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Abstract: When testing the output of piezoelectric devices under different pressures, the
friction between the pressure platform and the device causes a large amount of frictional
electrical signals to be mixed in the output piezoelectric signal, seriously affecting the
measurement accuracy of the piezoelectric signal. The current solution is to encapsulate the
contact interface with identical materials to suppress triboelectric interference. However,
this work has shown that even when contact separation is implemented at the interface
of same media, triboelectric signals can still be generated. The heterogeneous potential
distribution of the same material in contact separation has been discovered for the first
time through the contact interface potential distribution, proving that charge transfer still
exists between the same materials. Atomic force microscopy (AFM) was used to analyze
the microstructure of the interface, and it was found that the existence of the surface
tip structure would enhance the electron loss. Based on this, a new electron transfer
model for surface–tip electron cloud interaction is proposed in this work. In addition, by
comparing the output voltage characteristics of the triboelectric nanogenerators (TENGs)
of seven polymer materials (e.g., polypropylene (PP), polyethylene (PE), polyvinyl chloride
(PVC), polytetrafluoroethylene (PTFE), polyoxymethylene (POM), polyimide (PI), and
polyethylene terephthalate (PET)), it was found that the open circuit voltage of PP material
was only 0.06 V when they friction with each other, which is 2–3 orders of magnitude lower
than other materials. When PP materials are applied to the package of piezoelectric devices,
the precision of piezoelectric output characterization can be improved significantly, and a
new experimental basis for a triboelectric theory system can be provided.

Keywords: triboelectric nanogenerator; identical materials; piezoelectric testing

1. Introduction
As a breakthrough technology in the field of mechanical energy harvesting and self-

powered sensing, triboelectric nanogenerators (TENGs) have attracted a lot of attention
due to their energy conversion efficiency of up to 85%. Their working principle is derived
from the contact electrogenesis effect: when two materials with different electron affinity
contact, the spontaneous transfer of electrons at the interface is triggered by the difference
in work function, and the continuous transformation of mechanical energy into electrical
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energy is achieved through periodic contact–separation motion. It is widely used in the
fields of Wiener energy harvesting, self-powered sensing, and blue energy, in which Song
et al. successfully achieved battery power by using polyurethane (PU) and perfluoroalkoxy
(PFA) friction, avoiding the risk of replacing batteries with implanted devices [1]. Some re-
searchers realized environmental energy collection by optimizing material friction sequence,
and realized intelligent monitoring by using the strong correlation between output electrical
signals and environmental parameters [2–9]. Yu et al. [10–15] significantly enhanced the
output performance of TENGs by optimizing triboelectric layer materials, and successfully
applied them to various fields, including sensors, thereby advancing the development and
applications of TENG technology. In blue energy harvesting, some researchers [16–21]
developed an ocean wave energy harvesting system based on the solid–liquid interface
friction effect. By optimizing the structure, some researchers [22–28] significantly improved
the low-frequency energy collection efficiency.

In the existing studies, the friction layer of the TENG is mostly composed of hetero-
geneous materials, so when the friction medium is changed to the identical material, can
the TENG produce output? Few people have explored it. Wang et al. [29] explored the
difference in the ability to gain and lose electrons due to curvature differences in the surface
during friction of the identical curved material, and proposed a charge transfer model
related to curvature. It lays a theoretical foundation for the friction study of planar identical
flat materials.

In this work, the triboelectric effect existing in the friction process of the identical
planar thin films (self-friction) was investigated through the contact separation mode,
and it was confirmed for the first time that a TENG with the same friction layer material
(identical materials-based TENG, I-TENG) can generate circuit current, where the peak
current output of PI material can reach 106 nA during the friction process, which improves
the traditional triboelectric theory. In a further study, we confirmed the universality of
this phenomenon by the self-friction of a variety of identical flat film materials. Based on
this, this study reveals that the triboelectric interference of piezoelectric output still exists
even when the contact surface and the piezoelectric device are packaged with the identical
material during the electrical signal output test. In the self-friction test of common polymer
materials, it was found that the self-friction output of PP material is only 0.06 V, which
can be effectively used as a packaging material to reduce the impact of triboelectricity on
piezoelectric signals.

