibration are amplitude-limiting vibrations that occur

only in a small range of wind speed and remain stationary at most wind speed. Thus, there is no doubt

that using these vibrations to harvest energy results in energy wasted. Conversely, as the wind speed in-

creases, the amplitude of galloping and fluttering increases, allowing maximum use of energy. However,

since fluttering is a kind of multi-degree-of-freedom vibration, long-term work can easily cause material

wear and even damage, so galloping is a better choice. Galloping is an unstable phenomenon that occurs

under the action of aerodynamic force. When the wind speed exceeds the cut-in wind speed, its amplitude

will increase continuously with the increase of wind speed. Galloping usually occurs in non-streamlined

structures such as squares, rectangles, and triangles. It can be regarded as a single-degree-of-freedom

self-excited vibration whose oscillation direction is perpendicular to incoming flow, and the overall

galloping system can be expressed as (Sun et al., 2019):

m €Y + z _Y + kY =
1

2
rV 2DCy (Equation 2.1)

CyðaÞ =
Xn

i = 1

Ai

� _Y

V

�i

(Equation 2.2)

Uo =
4zm

rD2A1
(Equation 2.3)

wherem is the mass per unit length of the prism, z and k are the damping ratio and stiffness of the system,

respectively, V and r are the wind speed and density, respectively, Cy is the transverse force coefficient, a is

attack angle, D is the characteristic length (perpendicular to the incoming flow), Y is the prism displace-

ment, Uo is cut-in wind speed, and Ai is the coefficient of Equation 2.2.

It can be seen from Equation 2.3 that the cut-in wind speed increases with increasing damping. Through our

experiments, it is found that the FEP dielectric layer should not be in contact with the Cu electrode in the

initial stationary stage, otherwise it will greatly increase the cut-in wind speed of TENG. In order to realize

the periodic charging of the FEP dielectric layer without increasing the cut-in wind speed, the rabbit fur

brushes are designed on the outside of the Cu electrode on both sides, as shown in Figure 1C. When

the vibration amplitude exceeds a certain critical value, the FEP is able to contact with the rabbit fur

brushes, as shown in Figure 1E. These soft-contact dielectric brushes can charge the FEP regularly while

avoiding a significant increase in cut-in wind speed due to additional damping caused by the contact

(Han et al., 2022). And this FEP does not interfere with the motion of the prism when it is in contact with

the rabbit fur brushes, because the rabbit fur brushes are very soft. Therefore, the HG P-TENG can effec-

tively utilize galloping for energy harvesting.

Output performance of G-TENG and G-PENG

It can be clearly seen from Figure 2A that the open-circuit voltage (Voc) is basically not generated at

lower wind speed, because when the wind speed is lower, the whole system cannot overcome the damp-

ing and no galloping phenomenon occurs. When the wind speed exceeds 1.80 m/s, the Voc will increase

in steps, which indicates that it starts to gallop. As the wind speed continues to increase, it can be

observed that the voltage increases significantly at the initial stage. But when the wind speed reaches

2.95 m/s, as the wind speed continues to increase, the voltage increases only slightly. Although theoret-

ically the voltage of TENG is only related to the contact area and the surface charge density, but not to

the speed. However, it is observed in this paper that there is a very slight increase in the Voc with the
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increase of the wind speed, and this increase is due to the increasing amplitude of oscillation with

increasing wind speed. Therefore, the FEP dielectric layer is able to sweep a larger area on

the bottom Cu electrode, which provides the opportunity to induce more charges, and thus the voltage

increases slightly. It can also be observed from Figure S3 that the transfer charge (Qsc) has the same

trend as the Voc, and the increase in voltage and charge is due to FEP sweeping more area

and thus inducing more charge. As shown by the short-circuit current (Isc) in Figure 2D, it can be clearly

seen that the Isc basically increases with the wind speed. The short-circuit current (Isc) can be ex-

pressed as:

Isc =
dQsc

dt
(Equation 2.4)

There is only a small increase in the transfer charge Qsc as the wind speed increases, and the vibration

frequency of the system changes very little (Shi et al., 2020). This means that the time required for one

cycle of prism motion is essentially constant, but the amplitude increases with the wind speed. For the

cantilever beam, when the prism moves toward the middle of the two Cu electrodes, the speed is the

largest, and when it moves to the two sides, the speed decreases until zero, as shown in Figure S4.

And with the increase of the amplitude, the speed of the prism across the two Cu electrodes increases

continuously and the crossing time decreases, so the Isc will will keep increasing.

