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Abstract. Ceramic—polymer piezoelectric composites integrate the high piezoelectric activity of
ferroelectric ceramics with the mechanical flexibility and durability of polymers, forming a key
platform for next-generation energy harvesting. This review critically examines recent progress
in hybrid composites for mechanical-to-electrical energy conversion, emphasizing architectural
design strategies that govern structure—property—performance relationships. Particular focus is
placed on connectivity patterns (0-3, 1-3, and 3-3) and advanced engineering approaches—
including aligned ceramic networks, porous scaffolds, core—shell structures, gradient
configurations, and interfacial functionalization—which enhance stress transfer,
electromechanical coupling, and power density while reducing brittleness and dielectric loss.
Lead-based (e.g., PZT) and lead-free systems (e.g., BTO, KNN), combined with flexible matrices
such as PVDF and its copolymers, are assessed for applications in low-frequency vibrations,
wearable electronics, structural health monitoring, and self-powered sensors. Scalable fabrication
methods (freeze casting, electrospinning, 3D printing) and multiphysics modelling are evaluated
alongside major challenges: polarization stability, fatigue resistance, interfacial debonding, and
long-term reliability. The review provides a unified framework for architectural optimization and

strategic directions toward efficient, robust, and sustainable energy harvesters.

Citation: Rev. Adv. Mater. Technol., 2026, vol. §, no. 1, pp. 30—64

View online: https://doi.org/10.17586/2687-0568-2026-8-1-30-64

View Table of Contents: https://reviewsamt.com/issues



https://doi.org/10.17586/2687-0568-2026-8-1-30-64
mailto:dzhaberi.a.679@suitd.ru
https://doi.org/10.17586/2687-0568-2026-8-1-30-64
https://reviewsamt.com/issues
https://orcid.org/0009-0006-9413-9397
https://orcid.org/0000-0003-1281-8638

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

C.R. Bowen, V.Yu. Topolov, H.A. Kim. The piezoelectric medium and its characteristics. In:
Modern Piezoelectric Energy-Harvesting Materials. Springer Series in Materials Science. Vol.
238. Springer, Cham, 2016, pp. 1-22.

S. Priya, H.-C. Song, Y. Zhou, R. Varghese, A. Chopra, S.-G. Kim, I. Kanno, L. Wu, D.S. Ha, J.
Ryu, R.G. Polcawich. A review on piezoelectric energy harvesting: Materials, methods, and
circuits. Energy Harvesting and Systems, 2017, vol. 4, no. 1, pp. 3-39.

M.T. Sebastian, H. Jantunen. Polymer—ceramic composites of 0—3 connectivity for circuits in
electronics: A review. International Journal of Applied Ceramic Technology, 2010, vol. 7, no. 4,
pp. 415-434.

V.V. Kochervinskii. Piezoelectricity in crystallizing ferroelectric polymers: Poly(vinylidene
fluoride) and its copolymers (A review). Crystallography Reports, 2003, vol. 48, no. 4, pp. 649—
675.

G.V. Selicani, M. Mobin, V. Esposito, A.R. Insinga, A.B. Haugen. Shape engineering and
manufacturing of piezoceramics for energy conversion—a review. Journal of Physics: Energy,
2025, vol. 7, no. 2, art. no. 022004.

R.N. Joshua, A.R. Sakthivel. Reinforced polymer composite filaments in fused deposition
modeling of 3D printing technology: A review. Advanced Engineering Materials, 2025, vol. 27,
no. 9, art. no. 2402509.

M. Habib, 1. Lantgios, K. Hornbostel. A review of ceramic, polymer and composite piezoelectric
materials. Journal of Physics D: Applied Physics, 2022, vol. 55, no. 42, art. no. 423002.

O. Tokay, M. Yazic1. A review of potassium sodium niobate and bismuth sodium titanate based
lead free piezoceramics. Materials Today Communications, 2022, vol. 31, art. no. 103358.

S. Sukumaran, S. Chatbouri, D. Rouxel, E. Tisserand, F. Thiebaud, T.B. Zineb. Recent advances
in flexible PVDF based piezoelectric polymer devices for energy harvesting applications. Journal
of Intelligent Material Systems and Structures, 2020, vol. 32, no. 7, pp. 746—780.

X. Hu, S. Yu, B. Chu. Increased effective piezoelectric response of structurally modulated P(VDF-
TrFE) film devices for effective energy harvesters. Materials & Design, 2020, vol. 192, art. no.
108700.

K. Arlt, M. Wegener. Piezoelectric PZT / PVDF-copolymer 0-3 composites: aspects on film
preparation and electrical poling. /EEE Transactions on Dielectrics and Electrical Insulation,
2010, vol. 17, no. 4, pp. 1178-1184.

F. Levassort, A.C. Hladky-Hennion, H.L. Khanh, P. Tran-Huu-Hue, M. Lethiecq, M.P. Thi. 0-3
and 1-3 piezocomposites based on single crystal PMN-PT for transducer applications. Advances
in Applied Ceramics, 2009, vol. 109, no. 3, pp. 162—-168.

C.R. Bowen, V.Yu. Topolov, Y. Zhang, A.A. Panich. 1-3-type composites based on ferroelectrics:
Electromechanical coupling, figures of merit, and piezotechnical energy-harvesting applications.
Energy Technology, 2018, vol. 6, no. 5, pp. 813—828.

X. Song, L. He, W. Yang, Z. Wang, Z. Chen, J. Guo, H. Wang, L. Chen. Additive manufacturing
of Bi-Continuous piezocomposites with triply periodic phase interfaces for combined flexibility
and piezoelectricity. Journal of Manufacturing Science and Engineering, 2019, vol. 141, no. 11,
art. no. 111004.

S. Tian, Z. Zhao, B. Li, Y. Dai. Microstructural engineering for temperature-stable piezoresponse
in KNN-based lead-free piezoceramics: a comprehensive review. Microstructures, 2026, vol. 6,
art. no. 2026005.

C.M. Costa, V.F. Cardoso, P. Martins, D.M. Correia, R. Gongalves, P. Costa, V. Correia, C.
Ribeiro, M.M. Fernandes, P.M. Martins, S. Lanceros-Méndez. Smart and multifunctional materials
based on electroactive poly(vinylidene fluoride): Recent advances and opportunities in sensors,
actuators, energy, environmental, and biomedical applications. Chemical Reviews, 2023, vol. 123,
no. 19, pp. 11392-11487.

X. Zhang, Y. Shen, Z. Shen, J. Jiang, L. Chen, C.-W. Nan. Achieving high energy density in
PVDF-based polymer blends: Suppression of early polarization saturation and enhancement of
breakdown strength. ACS Applied Materials & Interfaces, 2016, vol. 8, no. 40, pp. 27236-27242.