2. Materials and Methods
2.1. Materials of I-TENG

The friction materials used above are purchased from Dongguan Lingmei New Ma-
terials Co., Ltd. (Dongguan, China). These include polypropylene (PP), polyethylene
(PE), polyvinyl chloride (PVC), polytetrafluoroethylene (PTFE), polyoxymethylene (POM),
polyimide (PI), and polyethylene terephthalate (PET), with specifications of 5 cm × 5 cm
and thickness of 0.4 mm. These were attached to the back of an electrode 0.04 mm with
commercial conductive copper tape. The materials used in the process of exploring self-
friction were all attached in adjacent areas of the identical material, which greatly ensured
the consistency of materials.

2.2. The Methods of I-TENG Electrical Property Measurement and Material Surface
Potential Measurement

LP-3 linear motor was used to realize the contact separation process for I-TENG, and
different electrical outputs of I-TENG were explored by applying different pressures. The
measuring equipment used was an oscilloscope (KEYSIGHT InfiniiVision DSOX3024T,
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Silicon Valley, CA, USA) and a type 6514 electrometer (Keithley, Cleveland, OH, USA).
In the characterization of the surface potential, a hand-held electrometer was used to
measure the surface potential at 25 mm of the normal direction of the sample. An atomic
force microscope (AFM, PF-KPFM, Bruker, Germany) was used to characterize the surface
potential of materials.

3. Results and Discussion
3.1. Self-Friction Effect of Identical Materials and Basic Principle of I-TENG

As shown in Figure 1a, researchers often use pressure platforms to test the piezoelec-
tric performance of piezoelectric materials under different conditions, but in the process
cannot avoid the mutual friction of the contact surface. In order to reduce the influence
of triboelectricity on the piezoelectric output performance, most researchers will use the
identical material to encapsulate the contact surface and the piezoelectric material, which
theoretically can avoid the generation of triboelectric signals (Figure 1b). But as we proved
in our experiments, even the use of the identical material in packaging does not avoid the
generation of frictional electrical signals.
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Figure 1. The device and the package structure of the material during the electrical output test of
the piezoelectric material. (a) The pressure loading platform was explored in terms of how different
pressures along the arrow affect the output of piezoelectric materials. (b) Packaging structures are
commonly used when the output performance of pressurized electrical materials is tested.

To explore this process, we fabricated a contact separation mode I-TENG using seven
commonly used polymer materials. Compared with conventional TENG, the two friction
layers of I-TENG are identical materials. As shown in Figure 2a, electrodes are attached
on both sides of the friction layer to sense the change in electric potential between the
two friction layers and form a loop. Before the contact of the friction layer, its surface
potential is zero (Figure 2(ai)). When there is an external displacement, the two friction
layers contact each other and friction occurs, and electron transfer occurs (Figure 2(aii)). At
this time, because the charge generated by friction is limited to the surface of the friction
layer, when two equal amounts of opposite charges coexist on the identical plane, there is no
induced charge on the electrode. In the process of the gradual separation of the two friction
layers, equal amounts of opposite charges are generated in the two electrodes due to
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electrostatic induction, resulting in a potential difference in the closed loop (Figure 2(aiii)).
When the two friction layers are gradually separated under the action of external forces,
the open circuit voltage at both ends of the electrode will also increase. When the resistance
value of the voltmeter is close to the ideal value, the voltage will continue to increase until
it is stable. Before the friction layers are recombined, the voltage at both ends will remain
at the peak (Figure 2(aiv)). Then, as the friction layers gradually approach, the electric
potential on both sides of the electrode gradually decreases, and when the friction layer
returns to the state shown in Figure 2(aii), the surface electric potential on both sides of the
electrode disappears.
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Figure 2. The structure of I-TENG and the surface potential of the planar film materials after friction.
(a) The specific structure and schematic diagram of I-TENG. (b) The surface potential changes of
seven common polymer materials after self-friction.