Figure 2. Characteristics of the circuit of 6-degrees, 3-degrees, and 2-degrees HG P-TENG at different wind speeds

(A–F) (A–C) Open-circuit voltage (Voc), (D–F) Short-circuit current (Isc) of 6-degrees, 3-degrees, and 2-degrees G-TENG.

(G–I) (G and H) Open-circuit voltage (Voc) and short-circuit current (Isc) of G-PENG at different wind speeds (I) Variation of G-PENG RMS output power with

resistance.
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According to the principle of TENG, the electron transfer phenomenon occurs only when the FEP dielectric

layer moves between two Cu electrodes, so we further segment the 6-degrees electrodes into 3-degrees

and 2-degrees which can increase the frequency of charge transfer and the results are shown in Figure S5.

Comparing Figures 2A–2C, 6-degrees G-TENG has the peak voltage and current of about 140 V and

12.5 mA when the wind speed is 6.24 m/s. With increasing the number of electrodes, the open-circuit

voltage gradually decreases while the output current increases (Pang et al., 2021). For the 2-degrees

G-TENG, the peak voltage and current is about 74 V and 16.7 mA which have a 34% improvement rather

than 6-degrees. Also, more current cycles are observed in one cycle for finer electrodes; the number of cur-

rent peaks for 6-degrees, 3-degrees, and 2-degrees is 6, 12, and 20, respectively, as shown in Figure S6. In

addition, the transfer charge also decreases with the increasing number of electrodes, which is mainly due

to the decrease in the number of triboelectric charge (Lu et al., 2021). Since the same piezoelectric sheet

was used throughout the experiment, only the piezoelectric performance of the 6-degrees G-TENG is

shown in the paper. The 3-degrees G-TENG and 2-degrees G-TENG have basically the same piezoelectric

properties. Figures 2G and 2H give the voltage and current of the piezoelectric nanogenerator at various

wind speeds, and the corresponding optimum resistance is 93 106U as shown in Figure 2I, and the current

between 1s is shown in Figure S7. The output power of the piezoelectric nanogenerator is basically the

same in these three cases. All of them increase with the wind speed, and the maximum output peak voltage

and current is 52.8 V and 5.86 mA when the wind speed is 6.24 m/s. In addition to this, it is observed that the

RMS current varies essentially linearly with the wind speed (Figure S8), which implies the ability to work as a

wind speed sensor (Ye et al., 2021). Figure S9 shows voltage variation of PENG with attack angle (Here the

attack angle refers to the angle between the incoming wind and the cantilever beam at stationary). When

the attack angle is less than 12�, the voltage of PENG basically does not change, which also indicates that

the galloping is basically not influenced by the change of attack angle. As the attack angle continues to

increase, the amplitude will gradually decrease until it reduced to zero. Therefore, when the attack angle

is less than G12�, the HG-PENG is still able to harvest energy normally. And in future research, we will

further explore the use of a circular array approach to harvest 360� of wind energy. Therefore, it is feasible

that this triboelectric-piezoelectric hybrid nanogenerator can effectively utilize PENG and TENG for energy

harvesting.

Application of HG P-TENG

To demonstrate the practical application capability of the HG P-TENG, this combined G-PENG and

G-TENG hybrid nanogenerator device and capacitor connected through a full-bridge rectifier are able

to drive a thermohygrometer, as shown in Figure 4H and Vedio S2. It is also capable of driving more

than about 100 green LEDs to glow brightly, as shown in Figure 4G. And the circuit diagrams of HG

P-TENG in lighting and charging capacitors are shown in Figure S10. Figure 3 shows the voltage curves

of HG P-TENG charged to 10 V at a wind speed of 6.24 m/s for capacitors with capacities of 10, 22, and

47 mF. In the cases of 3 different capacitances, the charging rate of the 2-degrees G-TENG is much higher

than that of the 6-degrees G-TENG. For a 47 mF capacitor, it takes only 122 s for the 2-degrees, 137 s for the

3-degrees, and 182 s for the 6-degrees, while the charging time of PENG is 314 s. This shows that no matter

which TENG is, its charging efficiency is much higher than that of PENG. The charging time of 2-degrees

G-TENG is reduced by 33% compared with that of 6-degrees G-TENG, which greatly improves the perfor-

mance of G-TENG. Furthermore, the charging time of the HG P-TENG (2-degrees) is only 88 s, which is

reduced by 52% compared with 6-degrees G-TENG. The saturation voltages of different capacitors are

shown in Figure S11, and we will conduct more detailed charging studies in future experiments. Moreover,

a comparison with other energy harvesters is described in Table S2 which indicates that HG P-TENG has a

higher charging efficiency.