https://doi.org/10.1007/978-3-319-29143-7_1
https://doi.org/10.1007/978-3-319-29143-7_1
https://doi.org/10.1007/978-3-319-29143-7_1
https://doi.org/10.1515/ehs-2016-0028
https://doi.org/10.1515/ehs-2016-0028
https://doi.org/10.1515/ehs-2016-0028
https://doi.org/10.1111/j.1744-7402.2009.02482.x
https://doi.org/10.1111/j.1744-7402.2009.02482.x
https://doi.org/10.1111/j.1744-7402.2009.02482.x
https://doi.org/10.1134/1.1595194
https://doi.org/10.1134/1.1595194
https://doi.org/10.1134/1.1595194
https://doi.org/10.1088/2515-7655/adb0ee
https://doi.org/10.1088/2515-7655/adb0ee
https://doi.org/10.1088/2515-7655/adb0ee
https://doi.org/10.1002/adem.202402509
https://doi.org/10.1002/adem.202402509
https://doi.org/10.1002/adem.202402509
https://doi.org/10.1088/1361-6463/ac8687
https://doi.org/10.1088/1361-6463/ac8687
https://doi.org/10.1016/j.mtcomm.2022.103358
https://doi.org/10.1016/j.mtcomm.2022.103358
https://doi.org/10.1177/1045389X20966058
https://doi.org/10.1177/1045389X20966058
https://doi.org/10.1177/1045389X20966058
https://doi.org/10.1016/j.matdes.2020.108700
https://doi.org/10.1016/j.matdes.2020.108700
https://doi.org/10.1016/j.matdes.2020.108700
https://doi.org/10.1109/TDEI.2010.5539688
https://doi.org/10.1109/TDEI.2010.5539688
https://doi.org/10.1109/TDEI.2010.5539688
https://doi.org/10.1179/174367509X12472364601075
https://doi.org/10.1179/174367509X12472364601075
https://doi.org/10.1179/174367509X12472364601075
https://doi.org/10.1002/ente.201700623
https://doi.org/10.1002/ente.201700623
https://doi.org/10.1002/ente.201700623
https://doi.org/10.1115/1.4044708
https://doi.org/10.1115/1.4044708
https://doi.org/10.1115/1.4044708
https://doi.org/10.1115/1.4044708
https://doi.org/10.20517/microstructures.2025.55
https://doi.org/10.20517/microstructures.2025.55
https://doi.org/10.20517/microstructures.2025.55
https://doi.org/10.1021/acs.chemrev.3c00196
https://doi.org/10.1021/acs.chemrev.3c00196
https://doi.org/10.1021/acs.chemrev.3c00196
https://doi.org/10.1021/acs.chemrev.3c00196
https://doi.org/10.1021/acs.chemrev.3c00196
https://doi.org/10.1021/acsami.6b10016
https://doi.org/10.1021/acsami.6b10016
https://doi.org/10.1021/acsami.6b10016

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

H. Abdolmaleki, A.B. Haugen, K.B. Buhl, K. Daasbjerg, S. Agarwala. Interfacial engineering of
PVDEF-TrFE toward higher piezoelectric, ferroelectric, and dielectric performance for sensing and
energy harvesting applications. Advanced Science, 2023, vol. 10, no. 6, art. no. 2205942.

A. Habib, T. Fahmy, A. Almalki, M.M. Metwally. CERIA/PVDF/PVDF-HFP nanocomposite:
Designing, characterization, optical, piezo- and pyroelectric properties for energy storage systems.
Journal of Inorganic and Organometallic Polymers and Materials, 2025, vol. 35, no. 12, pp.
10080-10098.

H. Kawai. The piezoelectricity of poly(vinylidene fluoride). Japanese Journal of Applied Physics,
1969, vol. 8, no. 7, art. no. 975.

J.Su, Z.Y. Ma, J.I. Scheinbeim, B.A. Newman. Ferroelectric and piezoelectric properties of nylon
11/poly(vinylidene fluoride) bilaminate films. Journal of Polymer Science Part B: Polymer
Physics, 1995, vol. 33, no. 1, pp. 85-91.

S.C. Mathur, J.I. Scheinbeim, B.A. Newman. Piezoelectric properties and ferroelectric hysteresis
effects in uniaxially stretched nylon-11 films. Journal of Applied Physics, 1984, vol. 56, no. 9, pp.
2419-2425.

S. Anwar, M.H. Amiri, S. Jiang, M.M. Abolhasani, P.R.F. Rocha, K. Asadi. Piezoelectric nylon-
11 fibers for electronic textiles, energy harvesting and sensing. Advanced Functional Materials,
2020, vol. 31, no. 4, art. no. 2004326.

Z. Wang, Y. Duan, C. Liu, L. Wang, Z. Zhang, W. Zhao, X. Zhang, Y. Zhang, P. Fu, H. Cai, Z.
Cui, X. Pang, Z.L. Dong, M. Liu. High-performance mechano-sensitive piezoelectric
nanogenerator from post-treated nylon-11,11 textiles for energy harvesting and human motion
monitoring. ACS Applied Materials & Interfaces, 2025, vol. 17, no. 5, pp. 8312-8326.

S. Zhang, H. Zhang, J. Sun, N. Javanmardi, T. Li, F. Jin, Y. He, G. Zhu, Y. Wang, T. Wang, Z.-Q.
Feng. A review of recent advances of piezoelectric poly-L-lactic acid for biomedical applications.
International Journal of Biological Macromolecules, 2024, vol. 276, part 1, art. no. 133748.

R. Schonlein, P. Bhattarai, M. Raef, X. Larrafaga, A. Poudel, M. Biggs, R. Aguirresarobe, J.M.
Ugartemendia. Piezoelectric polylactic acid-based biomaterials: Fundamentals, challenges and
opportunities in medical device design. Biomaterials, 2025, vol. 324, art. no. 123522.

R. Schonlein, X. Larranaga, M. Azkune, Y. Li, G. Liu, A.J. Miiller, R. Aguirresarobe, J.M.
Ugartemendia. The combined effects of optical purity, chain orientation, crystallinity, and dynamic
mechanical activation as means to obtain highly piezoelectric polylactide materials. ACS Applied
Polymer Materials, 2024, vol. 6, no. 13, pp. 7561-7571.

X. Chen, X. Fu, Z. Chen, Z. Zhai, H. Miu, P. Tao. Multifunctional polyimide for packaging and
thermal management of electronics: Design, synthesis, molecular structure, and composite
engineering. Nanomaterials, 2025, vol. 15, no. 15, art. no. 1148.

S. Yu, Y. Liu, C. Ding, X. Liu, Y. Liu, D. Wu, H. Luo, S. Chen. All-organic sandwich structured
polymer dielectrics with polyimide and PVDF for high temperature capacitor application. Journal
of Energy Storage, 2023, vol. 62, art. no. 106868.

B. Gonzalo, J.L. Vilas, M. San Sebastian, T. Breczewski, M.A. Pérez-Jubindo, M.R. de la Fuente,
M. Rodriguez, L.M. Ledn. Electric modulus and polarization studies on piezoelectric polyimides.
Journal of Applied Polymer Science, 2011, vol. 125, no. 1, pp. 67-76.

Z. Dong, Q. He, D. Shen, Z. Gong, D. Zhang, W. Zhang, T. Ono, Y. Jiang. Microfabrication of
functional polyimide films and microstructures for flexible MEMS applications. Microsystems &
Nanoengineering, 2023, vol. 9, no. 1, art. no. 31.

H. Wu, F. Zhuo, H. Qiao, L.K. Venkataraman, M. Zheng, S. Wang, H. Huang, B. Li, X. Mao, Q.
Zhang. Polymer-/ceramic-based dielectric composites for energy storage and conversion. Energy
& Environment Materials, 2021, vol. 5, no. 2, pp. 486-514.

O.P. Prabhakar, R.K. Sahu. Tailoring molecular structure and electromechanical properties of
polydimethylsiloxane elastomer for enhanced energy conversion efficiency. Polymer Engineering
and Science, 2024, vol. 64, no. 10, pp. 4861-4876.