In order to further verify that the output of the device is produced by friction of
the identical material, we take two 5 × 5 cm2 square samples in adjacent areas on seven
identical materials and flush the surface charge with deionized water. After heating and
drying, a process to eliminate the static charges of the sample, the use of an electrostatic
tester at a distance of 25 mm from the sample measured a surface potential of zero. After
self-friction of the seven materials, the surface potential is shown in Figure 2b. Through
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experiments, we found that identical materials all have charge transfer in the process of
contact separation friction.

Polyethylene terephthalate (PET) is the most obvious material in this process. The
two surfaces of the identical materials with opposite electrical properties were measured
by an electrostatic tester at a distance of 25 mm apart, and their potential was +1.6 kV
and −1.5 kV, respectively, and the potential difference between the two surfaces reached
3.1 kV. In contrast, PP material in this process yielded a surface potentials of the positive
and negative sides of +0.1 kV and −0.2 kV, and the potential difference was only 0.3 kV. In
addition, we left the rubbed material for a period of time until the surface potential was
zero, continued to wash the surface with deionized water and heat it, and after rubbing
again, the surface potential was identical to the result of the first test.

3.2. Study on Effect Mechanism of Self-Friction of Identical Materials

Through the above experiments, we confirm that the identical materials do exhibit elec-
tron transfer in the process of self-friction, resulting in the opposite surface potential of the
two friction layers. Taking the PET film as an example, we further characterized the surface
atomic morphology of the planar friction layer by using atomic force microscopy (AFM).

As shown in Figure 3a,b, in the microstructure, the surface with positive charge
has more pointed protrusions than the surface with negative charge. In addition, after
grinding the tip flat by mechanical grinding, we found that the ability to lose electrons was
significantly reduced. Based on the above experimental results, we have proposed a cloud
well model on the basis of the curved surface self-friction model proposed by Wang [29]
to explain the mechanism of contact electricity generated by the same flat material. In
conventional wisdom, triboelectricity is always generated by contact between two different
materials. However, in this experiment, triboelectricity was also generated after contact
separation between identical planar materials with identical chemical properties, which
may be determined by the microstructure of the surface of the planar materials. As shown
in Figure 3(ci), the atomic arrangement of the tip may be distorted due to curvature,
resulting in changes in the surface electron state density, so that the electrons of the tip
atom have higher surface energy. In Figure 3(ci), the two atoms remain independent of
each other until they are in contact, and the electron clouds do not overlap. At the same
time, the existence of the potential well prevents the overflow of electrons, making the atom
relatively stable. When two surfaces come close to each other and touch due to mechanical
forces, the electron clouds overlap and create ionic or covalent bonds. Since the electrons at
the tip of the atom have a higher potential energy, the electrons are easily transferred from
the higher to the lower energy orbital (Figure 3(cii)). Through this process, electrons are
transferred from the tip atoms to the smooth atoms, resulting in a difference in the amount
of charge on the two surfaces. According to this mechanism, the phenomenon that the tip
electron is easily lost in the microstructure can be well explained. In addition, the output
difference of I-TENG in the self-friction process of different materials may be determined
by the work function of the material itself, which still needs further research.
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Figure 3. Mechanism of self-friction effect. (a) AFM topography of PET flat film with positive surface
potential. (b) AFM topography of PET flat film with negative surface potential. (c) Electron cloud
well model.

3.3. Output Properties of I-TENG for Different Polymer Materials

Based on the above conclusions, in order to reduce the influence of triboelectricity in
piezoelectric materials, as shown in Figure 4, the output of I-TENG with seven different
materials under different pressures was tested. Among them, the PP film has the lowest
open-circuit voltage in the process of self-friction, only 0.06 V (Figure 4a). In Figure 4a–g,
the voltage output increases successively. For the flat PET material, the output of I-TENG is
the largest, and the output open-circuit voltage reaches 6 V under the pressure of 40 N. In
addition, the measured output current (Figure 4h) and transferred charge (Figure 4i) also
satisfy the same law.
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3.4. The Application of Polypropylene (PP) Materials in Piezoelectric Testing

To effectively eliminate interference from the triboelectric effect in piezoelectric testing,
identifying a packaging material capable of suppressing triboelectric charge transfer has
become a key research focus.