Figures 4A–4C plot the RMS power of these three types G-TENG at different resistances. As shown in Fig-

ure 4A, it can be seen that its maximum power increases with the increase of wind speed. Although the

output power decreases after segmenting the electrodes, it is able to transfer more charge in a single cycle.

Moreover, it is also observed that the optimal resistance decreases with increasing wind speed. Figure 4D

illustrates the variation of the RMS power of G-TENG and G-PENG with resistance with three different de-

grees when the wind speed is 6.24 m/s. It can also be found that the finer the electrodes, the smaller the

optimal resistance will be, mainly because finer electrodes will have higher capacitance. Further to under-

stand its output power variation, Figure 4E also depicts the RMS power with wind speed for three types of

G-TENG and G-PENG. According to P = Vrms=R, the amount of the resistance needs to be known when

calculating the RMS power; however, the optimal resistance of the G-TENG is changing as the wind speed
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is constantly varying. Therefore, the optimal resistance at 6.24 m/s wind speed is adopted. For 6-degrees,

3-degrees, and 2-degrees G-TENG, the optimal resistance will use 13107, 43106, and 3 3 106U, respec-

tively. With the increasing of wind speed, the power of both G-TENG and G-PENG is increasing, the power

of G-PENG is still increasing until 6.24 m/s. However, when the wind speed increases to 5.74 m/s, the power

of G-TENG will not increase and will even decrease slightly. This is because when the wind speed starts to

increase from a low speed, its tribo-surface area will also keep increasing. When the wind speed reaches a

critical value, the tribo-surface area has reached the maximum value, and its output voltage remains basi-

cally constant, as shown in Figure S12, hence its power will not continue to increase.When the wind speed is

6.24 m/s, the RMS power of 6-degrees, 3-degrees, and 2-degrees G-TENG is 52.2, 38.5, and 34.7 mW,

respectively, while the power of G-PENG is 16.7 mW. The overall RMS power of HG P-TENG is 68.9 mW

which its RMS power density is about 22.7 mW/m2. The peak power of these three structures is presented

in Figure S13. And the peak power and power density of HG P-TENG is 1.27 mW and 0.4 W/m2. Moreover,

G-TENG has lower cut-in wind speed, as can be seen from Figure 2B; when the wind speed is 1.80 m/s, the

voltage of 6-degrees G-TENG is about 15 V, while PENG is basically 0 V.

The results of the durability test are shown in Figure 4F, using 6-degrees G-TENG for the test. It can be

observed that after about 250,000 cycles, there is only a slight decrease in output voltage, which demon-

strates the excellent durability of the HG P-TENG. And Figure S14 displays the scanning electron micro-

scope images of the FEP material before and after the 250,000 test cycles. The images indicate only a

few tiny scratches on the surface of the FEP, and no significant damage occurred. The major reason is

that HG P-TENG adopts non-contact electrostatic induction and soft contact with rabbit fur, which greatly

reduces the wear on the material, and the rabbit fur can also effectively supplement the charge for the FEP.

For long-distance pipeline systems, many sensors are required to monitor parameters such as temperature

and pressure of the gas in the pipeline. For this distributed energy supply, traditional batteries and wire

methods undoubtedly have many drawbacks, so this hybrid nanogenerator will have great advantages in

long-distance intelligent pipeline monitoring. On the one hand, the HG P-TENG can be installed in pipeline

Figure 3. Performance of HG P-TENG for charging different capacitors

(A–C) 10mF, (b)22mF, and (c)47mF capacitors charging curves of 6-degrees, 3-degrees, 2-degrees G-TENG and G-PENG.

(D–F) 10mF, (e)22mF, and (f)47mF capacitors charging curves of HG P-TENG. (2-T indicates 2-degrees G-TENG and 2-T + P indicates 2-degrees G-TENG and

G-PENG).

ll
OPEN ACCESS

iScience 25, 105374, November 18, 2022 7

iScience
Article



to effectively drive the sensors to monitor the temperature, humidity, pressure, etc. of the gas in pipeline. On

the other hand, it can drive the signal transmission elements and actuators to feedback abnormal signals and

eliminate problems in time to ensure the safe operation of pipeline system. The use of HGP-TENGprovides an

effective solution for the long-distance intelligent pipeline monitoring systems.