M. Alexandre, C. Bessaguet, C. David, E. Dantras, C. Lacabanne. Piezoelectric properties of
polymer/lead-free ceramic composites. Phase Transitions, 2016, vol. 89, no. 7-8, pp. 708-716.
S.A. Muraina, M.A. Akinlabi, O. Fikayo, C.I. Collins, C.A. Chinonyerem. Design and properties
of polymer—ceramic nanocomposites for dual energy storage and biomedical applications. 4sian
Journal of Advanced Research and Reports, 2025, vol. 19, no. 11, pp. 88-99.


https://doi.org/10.1002/advs.202205942
https://doi.org/10.1002/advs.202205942
https://doi.org/10.1002/advs.202205942
https://doi.org/10.1007/s10904-025-03870-w
https://doi.org/10.1007/s10904-025-03870-w
https://doi.org/10.1007/s10904-025-03870-w
https://doi.org/10.1007/s10904-025-03870-w
https://doi.org/10.1143/JJAP.8.975
https://doi.org/10.1143/JJAP.8.975
https://doi.org/10.1002/polb.1995.090330110
https://doi.org/10.1002/polb.1995.090330110
https://doi.org/10.1002/polb.1995.090330110
https://doi.org/10.1063/1.334294
https://doi.org/10.1063/1.334294
https://doi.org/10.1063/1.334294
https://doi.org/10.1002/adfm.202004326
https://doi.org/10.1002/adfm.202004326
https://doi.org/10.1002/adfm.202004326
https://doi.org/10.1021/acsami.4c19568
https://doi.org/10.1021/acsami.4c19568
https://doi.org/10.1021/acsami.4c19568
https://doi.org/10.1021/acsami.4c19568
https://doi.org/10.1016/j.ijbiomac.2024.133748
https://doi.org/10.1016/j.ijbiomac.2024.133748
https://doi.org/10.1016/j.ijbiomac.2024.133748
https://doi.org/10.1016/j.biomaterials.2025.123522
https://doi.org/10.1016/j.biomaterials.2025.123522
https://doi.org/10.1016/j.biomaterials.2025.123522
https://doi.org/10.1021/acsapm.4c01001
https://doi.org/10.1021/acsapm.4c01001
https://doi.org/10.1021/acsapm.4c01001
https://doi.org/10.1021/acsapm.4c01001
https://doi.org/10.3390/nano15151148
https://doi.org/10.3390/nano15151148
https://doi.org/10.3390/nano15151148
https://doi.org/10.1016/j.est.2023.106868
https://doi.org/10.1016/j.est.2023.106868
https://doi.org/10.1016/j.est.2023.106868
https://doi.org/10.1002/app.34702
https://doi.org/10.1002/app.34702
https://doi.org/10.1002/app.34702
https://doi.org/10.1038/s41378-023-00503-5
https://doi.org/10.1038/s41378-023-00503-5
https://doi.org/10.1038/s41378-023-00503-5
https://doi.org/10.1002/eem2.12237
https://doi.org/10.1002/eem2.12237
https://doi.org/10.1002/eem2.12237
https://doi.org/10.1002/pen.26886
https://doi.org/10.1002/pen.26886
https://doi.org/10.1002/pen.26886
https://doi.org/10.1080/01411594.2016.1206898
https://doi.org/10.1080/01411594.2016.1206898
https://doi.org/10.9734/ajarr/2025/v19i111199
https://doi.org/10.9734/ajarr/2025/v19i111199
https://doi.org/10.9734/ajarr/2025/v19i111199

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

M. Acosta, N. Novak, V. Rojas, S. Patel, R. Vaish, J. Koruza, G.A. Rossetti Jr., J. Rodel. BaTiO;-
based piezoelectrics: Fundamentals, current status, and perspectives. Applied Physics Reviews,
2017, vol. 4, no. 4, art. no. 041305.

T. Hoshina, S. Hatta, H. Takeda, T. Tsurumi. Grain size effect on piezoelectric properties of
BaTiOs; ceramics. Japanese Journal of Applied Physics, 2018, vol. 57, no. 9, art. no. 0902BB.
Z.-Y. Shen, J.-F. Li. Enhancement of piezoelectric constant ¢33 in BaTiOsz ceramics due to nano-
domain structure. Journal of the Ceramic Society of Japan, 2010, vol. 118, no. 1382, pp. 940-943.
H. Celebi, S. Duran, A. Dogan. The effect of core-shell BaTiO3@SiO, on the mechanical and
dielectric properties of PVDF composites. Polymer-Plastics Technology and Materials, 2022, vol.
61, no. 11, pp. 1191-1203.

D. Maurya, S. Priya. Effect of bismuth doping on the dielectric and piezoelectric properties of Bay.
«BixTiOs lead-free ceramics. Integrated Ferroelectrics, 2015, vol. 166, no. 1, pp. 186—196.

G. Dong, H. Fan, L. Liu, P. Ren, Z. Cheng, S. Zhang. Large electrostrain in Bi;»Na;»TiOs-based
relaxor ferroelectrics: A case study of Bij»Naj2TiOs3-Bi12K12TiO3-Bi(Ni2sNbi3)Os ceramics.
Journal of Materiomics, 2020, vol. 7, no. 3, pp. 593-602.

J. Lin, J. Qian, Y. Shi, S. Wang, J. Lin, G. Ge, Y. Hua, B. Shen, J. Zhai. Enhanced piezoelectric
response attained by defect dipoles in BiFeOs-based lead-free ceramics. ACS Applied Materials &
Interfaces, 2024, vol. 16, no. 49, pp. 67959-67969.

N. Bhadwal, R.B. Mrad, K. Behdinan. Review of zinc oxide piezoelectric nanogenerators:
Piezoelectric properties, composite structures and power output. Sensors, 2023, vol. 23, no. 8§, art.
no. 3859.

L. Legardinier, G. Ardila, 1. Gélard, C. Jiménez, M. Weber, F. Donatinic, V. Consonni.
Enhancement of the piezoelectric response of ZnO nanowires grown via PLI-MOCVD using post-
deposition treatments through adjusted screening and surface effects. Nanoscale, 2025, vol. 17, no.
17, pp. 10835-10849.

P.A. Upadhye, S.R. Chowdhury, V. Kumar, R. Ranjan, S. Kumar, S. Mondal, J. Oh, M. Misra.
Hollow ZnO nanorod in PVDF matrix for high-performance sensing, vibration energy harvesting
and wearable application. Scientific Reports, 2025, vol. 15, art. no. 19885.

A.T. Le, M. Ahmadipour, S.-Y. Pung. A review on ZnO-based piezoelectric nanogenerators:
Synthesis, characterization techniques, performance enhancement and applications. Journal of
Alloys and Compounds, 2020, vol. 844, art. no. 156172.

B.N. Kumar, T. Babu, B. Tiwari, R.N.P. Choudhary. Review on PZT as a mechanical engineering
material. Ferroelectrics, 2024, vol. 618, no. 1, pp. 125-138.

Y. Shi, R. He, B. Zhang, Z. Zhong. Revisiting the phase diagram and piezoelectricity of lead
zirconate titanate from first principles. Physical Review B, 2024, vol. 109, no. 17, art. no. 174104,
Y. Huang, L. Zhang, R. Jing, M. Tang, D. Alikin, V. Shur, X. Wei, L. Jin. Lead zirconate titanate-
based ceramics with high piezoelectricity and broad usage temperature range. Chemical
Engineering Journal, 2023, vol. 477, art. no. 147192.

D. Wang, Z. Fan, G. Rao, G. Wang, Y. Liu, C. Yuan, T. Ma, D. Li, X. Tan, Z. Lu, A. Feteira, S.
Liu, C. Zhou, S. Zhang. Ultrahigh piezoelectricity in lead-free piezoceramics by synergistic design.
Nano Energy, 2020, vol. 76, art. no. 104944,

J.Li, W. Ma, S. Wang, J. Guo, J. Hong, S. Yang. Improving the performance of flexible composites
based on 3-3 interconnected skeletons for piezoelectric energy harvesting. Ceramics International,
2023, vol. 49, no. 14, pp. 23349-23357.

X. Lin, X. Zhang, X. Fei, C. Wang, H. Liu, S. Huang. Flexible three-dimensional interconnected
PZT skeleton based piezoelectric nanogenerator for energy harvesting. Ceramics International,
2023, vol. 49, no. 16, pp. 27526-27534.