The experimental data demonstrate that, compared to other common packaging
materials, polypropylene (PP) exhibits significant advantages during self-friction pro-
cesses: its triboelectric layer potential difference, I-TENG output voltage, current, and
transferred charge quantity all reach the lowest values—far below the output levels
of conventional piezoelectric materials—making it an ideal packaging medium for
piezoelectric applications.

For a direct comparison of performance differences among packaging materials,
Figure 5a presents a contrast test between polyimide (PI) and PP encapsulating the same
piezoelectric material. Under a periodic 20 N compressive force, the PI-packaged piezoelec-
tric sample showed a substantial triboelectric contribution in its output signal, whereas PP
encapsulation effectively reduced such interference (Figure 5b).
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Figure 5. The application of polypropylene (PP) materials in piezoelectric testing. (a) Images of the
same piezoelectric film encapsulated with PI and PP materials, respectively. (b) The output voltage
of the piezoelectric film encapsulated with PI and PP materials under periodic pressure (20 N, 1 Hz).

3.5. The Application of I-TENG in Self-Powered Stride Sensors

Triboelectric Nanogenerators (TENGs) can be applied in human motion monitoring.
Traditional monitoring systems must continuously supply power to sensors in order to
capture people’s movement states in real time, which consumes a large amount of electrical
energy and shortens the battery life of the monitoring system. Although the output voltage
in Figure 4 is very small, we can apply it to the self-powered stride monitoring sensor. By
converting the mechanical energy generated by movement into electrical energy, it can
be used to analyze the movement state of the human body. As shown in Figure 6a, when
people are walking, the trouser legs rub against each other. The frictional charges generated
can be converted into electrical signals through the I-TENG, and the movement state of the
wearer can be analyzed by the single-chip microcomputer. As shown in the demonstration
experiment in Figure 6b, when the PI materials rub against each other, the output electrical
signals can be collected by the single-chip microcomputer and used to analyze and obtain
the stride length of the movement (Movie S1 in the Supplementary).
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4. Conclusions
In summary, we further explore the triboelectricity generation process of the identical

flat materials. By rubbing the identical flat materials, I-TENG produces voltage output while
there are opposite charges between the two contact surfaces, which further proves that the
process is caused by charge transfer. Furthermore, in the microstructure characterization
of the contact surface, we found that a contact surface with a large number of tips is more
likely to lose electrons, and the ability to lose electrons is rapidly weakened after the tips
are smoothed. Based on the above conclusions, we introduce the concept of surface states
into the experiment, and propose a model of electron transition based on surface tip atoms
to further illustrate the whole process. Subsequently, we compared the self-friction output
voltage of seven common packaging materials, and found that the self-friction output open
circuit voltage of PP material is only 0.06 V, which can be effectively used in piezoelectric
material packaging.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nano15100708/s1, Movie S1: The application of I-TENG in
self-powered stride sensors.

Author Contributions: Conceptualization, L.-X.W. and J.Z.; methodology, Y.-Z.L.; software, L.-X.W.;
validation, S.-J.M., M.-J.L., Z.L., R.L. and X.-L.Z.; formal analysis, G.Z.; investigation, L.-X.W.
and Y.-Z.L.; resources, H.D.; data curation, S.-J.M.; writing—original draft preparation, L.-X.W.;
writing—review and editing, J.Z.; visualization, Y.-Z.L.; supervision, Y.-Z.L.; project administration,
L.-X.W.; funding acquisition, Y.-Z.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Natural Science Foundation of China grant
number 5227307.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: We thank Ru Li from Instrumental Analysis Center of Qingdao University for
their help with the AFM measurements.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/nano15100708/s1


Nanomaterials 2025, 15, 708 9 of 10

References
1. Imani, I.M.; Kim, H.S.; Lee, M.; Kim, S.-B.; Song, S.-M.; Lee, D.-G.; Hwang, J.-H.; Lee, J.; Suh, I.-Y.; Kim, S.-W.; et al. A Body

Conformal Ultrasound Receiver for Efficient and Stable Wireless Power Transfer in Deep Percutaneous Charging. Adv. Mater.
2025, 2419264. [CrossRef] [PubMed]

