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Abstract Recent developments in the field of energy harvesting technology that convert ambient energy resources

into electricity enable the use of self-powered energy systems in wearable and portable electronic devices without the
need for additional external power sources. In particular, piezoelectric-effect-based flexible energy harvesters have drawn

much attention because they can guarantee power generation from ubiquitous mechanical and vibrational movements. In

response to demand for sustainable, permanent, and remote use of real-life personal electronics, many research groups
have investigated flexible piezoelectric energy harvesters (f-PEHs) that employ nanoscaled piezoelectric materials such

as nanowires, nanoparticles, nanofibers, and nanotubes. In those attempts, they have proven the feasibility of energy
harvesting from tiny periodic mechanical deformations and energy utilization of f-PEH in commercial electronic devices.

This review paper provides a brief overview of f-PEH devices based on piezoelectric nanomaterials and summarizes the

development history, output performance, and applications.
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Fig. 1. Piezoelectric energy harvesting technology that converts into electricity from mechanical energy resources (Reproduced with
permission from ref. [26, 34, 36, 52, 56-58]. Springer Nature, Wiley-VCH, American Chemical Society and Elsevier).
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Fig. 2. The direct (a) and inverse (b) piezoelectric effect in a cylindrical piezoelectric material. (c) Energy generation mechanism
of a piezoelectric energy harvesting device (Reproduced with permission from ref. [39] published by the Royal Society of

Chemistry).
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Fig. 3. (a) Vertically grown ZnO nanowires array. Schematic diagram and the collected electric signals when a ZnO single
nanowire was deformed by an AFM tip (Reproduced with permission from ref. [26]. Copyright (2009) American Chemical
Society). (b) Nanogenerator based on a ZnO single nanowire (Reproduced with permission from ref. [27]. Copyright (2009)
American Chemical Society). (c) Horizontally aligned ZnO nanowires based flexible energy harvester (Reproduced with
permission from ref. [30]. Copyright (2010) American Chemical Society). (d) Nanogenerator made of the densely packed ZnO
nanowires array which were vertically grown onto a flexible substrate (Reproduced with permission from ref. [31]. Copyright

(2011) American Chemical Society).
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Fig. 4. Piezoelectric energy harvester based on a PVDF single nanofiber (a), the electrospun PVDF nanofibers (b) and the
vertically aligned PVDF nanostructures (c) (Reproduced with permission from ref. [18, 19, 48]. Copyright (2010, 2011, 2014)
American Chemical Society). (d) Template-assisted grown P(VDF-TrFE) nanowires-based nanogenerator (Reproduced with

permission from ref. [49]. Wiley-VCH).
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Fig. 5. (a) Piezoelectric nanocomposite-based flexible energy harvester made of BCTZ nanoparticles and CNTs (Reproduced
with permission from ref. [34, 39]. Wiley-VCH and Royal Society of Chemistry). (b) Schematic diagram and measurement
results of the PFM analysis of a BCTZ single nanoparticle (Reproduced with permission from ref. [39] published by the Royal
Society of Chemistry). (c) Piezoelectric hybrid film-based flexible energy harvester by employing the BZT nanocubes and the
PVDF piezo-polymer (Reproduced with permission from ref. [S0]. Copyright (2015) American Chemical Society). (d) All-inkjet-
printed flexible piezoelectric generator based on BaTiO; nanoparticles (Reproduced with permission from ref. [52]. Elsevier).
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Fig. 6. (a) Flexible energy harvester fabricated by spin-coating of piezoelectric composite based on PMN-PT nanowires and
PDMS elastomer (Reproduced with permission from ref. [41]. Copyright (2013) American Chemical Society). (b) Output
performance of a PMN-PT single nanowire-based nanogenerator (Reproduced with permission from ref. [53] published by the
Royal Society of Chemistry). (c) Nanocomposite generator based on only piezoelectric BaTiO; nanowires (Reproduced with
permission from ref. [42] published by the Royal Society of Chemistry). (d) Photograph, schematic and measurement results of
a BaTiO; nanowires array-based energy harvester (Reproduced with permission from ref. [46]. Cambridge University Press).
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Fig. 7. (a) Captured images of commercial electronic devices (LCD and LEDs) operated by the electricity generated from BCTZ
nanoparticles-based flexible energy harvester (Reproduced with permission from ref. [39] published by the Royal Society of
Chemistry). (b) Recorded electrical signals from a motion sensor based on a piezoelectric energy device (Reproduced with
permission from ref. [39] published by the Royal Society of Chemistry). (c) Photograph showing the stimulation of frog’s sciatic
nerve by electrical energy harvested from PZT nanowire array (Reproduced with permission from ref. [54]. Copyright (2013)
American Chemical Society). (d) Photographs and the generated output signals of stretchable nanocomposite generator attached
onto a stocking (Reproduced with permission from ref. [55]. Wiley-VCH).
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