A. Adaval, F. Akram, R. Janardhana, Z. Guler, N. Jackson. Development of PVDF/AIN
nanocomposites with enhanced thermal properties for piezoelectric applications. Smart Materials
and Structures, 2025, vol. 34, no. 6, art. no. 065016.

W. Peng, J. Chang, J. Zhao, D. Wang, Z. Liu, G. Wang, S. Dong. Enhanced piezoelectric properties
and thermal stability of LiNbOs-modified PNN-PZT ceramics. Journal of Materiomics, 2023, vol.
10, no. 5, pp. 995-1003.


https://doi.org/10.1063/1.4990046
https://doi.org/10.1063/1.4990046
https://doi.org/10.1063/1.4990046
https://doi.org/10.7567/JJAP.57.0902BB
https://doi.org/10.7567/JJAP.57.0902BB
https://doi.org/10.2109/jcersj2.118.940
https://doi.org/10.2109/jcersj2.118.940
https://doi.org/10.1080/25740881.2022.2039191
https://doi.org/10.1080/25740881.2022.2039191
https://doi.org/10.1080/25740881.2022.2039191
https://doi.org/10.1080/10584587.2015.1092629
https://doi.org/10.1080/10584587.2015.1092629
https://doi.org/10.1016/j.jmat.2020.11.002
https://doi.org/10.1016/j.jmat.2020.11.002
https://doi.org/10.1016/j.jmat.2020.11.002
https://doi.org/10.1021/acsami.4c14153
https://doi.org/10.1021/acsami.4c14153
https://doi.org/10.1021/acsami.4c14153
https://doi.org/10.3390/s23083859
https://doi.org/10.3390/s23083859
https://doi.org/10.3390/s23083859
https://doi.org/10.1039/D5NR00591D
https://doi.org/10.1039/D5NR00591D
https://doi.org/10.1039/D5NR00591D
https://doi.org/10.1039/D5NR00591D
https://doi.org/10.1038/s41598-025-04577-1
https://doi.org/10.1038/s41598-025-04577-1
https://doi.org/10.1038/s41598-025-04577-1
https://doi.org/10.1016/j.jallcom.2020.156172
https://doi.org/10.1016/j.jallcom.2020.156172
https://doi.org/10.1016/j.jallcom.2020.156172
https://doi.org/10.1080/00150193.2023.2271321
https://doi.org/10.1080/00150193.2023.2271321
https://doi.org/10.1103/PhysRevB.109.174104
https://doi.org/10.1103/PhysRevB.109.174104
https://doi.org/10.1016/j.cej.2023.147192
https://doi.org/10.1016/j.cej.2023.147192
https://doi.org/10.1016/j.cej.2023.147192
https://doi.org/10.1016/j.nanoen.2020.104944
https://doi.org/10.1016/j.nanoen.2020.104944
https://doi.org/10.1016/j.nanoen.2020.104944
https://doi.org/10.1016/j.ceramint.2023.04.167
https://doi.org/10.1016/j.ceramint.2023.04.167
https://doi.org/10.1016/j.ceramint.2023.04.167
https://doi.org/10.1016/j.ceramint.2023.06.028
https://doi.org/10.1016/j.ceramint.2023.06.028
https://doi.org/10.1016/j.ceramint.2023.06.028
https://doi.org/10.1088/1361-665X/ade20e
https://doi.org/10.1088/1361-665X/ade20e
https://doi.org/10.1088/1361-665X/ade20e
https://doi.org/10.1016/j.jmat.2023.10.013
https://doi.org/10.1016/j.jmat.2023.10.013
https://doi.org/10.1016/j.jmat.2023.10.013

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

T. Prabhakaran, J. Hemalatha. Poly(vinylidene fluoride)-based magnetoelectric polymer
nanocomposite films. In: S. Lanceros-Méndez, P. Martins (Eds.). Magnetoelectric Polymer-Based
Composites: Fundamentals and Applications. Wiley, 2017, pp. 87-113.

K. Kim, J.L. Middlebrook, J.E. Chen, W. Zhu, S. Chen, D.J. Sirbuly. Tunable surface and matrix
chemistries in optically printed (0-3) piezoelectric nanocomposites. ACS Applied Materials &
Interfaces, 2016, vol. 8, no. 49, pp. 33394-33398.

R. Mitkus, M. Sinapius. Piezoelectric ceramic/photopolymer composites curable with UV light:
Viscosity, curing depth, and dielectric properties. Journal of Composites Science, 2022, vol. 6, no.
7, art. no. 212.

N. Kashaninejad, N.-T. Nguyen, W.K. Chan. Engineering micropatterned surfaces for controlling
the evaporation process of sessile droplets. Technologies, 2020, vol. 8, no. 2, art. no. 29.

A. Magnani, S. Capaccioli, B. Azimi, S. Danti, M. Labardi. Local piezoelectric response of
polymer/ceramic nanocomposite fibers. Polymers, 2022, vol. 14, no. 24, art. no. 5379.

D. Liu, W. Yao, C. Zhou, J. Zhang. Electromechanical properties and temperature stability of 1-3
type PZT/epoxy piezoelectric composite. IOP Conference Series: Materials Science and
Engineering, 2019, vol. 678, no. 1, art. no. 012136.

G.-S. Chen, H.-C. Liu, Y.-C. Lin, Y.-L. Lin. Experimental analysis of 1-3 piezocomposites for
high-intensity focused ultrasound transducer applications. /[EEE Transactions on Biomedical
Engineering, 2012, vol. 60, no. 1, pp. 128-134.

R. Sahore, B.L. Armstrong, X. Tang, C. Liu, K. Owensby, S. Kalnaus, X.C. Chen. Role of scaffold
architecture and excess surface polymer layers in a 3D-interconnected ceramic/polymer composite
electrolyte. Advanced Energy Materials, 2023, vol. 13, no. 19, art. no. 2203663.

A. Safari. Overcoming the limits of piezoelectric composites. National Science Review, 2023, vol.
10, no. 9, art. no. nwad205.

Z. Wu, Y. Peng, Q. Guo, H. Zhou, L. Gong, Z. Liu, Q. Zhang, Y. Chen. Multilayer heterogeneous
dielectric films with simultaneously improved dielectric constant and breakdown strength.
Materials Today Communications, 2022, vol. 32, art. no. 103857.

U. Yaqoob, G.-S. Chung. Effect of reduced graphene oxide on the energy harvesting performance
of P(VDF-TrFE)-BaTiO3; nanocomposite devices. Smart Materials and Structures, 2017, vol. 26,
no. 9, art. no. 095060.

M. Yan, S. Liu, Q. Xu, Z. Xiao, X. Yuan, K. Zhou, D. Zhang, Q. Wang, C. Bowen, J. Zhong, Y.
Zhang. Enhanced energy harvesting performance in lead-free multi-layer piezoelectric composites
with a highly aligned pore structure. Nano Energy, 2022, vol. 106, art. no. 108096.

J.I. Roscow, H. Pearce, H. Khanbareh, S. Kar-Narayan, C.R. Bowen. Modified energy harvesting
figures of merit for stress- and strain-driven piezoelectric systems. The European Physical Journal
Special Topics, 2019, vol. 228, no. 7, pp. 1537-1554.

M.M. Abolhasani, M. Naebe, M.H. Amiri, K. Shirvanimoghaddam, S. Anwar, J.J. Michels, K.
Asadi. Hierarchically structured porous piezoelectric polymer nanofibers for energy harvesting.
Advanced Science, 2020, vol. 7, no. 13, art. no. 2000517.

J. Li, Y. Yang, H. Jiang, Y. Wang, Y. Chen, S. Jiang, J.-M. Wu, G. Zhang. 3D interpenetrating
piezoceramic-polymer composites with high damping and piezoelectricity for impact energy-
absorbing and perception. Composites Part B: Engineering, 2022, vol. 232, art. no. 109617.