2. Hao, Y.; Wen, J.; Gao, X.; Nan, D.; Pan, J.; Yang, Y.; Chen, B.; Wang, Z.L. Self-Rebound Cambered Triboelectric Nanogenerator
Array for Self-Powered Sensing in Kinematic Analytics. ACS Nano 2022, 16, 1271–1279. [CrossRef]

3. Lei, H.; Xiao, J.; Chen, Y.; Jiang, J.; Xu, R.; Wen, Z.; Dong, B.; Sun, X. Bamboo-inspired self-powered triboelectric sensor for touch
sensing and sitting posture monitoring. Nano Energy 2022, 91, 106670. [CrossRef]

4. Luo, J.; Wang, Z.; Xu, L.; Wang, A.C.; Han, K.; Jiang, T.; Lai, Q.; Bai, Y.; Tang, W.; Fan, F.R.; et al. Flexible and durable wood-based
triboelectric nanogenerators for self-powered sensing in athletic big data analytics. Nat. Commun. 2019, 10, 5147. [CrossRef]

5. Xiang, H.; Peng, L.; Yang, Q.; Wang, Z.L.; Cao, X. Triboelectric nanogenerator for high-entropy energy, self-powered sensors, and
popular education. Sci. Adv. 2024, 10, eads2291. [CrossRef] [PubMed]

6. Xu, W.; Huang, L.-B.; Wong, M.-C.; Chen, L.; Bai, G.; Hao, J. Self-Powered Sensors: Environmentally Friendly Hydrogel-Based
Triboelectric Nanogenerators for Versatile Energy Harvesting and Self-Powered Sensors. Adv. Energy Mater. 2017, 7, 1601529.
[CrossRef]

7. Zhang, B.; Zhang, S.; Li, W.; Gao, Q.; Zhao, D.; Wang, Z.L.; Cheng, T. Self-Powered Sensing for Smart Agriculture by
Electromagnetic–Triboelectric Hybrid Generator. ACS Nano 2021, 15, 20278–20286. [CrossRef] [PubMed]

8. Zhang, C.; Liu, L.; Zhou, L.; Yin, X.; Wei, X.; Hu, Y.; Liu, Y.; Chen, S.; Wang, J.; Wang, Z.L. Self-Powered Sensor for Quantifying
Ocean Surface Water Waves Based on Triboelectric Nanogenerator. ACS Nano 2020, 14, 7092–7100. [CrossRef]

9. Zhang, W.; Chen, X.; Zhao, J.; Wang, X.; Li, X.; Liu, T.; Luo, B.; Qin, Y.; Zhang, S.; Chi, M.; et al. Cellulose template-based
triboelectric nanogenerators for self-powered sensing at high humidity. Nano Energy 2023, 108, 108196. [CrossRef]

10. Kavarthapu, V.S.; Paranjape, M.V.; Manchi, P.; Kurakula, A.; Lee, J.K.; Graham, S.A.; Yu, J.S. Wireless Alerts and Data Monitoring
from BNNO-MWCNTs/PDMS Composite Film-Based TENG Integrated Inhaler for Smart Healthcare Application. Small 2024, 20,
2403218. [CrossRef]

11. Manchi, P.; Paranjape, M.V.; Kurakula, A.; Graham, S.A.; Kavarthapu, V.S.; Yu, J.S. PDA-Ag/TiO2 Nanoparticles-Loaded
Electrospun Nylon Composite Nanofibrous Film-Based Triboelectric Nanogenerators for Wearable Biomechanical Energy
Harvesting and Multifunctional Sensors. Adv. Funct. Mater. 2025, 35, 2416018. [CrossRef]

12. Kurakula, A.; Graham, S.A.; Paranjape, M.V.; Manchi, P.; Kavarthapu, V.S.; Yu, J.S. Multimodal Energy Generation and Intruder
Sensing Platform via Aluminum Titanate/Poly-Glucosamine Composite Film-Based Hybrid Nanogenerators. Adv. Funct. Mater.
2024, 34, 2307462. [CrossRef]