Conclusions

In the paper, a galloping-based triboelectric-piezoelectric hybrid nanogenerator (HG P-TENG) is proposed

to harvest gas energy in long-distance pipeline, which can provide continuous energy supply for alarm

devices and sensors. The use of galloping for energy harvesting effectively reduces material wear and

Figure 4. Output Performance of the HG P-TENG

(A–E) Top panel: RMS power resistance profile of (A) 6-degrees, (B) 3-degrees, and (C) 2-degrees G-TENG at various wind speeds. Middle panel: (D)

Comparison of RMS power with resistance for 6-degrees, 3-degrees, 2-degrees G-TENG, and G-PENG at wind speed of 6.24 m/s (E) 6-degrees, 3-degrees,

2-degrees G-TENG, and G-PENG RMS power variation with wind speed.

(F) Durability of the G-TENG device for about 250,000 cycles at 6.24 m/s.

(G) Photograph of the HG P-TENG lighting up more than 100 LEDs.

(I) Photograph of the HG P-TENG as a power source to drive a thermohygrometer.
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improves the reliability of GTENG. And through the rational construction design of HG P-TENG, the cut-in

wind speed and the wear of TENGmaterial are effectively reduced, thus improving the efficiency and dura-

bility of the device. Moreover, with periodic contact, FEP can be recharged, offering the possibility of long-

term, efficient energy harvesting. Furthermore, by segmenting the electrodes, the energy harvesting

efficiency is greatly improved. The maximum Isc of 2-degrees G-TENG has a 34% improvement rather

than 6-degrees. Comparing the capacitor charging time, the charging time of 2-degrees G-TENG and

HG P-TENG (2-degrees) is reduced by 33% and 52% compared with that of 6-degrees G-TENG, respec-

tively. Then, at a wind speed of 6.24 m/s, the maximum RMS output power of the 6-degrees, 3-degrees,

2-degrees G-TENG, and G-PENG is 52.2, 38.5, 34.7, and 16.7 mW, respectively. In addition, the feasibility

of this HG P-TENG to power a thermohygrometer is also demonstrated. This study uses a piezoelectric-

triboelectric hybrid nanogenerator to harvest energy from airflow in pipes, which has great potential in

long-distance smart pipeline monitoring systems.

Limitations of the study

Although, HG P-TENG has a high energy harvesting efficiency when the direction of incoming flow is deter-

mined. Due to the characteristics of the vibration form of galloping, it can only be used to harvest wind en-

ergy within a certain angle of attack, and when this angle of attack is exceeded, larger winds can even cause

damage to the HG P-TENG. So, a structure that automatically rotates according to the wind direction is to

be considered in future solutions.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Zhaohui Yao (yaozh@ucas.edu.cn).

Materials availability

This study did not generate new materials. Materials used in the study are commercially available.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study does not use experimental methods typical in the life sciences.

METHOD DETAILS

Fabrication of the hybrid nanogenerator

Two pieces piezoelectric sheets (LDT0-028K) are attached to two sides of the cantilever beam. The piezo-

electric sheet is 41 mm long, 16 mm wide. The length, width and height of the cantilever

beam are 200 3 26 3 1 mm. The prism made by the electric wire cutting machine is fixed on the top

of the cantilever beam with special foam glue, and the prism size is: 190 3 80 3 50 mm. The curved

acrylic plate with FEP is adhered to the bottom of the foam prism as a dielectric layer with a thickness

of 0.1 mm which Figure S15 has shown that FEP thickness is 0.1 mm is better. And the bottom of the

FEP is 4 mm away from the Cu electrode layer. The curved electrode layer is fixed on an acrylic plate

by double-sided tape, and is made of copper tape with a thickness of 0.03 mm. The electrode layer is

annular, and the width of the electrode layer is 60 mm. For 6-degrees, 3-degreepairs, and 2-degrees

of Cu electrodes, the arc angles are 6�, 3 and 2�, respectively, and the spacing between

adjacent two electrodes are 0.6�, 0.27 and 0.18�, respectively (Figure S5). This allows us to ensure that

the total angle is 39�. The rabbit fur on the outside of the electrode is taped to the acrylic plate at

the bottom.

Electrical output signal measurement

The open circuit voltage and short circuit current of the G-TENG are measured by a Keithley 6514

electrometer. A Keysight DSOX1204G oscilloscope is used to measure the voltage of the G-PENG.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Copper Tape Suzhou dry ding electronic technology co., LTD QD68-SDT-005

Piezoelectric Sheets VKINGING ELECTRONICS (SHEN ZHEN) LDT0-028K

Fluorinated Ethylene

Propylene (FEP)

Suzhou Zeyou Fluoroplastic Material

Technology Co., Ltd

N/A

Rabbit Fur Hefei Wanchong Pet Products Co., Ltd N/A
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QUANTIFICATION AND STATISTICAL ANALYSIS

This study does not include statistical analysis or quantification.

ADDITIONAL RESOURCES

This study has not generated or contributed to a new website/forum.
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