Z. He, F. Rault, M. Lewandowski, E. Mohsenzadeh, F. Salaiin. Electrospun PVDF nanofibers for
piezoelectric applications: A review of the influence of electrospinning parameters on the § phase
and crystallinity enhancement. Polymers, 2021, vol. 13, no. 2, art. no. 174.

A.D. Hussein, R.S. Sabry, O.A.A. Dakhil, R. Bagherzadeh. Effect of adding BaTiO3 to PVDF as
nano generator. Journal of Physics: Conference Series, 2019, vol. 1294, no. 2, art. no. 022012.

X. Wei, K. Xu, Y. Wang, Z. Zhang, Z. Chen. 3D printing of flexible BaTiOs/polydimethylsiloxane
piezocomposite with aligned particles for enhanced energy harvesting. ACS Applied Materials &
Interfaces, 2024, vol. 16, no. 9, pp. 11740-11748.

S. Saadon, O. Sidek. Environmental vibration-based MEMS piezoelectric energy harvester
(EVMPEH). In: 2011 Developments in E-systems Engineering. Dubai, United Arab Emirates,
2011, pp. 511-514.

H.J. Chilabi, H. Salleh, E.E. Supeni, A. As'arry, K.A.M. Rezali, A.B. Atrah. Harvesting energy
from planetary gear using piezoelectric material. Energies, 2020, vol. 13, no. 1, art. no. 223.


https://doi.org/10.1002/9783527801336.ch3c
https://doi.org/10.1002/9783527801336.ch3c
https://doi.org/10.1002/9783527801336.ch3c
https://doi.org/10.1021/acsami.6b12086
https://doi.org/10.1021/acsami.6b12086
https://doi.org/10.1021/acsami.6b12086
https://doi.org/10.3390/jcs6070212
https://doi.org/10.3390/jcs6070212
https://doi.org/10.3390/jcs6070212
https://doi.org/10.3390/technologies8020029
https://doi.org/10.3390/technologies8020029
https://doi.org/10.3390/polym14245379
https://doi.org/10.3390/polym14245379
https://doi.org/10.1088/1757-899X/678/1/012136
https://doi.org/10.1088/1757-899X/678/1/012136
https://doi.org/10.1088/1757-899X/678/1/012136
https://doi.org/10.1109/TBME.2012.2226881
https://doi.org/10.1109/TBME.2012.2226881
https://doi.org/10.1109/TBME.2012.2226881
https://doi.org/10.1002/aenm.202203663
https://doi.org/10.1002/aenm.202203663
https://doi.org/10.1002/aenm.202203663
https://doi.org/10.1093/nsr/nwad205
https://doi.org/10.1093/nsr/nwad205
https://doi.org/10.1016/j.mtcomm.2022.103857
https://doi.org/10.1016/j.mtcomm.2022.103857
https://doi.org/10.1016/j.mtcomm.2022.103857
https://doi.org/10.1088/1361-665X/aa81a0
https://doi.org/10.1088/1361-665X/aa81a0
https://doi.org/10.1088/1361-665X/aa81a0
https://doi.org/10.1016/j.nanoen.2022.108096
https://doi.org/10.1016/j.nanoen.2022.108096
https://doi.org/10.1016/j.nanoen.2022.108096
https://doi.org/10.1140/epjst/e2019-800143-7
https://doi.org/10.1140/epjst/e2019-800143-7
https://doi.org/10.1140/epjst/e2019-800143-7
https://doi.org/10.1002/advs.202000517
https://doi.org/10.1002/advs.202000517
https://doi.org/10.1002/advs.202000517
https://doi.org/10.1016/j.compositesb.2022.109617
https://doi.org/10.1016/j.compositesb.2022.109617
https://doi.org/10.1016/j.compositesb.2022.109617
https://doi.org/10.3390/polym13020174
https://doi.org/10.3390/polym13020174
https://doi.org/10.3390/polym13020174
https://doi.org/10.1088/1742-6596/1294/2/022012
https://doi.org/10.1088/1742-6596/1294/2/022012
https://doi.org/10.1021/acsami.4c00587
https://doi.org/10.1021/acsami.4c00587
https://doi.org/10.1021/acsami.4c00587
https://doi.org/10.1109/DeSE.2011.87
https://doi.org/10.1109/DeSE.2011.87
https://doi.org/10.1109/DeSE.2011.87
https://doi.org/10.3390/en13010223
https://doi.org/10.3390/en13010223

75.

76.

77.

78.

79.

80.

81.

82.

&3.

84.

85.

86.

&7.

88.

9.

90.

91.

92.

93.

94.

95.

S.K. Sood. Piezoelectric micro power generator (PMPG): a MEMS based energy scavenger.
Thesis (M. Eng.). Massachusetts Institute of Technology, Dept. of Electrical Engineering and
Computer Science, 2003.

W. Zhou, D. Du, Q. Cui, C. Lu, Y. Wang, Q. He. Recent research progress in piezoelectric
vibration energy harvesting technology. Energies, 2022, vol. 15, no. 3, art. no. 947.

Q.L. Zhao, Z.X. Li, G.P. He, M.S. Cao, D.W. Cao, J.J. Di. Fabrication and characterization of a
high Q-factor microcantilever enhanced by lead zirconate titanate thick film. Journal of the
Chinese Ceramic Society, 2014, vol. 42, pp. 65-69.

Z.L. Wang, J. Song. Piezoelectric nanogenerators based on zinc oxide nanowire arrays. Science,
2006, vol. 312, no. 5771, pp. 242-246.

B. ElZein, Y. Yao, A.S. Barham, E. Dogheche, G.E. Jabbour. Toward the growth of self-catalyzed
ZnO nanowires perpendicular to the surface of silicon and glass substrates, by pulsed laser
deposition. Materials, 2020, vol. 13, no. 19, art. no. 4427.

R. Latif, M.M. Noor, J. Yunas, A.A. Hamzah. Mechanical energy sensing and harvesting in
micromachined polymer-based piezoelectric transducers for fully implanted hearing systems: A
review. Polymers, 2021, vol. 13, no. 14, art. no. 2276.

X. Wang, J. Song, J. Liu, Z.L. Wang. Direct-current nanogenerator driven by ultrasonic waves.
Science, 2007, vol. 316, no. 5821, pp. 102—105.

Y.M. Wang, Q. Zeng, L. He, P. Yin, Y. Sun, W. Hu, R. Yang. Fabrication and application of
biocompatible nanogenerators. iScience, 2021, vol. 24, no. 4, art. no. 102274.

S. Siddiqui, D.-I. Kim, L.T. Duy, M.T. Nguyen, S. Muhammad, W.-S. Yoon, N.-E. Lee. High-
performance flexible lead-free nanocomposite piezoelectric nanogenerator for biomechanical
energy harvesting and storage. Nano Energy, 2015, vol. 15, pp. 177-185.

W. Wu, L. Cheng, S. Bai, W. Dou, Q. Xu, Z. Wei, Y. Qin. Electrospinning lead-free
0.5Ba(Zro2Ti98)03—0.5(Bag7Cao3)TiO3 nanowires and their application in energy harvesting.
Journal of Materials Chemistry A, 2013, vol. 1, no. 25, pp. 7332-7338.

Z. Zhou, C.C. Bowland, M.H. Malakooti, H. Tang, H.A. Sodano. Lead-free 0.5Ba(Zro>Tio8)Os—
0.5(Bag.7Ca3)TiO3; nanowires for energy harvesting. Nanoscale, 2016, vol. 8, no. 9, pp. 5098—
5105.

C. Baek, J.H. Yun, J.E. Wang, C.K. Jeong, K.J. Lee, K.-I. Park, D.K. Kim. A flexible energy
harvester based on a lead-free and piezoelectric BCTZ nanoparticle—polymer composite.
Nanoscale, 2016, vol. 8, no. 40, pp. 17632-17638.