13. Manchi, P.; Graham, S.A.; Patnam, H.; Paranjape, M.V.; Yu, J.S. High-Efficiency Poly(Vinylidene Fluoride-Co-
Hexafluoropropylene) Loaded 3D Marigold Flower-Like Bismuth Tungstate Triboelectric Films for Mechanical Energy
Harvesting and Sensing Applications. Small 2022, 18, 2200822. [CrossRef]

14. Paranjape, M.V.; Manchi, P.; Kurakula, A.; Kavarthapu, V.S.; Lee, J.K.; Graham, S.A.; Yu, J.S. Generalized utilization of energy
harvesting ability of TENG for concurrent energy storage and motion sensing application with effective external circuitry. Nano
Energy 2024, 129, 109983. [CrossRef]

15. Manchi, P.; Graham, S.A.; Patnam, H.; Alluri, N.R.; Kim, S.-J.; Yu, J.S. LiTaO3-Based Flexible Piezoelectric Nanogenerators for
Mechanical Energy Harvesting. ACS Appl. Mater. Interfaces 2021, 13, 46526–46536. [CrossRef]

16. Li, X.; Zhang, D.; Zhang, D.; Li, Z.; Wu, H.; Zhou, Y.; Wang, B.; Guo, H.; Peng, Y. Solid-Liquid Triboelectric Nanogenerator Based
on Vortex-Induced Resonance. Nanomaterials 2023, 13, 1036. [CrossRef]

17. Liang, X.; Liu, S.; Lin, S.; Yang, H.; Jiang, T.; Wang, Z.L. Liquid–Solid Triboelectric Nanogenerator Arrays Based on Dynamic
Electric-Double-Layer for Harvesting Water Wave Energy. Adv. Energy Mater. 2023, 13, 2300571. [CrossRef]

18. Wang, D.; Zhang, D.; Tang, M.; Zhang, H.; Sun, T.; Yang, C.; Mao, R.; Li, K.; Wang, J. Ethylene chlorotrifluoroethylene/hydrogel-
based liquid-solid triboelectric nanogenerator driven self-powered MXene-based sensor system for marine environmental
monitoring. Nano Energy 2022, 100, 107509. [CrossRef]

19. Wang, Y.; Guo, H.; Liao, J.; Qin, Y.; Ali, A.; Li, C. Solid-Liquid triboelectric nanogenerator based on curvature effect for harvesting
mechanical and wave energy. Chem. Eng. J. 2023, 476, 146571. [CrossRef]

20. Zhai, H.; Ding, S.; Chen, X.; Wu, Y.; Wang, Z.L. Advances in solid–solid contacting triboelectric nanogenerator for ocean energy
harvesting. Mater. Today 2023, 65, 166–188. [CrossRef]

21. Zhang, X.; Yu, M.; Ma, Z.; Ouyang, H.; Zou, Y.; Zhang, S.L.; Niu, H.; Pan, X.; Xu, M.; Li, Z.; et al. Self-Powered Distributed Water
Level Sensors Based on Liquid–Solid Triboelectric Nanogenerators for Ship Draft Detecting. Adv. Funct. Mater. 2019, 29, 1900327.
[CrossRef]

22. Cheng, J.; Zhang, X.; Jia, T.; Wu, Q.; Dong, Y.; Wang, D. Triboelectric nanogenerator with a seesaw structure for harvesting ocean
energy. Nano Energy 2022, 102, 107622. [CrossRef]

https://doi.org/10.1002/adma.202419264
https://www.ncbi.nlm.nih.gov/pubmed/40135259
https://doi.org/10.1021/acsnano.1c09096
https://doi.org/10.1016/j.nanoen.2021.106670
https://doi.org/10.1038/s41467-019-13166-6
https://doi.org/10.1126/sciadv.ads2291
https://www.ncbi.nlm.nih.gov/pubmed/39612344
https://doi.org/10.1002/aenm.201601529
https://doi.org/10.1021/acsnano.1c08417
https://www.ncbi.nlm.nih.gov/pubmed/34841851
https://doi.org/10.1021/acsnano.0c01827
https://doi.org/10.1016/j.nanoen.2023.108196
https://doi.org/10.1002/smll.202403218
https://doi.org/10.1002/adfm.202416018
https://doi.org/10.1002/adfm.202307462
https://doi.org/10.1002/smll.202200822
https://doi.org/10.1016/j.nanoen.2024.109983
https://doi.org/10.1021/acsami.1c10116
https://doi.org/10.3390/nano13061036
https://doi.org/10.1002/aenm.202300571
https://doi.org/10.1016/j.nanoen.2022.107509
https://doi.org/10.1016/j.cej.2023.146571
https://doi.org/10.1016/j.mattod.2023.02.030
https://doi.org/10.1002/adfm.201900327
https://doi.org/10.1016/j.nanoen.2022.107622