R. Zhu, J. Jiang, Z. Wang, Z. Cheng, H. Kimura. High output power density nanogenerator based on
lead-free 0.96(K0,43Nao_52)(Nb0,9ssbo_05)03*0.04Bi0,5(Na0,82Ko_18)0_521'03 piezoelectric nanofibers. RSC
Advances, 2016, vol. 6, no. 71, pp. 66451-66456.

J. Yan, Y.G. Jeong. High performance flexible piezoelectric nanogenerators based on BaTiO;
nanofibers in different alignment modes. ACS Applied Materials & Interfaces, 2016, vol. 8, no.
24, pp. 15700-15709.

D. Shen, J.-H. Park, J.H. Noh, S.-Y. Choe, S.-H. Kim, H.C. Wikle III, D.-J. Kim. Micromachined
PZT cantilever based on SOI structure for low frequency vibration energy harvesting. Sensors and
Actuators A: Physical, 2009, vol. 154, no. 1, pp. 103—108.

W. Wu, S. Bai, M. Yuan, Y. Qin, Z.L.. Wang, T. Jing. Lead zirconate titanate nanowire textile
nanogenerator for wearable energy-harvesting and self-powered devices. ACS Nano, 2012, vol. 6,
no. 7, pp. 6231-6235.

R.E. Newnham, D.P. Skinner, L.E. Cross. Connectivity and piezoelectric-pyroelectric composites.
Materials Research Bulletin, 1978, vol. 13, no. 5, pp. 525-536.

R. Sun, L. Wang, Y. Zhang, C. Zhong. Characterization of 1-3 piezoelectric composite with a 3-
tier polymer structure. Materials, 2020, vol. 13, no. 2, art. no. 397.

W.A. Smith. The role of piezocomposites in ultrasonic transducers. In: Proceedings of IEEE
Ultrasonics Symposium. Montreal, QC, Canada, 1989, pp. 755-766.

A. Safari, E.K. Akdogan. Piezoelectric and Acoustic Materials for Transducer Applications.
Springer, 2008.

L. Persano, S.K. Ghosh, D. Pisignano. Enhancement and function of the piezoelectric effect in
polymer nanofibers. Accounts of Materials Research, 2022, vol. 3, no. 9, pp. 900-912.


http://hdl.handle.net/1721.1/18020
http://hdl.handle.net/1721.1/18020
http://hdl.handle.net/1721.1/18020
https://doi.org/10.3390/en15030947
https://doi.org/10.3390/en15030947
https://doi.org/10.7521/j.issn.0454-5648.2014.01.12
https://doi.org/10.7521/j.issn.0454-5648.2014.01.12
https://doi.org/10.7521/j.issn.0454-5648.2014.01.12
https://doi.org/10.1126/science.1124005
https://doi.org/10.1126/science.1124005
https://doi.org/10.3390/ma13194427
https://doi.org/10.3390/ma13194427
https://doi.org/10.3390/ma13194427
https://doi.org/10.3390/polym13142276
https://doi.org/10.3390/polym13142276
https://doi.org/10.3390/polym13142276
https://doi.org/10.1126/science.1139366
https://doi.org/10.1126/science.1139366
https://doi.org/10.1016/j.isci.2021.102274
https://doi.org/10.1016/j.isci.2021.102274
https://doi.org/10.1016/j.nanoen.2015.04.030
https://doi.org/10.1016/j.nanoen.2015.04.030
https://doi.org/10.1016/j.nanoen.2015.04.030
https://doi.org/10.1039/c3ta10792b
https://doi.org/10.1039/c3ta10792b
https://doi.org/10.1039/c3ta10792b
https://doi.org/10.1039/c5nr09029f
https://doi.org/10.1039/c5nr09029f
https://doi.org/10.1039/c5nr09029f
https://doi.org/10.1039/c6nr05784e
https://doi.org/10.1039/c6nr05784e
https://doi.org/10.1039/c6nr05784e
https://doi.org/10.1039/c6ra12123c
https://doi.org/10.1039/c6ra12123c
https://doi.org/10.1039/c6ra12123c
https://doi.org/10.1021/acsami.6b02177
https://doi.org/10.1021/acsami.6b02177
https://doi.org/10.1021/acsami.6b02177
https://doi.org/10.1016/j.sna.2009.06.007
https://doi.org/10.1016/j.sna.2009.06.007
https://doi.org/10.1016/j.sna.2009.06.007
https://doi.org/10.1021/nn3016585
https://doi.org/10.1021/nn3016585
https://doi.org/10.1021/nn3016585
https://doi.org/10.1016/0025-5408(78)90161-7
https://doi.org/10.1016/0025-5408(78)90161-7
https://doi.org/10.3390/ma13020397
https://doi.org/10.3390/ma13020397
https://doi.org/10.1109/ULTSYM.1989.67088
https://doi.org/10.1109/ULTSYM.1989.67088
https://doi.org/10.1021/accountsmr.2c00073
https://doi.org/10.1021/accountsmr.2c00073

96. M. Jalali, E. Elnabawy, A.A. Sallam, S. Jaradat, A. Al-Dubai, N. Shehata, I. Shyha. Advancements
in polymeric piezoelectric nanofiber for energy harvesting applications: A scoping review. Fibers
and Polymers, 2025, vol. 27, pp. 1-23.

97. M.A. Bonakdar, D. Rodrigue. Electrospinning: Processes, structures, and materials. Macromol,
2024, vol. 4, no. 1, pp. 58—-103.

98. R.K. Singh, S.W. Lye, J. Miao. Holistic investigation of the electrospinning parameters for high
percentage of B-phase in PVDF nanofibers. Polymer, 2020, vol. 214, art. no. 123366.

99. A.L. Emara, A.F. Shahba, K. Nassar, T. Hamouda. Optimizing solution blow spinning of PVDF
nanofibers: A study on morphology, crystalline phases, and piezoelectric performance. Egyptian
Journal of Chemistry, 2024, vol. 67, no. 13, pp. 1-10.

100. W.T. Nugroho, Y. Dong, A. Pramanik. 3D printing composite materials: A comprehensive review.
In: L.-M. Low, Y. Dong (Eds.). Composite Materials. Elsevier, 2021, pp. 65-115.

101. H. Kim, F. Torres, D. Villagran, C. Stewart, Y. Lin, T.B. Tseng. 3D printing of BaTiO3s/PVDF
composites with electric in situ poling for pressure sensor applications. Macromolecular Materials
and Engineering, 2017, vol. 302, no. 11, art. no. 1700229.

102. H. Wang, Q. Lai, D. Zhang, X. Li, J. Hu, H. Yuan. A systematic study on digital light processing
3D printing of 0-3 ceramic composites for piezoelectric metastructures. Research, 2025, vol. 8, art.
no. 0595.

103. L. Pang, N.C. Paxton, J. Ren, F. Liu, H. Zhan, M.A. Woodruff, A. Bo, Y. Gu. Development of
mechanically enhanced polycaprolactone composites by a functionalized titanate nanofiller for
melt electrowriting in 3D printing. ACS Applied Materials & Interfaces, 2020, vol. 12, no. 42, pp.
47993-48006.

104.J. Liu, Y. Gao, D. Cao, L. Zhang, Z. Guo. Nanoparticle dispersion and aggregation in polymer
nanocomposites: Insights from molecular dynamics simulation. Langmuir, 2011, vol. 27, no. 12,
pp- 7926-7933.

105. R.D. Kroshefsky, J.L. Price, D. Mangaraj. Role of compatibilization in polymer nanocomposites.
Rubber Chemistry and Technology, 2009, vol. 82, no. 3, pp. 340-368.

106. H.T.T. Nong, A.N. Nguyen, J. Solard, A. Gomez, S. Mercone. Robust piezoelectric coefficient
recovery by nano-inclusions dispersion in un-poled PVDF-NisZngsFe2Os ultra-thin films.
Applied Sciences, 2022, vol. 12, no. 3, art. no. 1589.

107. A. Zarinwall, R. Mitkus, A. Marth, V. Maurer, M. Sinapius, G. Garnweitner. Processing of 3-
(trimethoxysilyl)propyl methacrylate (TMSPM) functionalized barium titanate/photopolymer
composites: Functionalization and process parameter investigation. Journal of Composites
Science, 2023, vol. 7, no. 2, art. no. 47.

108. V. Bouad, M. Girardot, V. Ladmiral, S. Barrau. Piezoelectric fluorinated polymer composites: A
review on coupling agents at the filler/matrix interface. Polymer Composites, 2024, vol. 45, no. 5,
pp. 3861-3882.

109. L. Song, S. Glinsek, E. Defay. Toward low-temperature processing of lead zirconate titanate thin
films: Advances, strategies, and applications. Applied Physics Reviews, 2021, vol. 8, no. 4, art. no.
041312.

110.J. Guo, S.S. Berbano, H. Guo, A.L. Baker, M.T. Lanagan, C.A. Randall. Cold sintering process of
composites: Bridging the processing temperature gap of ceramic and polymer materials. Advanced
Functional Materials, 2016, vol. 26, no. 39, pp. 7115-7121.

111.S. Salmanov, D. Kuscer, M. Otonicar. Cold sintering of perovskite—perovskite particulate
composite based on Ko sNagsNbOs and BiFeOs. Informacije MIDEM, 2024, vol. 51, no. 3, pp. 167—
176.

112. D. Kopeliovich. Advances in the manufacture of ceramic matrix composites using infiltration
techniques. In: LM. Low (Ed.). Advances in Ceramic Matrix Composites. Woodhead Publishing,
2014, pp. 79-108.

113.S. Gupta, D. Wang, S. Shetty, A. Meddeb, S. Dursun, C.A. Randall, S. Trolier-McKinstry. Cold
sintering of PZT 2-2 composites for high frequency ultrasound transducer arrays. Actuators, 2021,
vol. 10, no. 9, art. no. 235.

114. D.I. Makarev, A.N. Reznichenko, A.N. Rybyanets, A.N. Shvetsova, L.A. Reznichenko. Structural
features and electrophysical properties of the “piezoceramic-polymer” composites. Ferroelectrics,
2022, vol. 591, no. 1, pp. 60—64.


https://doi.org/10.1007/s12221-025-01217-3
https://doi.org/10.1007/s12221-025-01217-3
https://doi.org/10.1007/s12221-025-01217-3
https://doi.org/10.3390/macromol4010004
https://doi.org/10.3390/macromol4010004
https://doi.org/10.1016/j.polymer.2020.123366
https://doi.org/10.1016/j.polymer.2020.123366
https://doi.org/10.21608/ejchem.2024.317263.10314
https://doi.org/10.21608/ejchem.2024.317263.10314
https://doi.org/10.21608/ejchem.2024.317263.10314
https://doi.org/10.1016/B978-0-12-820512-9.00013-7
https://doi.org/10.1016/B978-0-12-820512-9.00013-7
https://doi.org/10.1002/mame.201700229
https://doi.org/10.1002/mame.201700229
https://doi.org/10.1002/mame.201700229
https://doi.org/10.34133/research.0595
https://doi.org/10.34133/research.0595
https://doi.org/10.34133/research.0595
https://doi.org/10.1021/acsami.0c14831
https://doi.org/10.1021/acsami.0c14831
https://doi.org/10.1021/acsami.0c14831
https://doi.org/10.1021/acsami.0c14831
https://doi.org/10.1021/la201073m
https://doi.org/10.1021/la201073m
https://doi.org/10.1021/la201073m
https://doi.org/10.5254/1.3557009
https://doi.org/10.5254/1.3557009
https://doi.org/10.3390/app12031589
https://doi.org/10.3390/app12031589
https://doi.org/10.3390/app12031589
https://doi.org/10.3390/jcs7020047
https://doi.org/10.3390/jcs7020047
https://doi.org/10.3390/jcs7020047
https://doi.org/10.3390/jcs7020047
https://doi.org/10.1002/pc.28064
https://doi.org/10.1002/pc.28064
https://doi.org/10.1002/pc.28064
https://doi.org/10.1063/5.0054004
https://doi.org/10.1063/5.0054004
https://doi.org/10.1063/5.0054004
https://doi.org/10.1002/adfm.201602489
https://doi.org/10.1002/adfm.201602489
https://doi.org/10.1002/adfm.201602489
https://doi.org/10.33180/infmidem2024.306
https://doi.org/10.33180/infmidem2024.306
https://doi.org/10.33180/infmidem2024.306
https://doi.org/10.1533/9780857098825.1.79
https://doi.org/10.1533/9780857098825.1.79
https://doi.org/10.1533/9780857098825.1.79
https://doi.org/10.3390/act10090235
https://doi.org/10.3390/act10090235
https://doi.org/10.3390/act10090235
https://doi.org/10.1080/00150193.2022.2041923
https://doi.org/10.1080/00150193.2022.2041923
https://doi.org/10.1080/00150193.2022.2041923

115. A. Kumar, A. Tezcan, Z. Li, R. Yang, F. Bouville, G. Poulin-Vittrant, H. Khanbareh, J. Roscow,
S. Deville, C. Bowen. Freeze-cast porous textured BaTiOs;—polymer composites for energy
harvesting applications. ACS Applied Energy Materials, 2025, vol. 8, no. 15, pp. 11437-11446.

116. V. Pal, A K. Singh, P.K. Swain. New developments in piezoelectric polymeric composite materials
for environmental energy usages. In: P. Das, S. Das (Eds.). Novel polymeric materials for
environmental applications. World Scientific Publishing, 2023, pp. 411-456.

117. F. Mokhtari, B. Azimi, M. Salehi, S. Hashemikia, S. Danti. Recent advances of polymer-based
piezoelectric composites for biomedical applications. Journal of the Mechanical Behavior of
Biomedical Materials, 2021, vol. 122, art. no. 104669.

118. X. Lin, F. Yu, X. Zhang, W. Li, Y. Zhao, X. Fei, Q. Li, C. Yang, S.-F. Huang. Wearable
piezoelectric films based on MWCNT-BaTiOs/PVDF composites for energy harvesting, sensing,
and localization. ACS Applied Nano Materials, 2023, vol. 6, no. 13, pp. 11955-11965.

119. A. Bagla, K. Hembram, F. Rault, F. Salalin, S. Sundarrajan, S. Ramakrishna, S. Mitra.
ZnO@C/PVDF electrospun membrane as a piezoelectric nanogenerator for wearable applications.
The Journal of Physical Chemistry C, 2025, vol. 129, no. 12, pp. 5808—5820.

120. X. Zhou, X. Chen, B. Yang, S. Luo, M. Guo, N. An, H. Tian, X. Li, J. Shao. Advancements in
functionalizable metal-organic frameworks for flexible sensing electronics. Advanced Functional
Materials, 2025, vol. 35, no. 32, art. no. 2501683.

121. S.A. Graham, A. Kurakula, V.S. Kavarthapu, J.K. Lee, P. Manchi, M.V. Paranjape, J.S. Yu. Metal-
organic framework embedded electrospun fibrous membranes-based hybrid nanogenerators with
hierarchical modified polyamide films for mechanical energy harvesting and IoT applications.
Advanced Functional Materials, 2025, vol. 36, no. 10, art. no. 2507128.

122. C. Hu, K. Behdinan, R. Moradi-Dastjerdi. PVDF energy harvester for prolonging the battery life
of cardiac pacemakers. Actuators, 2022, vol. 11, no. 7, art. no. 187.