Nanomaterials 2025, 15, 708 10 of 10

23. Jung, H.; Ouro-Koura, H.; Salalila, A.; Salalila, M.; Deng, Z.D. Frequency-multiplied cylindrical triboelectric nanogenerator for
harvesting low frequency wave energy to power ocean observation system. Nano Energy 2022, 99, 107365. [CrossRef]

24. Kim, J.-S.; Kim, J.; Kim, J.-N.; Ahn, J.; Jeong, J.-H.; Park, I.; Kim, D.; Oh, I.-K. Collectively Exhaustive Hybrid Triboelectric
Nanogenerator Based on Flow-Induced Impacting-Sliding Cylinder for Ocean Energy Harvesting. Adv. Energy Mater. 2022, 12,
2103076. [CrossRef]

25. Liu, W.; Wang, X.; Yang, L.; Wang, Y.; Xu, H.; Sun, Y.; Nan, Y.; Sun, C.; Zhou, H.; Huang, Y. Swing Origami-Structure-Based
Triboelectric Nanogenerator for Harvesting Blue Energy toward Marine Environmental Applications. Adv. Sci. 2024, 11, 2401578.
[CrossRef]

26. Pang, H.; Feng, Y.; An, J.; Chen, P.; Han, J.; Jiang, T.; Wang, Z.L. Segmented Swing-Structured Fur-Based Triboelectric Nano-
generator for Harvesting Blue Energy toward Marine Environmental Applications. Adv. Funct. Mater. 2021, 31, 2106398.
[CrossRef]

27. Zhang, C.; Yang, S.; Dai, X.; Tu, Y.; Du, Z.; Wu, X.; Huang, Y.; Fan, J.; Hong, Z.; Jiang, T.; et al. Hybridized triboelectric-
electromagnetic nanogenerators for efficient harvesting of wave energy for self-powered ocean buoy. Nano Energy 2024, 128,
109929. [CrossRef]

28. Zhao, C.; Liu, D.; Wang, Y.; Hu, Z.; Zhang, Q.; Zhang, Z.; Wang, H.; Du, T.; Zou, Y.; Yuan, H.; et al. Highly-stretchable rope-like
triboelectric nanogenerator for self-powered monitoring in marine structures. Nano Energy 2022, 94, 106926. [CrossRef]

29. Xu, C.; Zhang, B.; Wang, A.C.; Zou, H.; Liu, G.; Ding, W.; Wu, C.; Ma, M.; Feng, P.; Wang, Z.L.; et al. Contact-Electrification
between Two Identical Materials: Curvature Effect. ACS Nano 2019, 13, 2034–2041.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.nanoen.2022.107365
https://doi.org/10.1002/aenm.202103076
https://doi.org/10.1002/advs.202401578
https://doi.org/10.1002/adfm.202106398
https://doi.org/10.1016/j.nanoen.2024.109929
https://doi.org/10.1016/j.nanoen.2022.106926

	Introduction 
	Materials and Methods 
	Materials of I-TENG 
	The Methods of I-TENG Electrical Property Measurement and Material Surface Potential Measurement 

	Results and Discussion 
	Self-Friction Effect of Identical Materials and Basic Principle of I-TENG 
	Study on Effect Mechanism of Self-Friction of Identical Materials 
	Output Properties of I-TENG for Different Polymer Materials 
	The Application of Polypropylene (PP) Materials in Piezoelectric Testing 
	The Application of I-TENG in Self-Powered Stride Sensors 

	Conclusions 
	References