123. M. Khazaee, S. Riahi, A. Rezania. Conceptual piezoelectric-based energy harvester from in vivo
heartbeats' cyclic kinetic motion for leadless intracardiac pacemakers. Micromachines, 2024, vol.
15, no. 9, art. no. 1133.

124. G. Hwang, H. Park, J.-H. Lee, S. Oh, K.-I. Park, M. Byun, H. Park, G. Ahn, C.K. Jeong, K. No,
H. Kwon, S.-G. Lee, B. Joung, K.J. Lee. Self-powered cardiac pacemaker enabled by flexible
single crystalline PMN-PT piezoelectric energy harvester. Advanced Materials, 2014, vol. 26, no.
28, pp. 4880—-4887.

125. F. Mokhtari, G.M. Spinks, C. Fay, Z. Cheng, R. Raad, J. Xi, J. Foroughi. Wearable electronic
textiles from nanostructured piezoelectric fibers. Advanced Materials Technologies, 2020, vol. 5,
no. 4, art. no. 1900900.

126. H. Chen, M. Chen, L. Sun, G. Wang, J. Zhong, W. Guan. Piezoelectric-triboelectric coupling
enhanced hybrid nanogenerator for flexible motion sensing. ACS Applied Nano Materials, 2025,
vol. 8, no. 24, pp. 12693-12705.

127. F. Mokhtari, Z. Cheng, R. Raad, J. Xi, J. Foroughi. Piezofibers to smart textiles: A review on recent
advances and future outlook for wearable technology. Journal of Materials Chemistry A, 2020,
vol. 8, no. 19, pp. 9496-9522.

128.P. Costa, J. Nunes-Pereira, N. Pereira, N. Castro, S. Gongalves, S. Lanceros-Mendez. Recent
progress on piezoelectric, pyroelectric, and magnetoelectric polymer-based energy-harvesting
devices. Energy Technology, 2019, vol. 7, no. 7, art. no. 1800852.

129. X. Chen, S. Xu, N. Yao, Y. Shi. 1.6 V nanogenerator for mechanical energy harvesting using PZT
nanofibers. Nano Letters, 2010, vol. 10, no. 6, pp. 2133-2137.

130.J. Nunes-Pereira, V. Sencadas, V. Correia, V.F. Cardoso, W. Han, J.G. Rocha, S. Lanceros-
Meéndez. Energy harvesting performance of BaTiOs/poly(vinylidene fluoride—trifluoroethylene)
spin coated nanocomposites. Composites Part B: Engineering, 2014, vol. 72, pp. 130-136.

131.C. Chang, V.H. Tran, J. Wang, Y.-K. Fuh, L. Lin. Direct-write piezoelectric polymeric
nanogenerator with high energy conversion efficiency. Nano Letters, 2010, vol. 10, no. 2, pp. 726—
731.

132.C. Pan, L. Dong, G. Zhu, S. Niu, R. Yu, Q. Yang, Y. Liu, Z.L. Wang. High-resolution
electroluminescent imaging of pressure distribution using a piezoelectric nanowire LED array.
Nature Photonics, 2013, vol. 7, no. 9, pp. 752-758.


https://doi.org/10.1021/acsaem.5c01606
https://doi.org/10.1021/acsaem.5c01606
https://doi.org/10.1021/acsaem.5c01606
https://doi.org/10.1142/9789811265938_0011
https://doi.org/10.1142/9789811265938_0011
https://doi.org/10.1142/9789811265938_0011
https://doi.org/10.1016/j.jmbbm.2021.104669
https://doi.org/10.1016/j.jmbbm.2021.104669
https://doi.org/10.1016/j.jmbbm.2021.104669
https://doi.org/10.1021/acsanm.3c01792
https://doi.org/10.1021/acsanm.3c01792
https://doi.org/10.1021/acsanm.3c01792
https://doi.org/10.1021/acs.jpcc.4c07913
https://doi.org/10.1021/acs.jpcc.4c07913
https://doi.org/10.1021/acs.jpcc.4c07913
https://doi.org/10.1002/adfm.202501683
https://doi.org/10.1002/adfm.202501683
https://doi.org/10.1002/adfm.202501683
https://doi.org/10.1002/adfm.202507125
https://doi.org/10.1002/adfm.202507125
https://doi.org/10.1002/adfm.202507125
https://doi.org/10.1002/adfm.202507125
https://doi.org/10.3390/act11070187
https://doi.org/10.3390/act11070187
https://doi.org/10.3390/mi15091133
https://doi.org/10.3390/mi15091133
https://doi.org/10.3390/mi15091133
https://doi.org/10.1002/adma.201400562
https://doi.org/10.1002/adma.201400562
https://doi.org/10.1002/adma.201400562
https://doi.org/10.1002/adma.201400562
https://doi.org/10.1002/admt.201900900
https://doi.org/10.1002/admt.201900900
https://doi.org/10.1002/admt.201900900
https://doi.org/10.1021/acsanm.5c01917
https://doi.org/10.1021/acsanm.5c01917
https://doi.org/10.1021/acsanm.5c01917
https://doi.org/10.1039/d0ta00227e
https://doi.org/10.1039/d0ta00227e
https://doi.org/10.1039/d0ta00227e
https://doi.org/10.1002/ente.201800852
https://doi.org/10.1002/ente.201800852
https://doi.org/10.1002/ente.201800852
https://doi.org/10.1021/nl100812k
https://doi.org/10.1021/nl100812k
https://doi.org/10.1016/j.compositesb.2014.12.001
https://doi.org/10.1016/j.compositesb.2014.12.001
https://doi.org/10.1016/j.compositesb.2014.12.001
https://doi.org/10.1021/nl9040719
https://doi.org/10.1021/nl9040719
https://doi.org/10.1021/nl9040719
https://doi.org/10.1038/nphoton.2013.191
https://doi.org/10.1038/nphoton.2013.191
https://doi.org/10.1038/nphoton.2013.191

133. R. Ding, H. Liu, X. Zhang, J. Xiao, R. Kishor, H. Sun, B. Zhu, G. Chen, F. Gao, X. Feng, J. Chen,
X. Chen, X. Sun, Y. Zheng. Flexible piezoelectric nanocomposite generators based on
formamidinium lead halide perovskite nanoparticles. Advanced Functional Materials, 2016, vol.
26, no. 42, pp. 7708-7716.

134. M. Tabassum, Q. Zia, J. Li, M.T. Khawar, S. Aslam, L. Su. FAPbBr; perovskite nanocrystals
embedded in poly(L-lactic acid) nanofibrous membranes for enhanced air and water stability.
Membranes, 2023, vol. 13, no. 3, art. no. 279.

135.J.J.H. Paulides, J.W. Jansen, L. Encica, E.A. Lomonova, M. Smit. Power from the people. IEEE
Industry Applications Magazine, 2011, vol. 17, no. 5, pp. 20-26.

136.J. Zhang, J. Wang, C. Zhong, Y. Zhang, Y. Qiu, L. Qin. Flexible electronics: Advancements and
applications of flexible piezoelectric composites in modern sensing technologies. Micromachines,
2024, vol. 15, no. &, art. no. 982.

© 2026 ITMO


https://doi.org/10.1002/adfm.201602634
https://doi.org/10.1002/adfm.201602634
https://doi.org/10.1002/adfm.201602634
https://doi.org/10.1002/adfm.201602634
https://doi.org/10.3390/membranes13030279
https://doi.org/10.3390/membranes13030279
https://doi.org/10.3390/membranes13030279
https://doi.org/10.1109/MIAS.2010.939649
https://doi.org/10.1109/MIAS.2010.939649
https://doi.org/10.3390/mi15080982
https://doi.org/10.3390/mi15080982
https://doi.org/10.3390/mi15080982

