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and Tomasz Stenzel 3

1 Department of Materials Technologies, Faculty of Materials Engineering, Silesian University of Technology,
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Abstract: The dynamic development of flexible wearable electronics creates new possibilities for the
production and use of new types of sensors. Recently, polymer nanocomposites have gained great
popularity in the fabrication of sensors. They possess both the mechanical advantages of polymers
and the functional properties of nanomaterials. The main drawback of such systems is the complexity
of their manufacturing. This article presents, for the first time, fabrication of an antimony sulfoiodide
(SbSI) and polyurethane (PU) nanocomposite and its application as a piezoelectric nanogenerator
for strain detection. The SbSI/PU nanocomposite was prepared using simple, fast, and efficient
technology. It allowed the obtainment of a high amount of material without the need to apply
complex chemical methods or material processing. The SbSI/PU nanocomposite exhibited high
flexibility and durability. The microstructure and chemical composition of the prepared material were
investigated using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS), respectively. These studies revealed a lack of defects in the material structure and relatively low
agglomeration of nanowires. The piezoelectric response of SbSI/PU nanocomposite was measured
by pressing the sample with a pneumatic actuator at different excitation frequencies. It is proposed
that the developed nanocomposite can be introduced into the shoe sole in order to harvest energy
from human body movement.

Keywords: nanocomposite; piezoelectric effect; flexible electronics; energy harvesting

1. Introduction

Flexible electronic devices possess numerous advantages over the conventional rigid
elements. Due to inherent bendability, stretchability, and twistability, flexible electronic
devices are attractive for use in medicine [1–4], energy storage or harvesting [5–10], robotics,
and smart clothing [11–16]. The materials for flexible electronics should exhibit remarkable
elasticity along with good resistance to fatigue damage originating from frequent strain
or stress influence. Their functional properties may refer to optical, electrical, or magnetic
characteristics depending on the relevant application of a material. In case of polymer
composites, the functional fillers are dispersed in a flexible matrix to achieve a material
with desirable mechanical properties and diminished (in comparison with pristine filler)
functional characteristics. A detection of mechanical deformation can be accomplished
using three fundamental phenomena: piezoresistive effect, strain-dependent electric capac-
itance variation, and piezoelectricity [12]. Among them, the piezoelectric effect is the most
promising for energy harvesting.

The human body generates a lot of energy through thermal radiation and movement.
Until now, various devices have been proposed for biomechanical energy harvesting [17–19].
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The recent studies in this field are focused on energy recovery from human body motion,
friction, vibrations, and radiation absorption [20–29]. There are several types of approaches
to construct energy harvesters. One strategy is to build the complicated device from widely
available materials [20,23]. Another approach is to use functional materials, e.g., piezoelec-
tric or photovoltaic compounds. This allows to simplify the method of device manufactur-
ing, whereas the production costs are increased. The significant advantage of such devices
is their compact size, which is crucial for application in wearable electronics [21,22,24–29].
The hybrid energy harvesters has become more popular in recent years [26,27]. They
recover different forms of energy simultaneously in order to achieve a high efficiency of
energy harvesting.

Piezoelectric nanogenerators (PENGs) convert mechanical energy into the electrical
output. The first piezoelectric nanogenerators were reported in 2006 [16]. Many different
materials have been used in flexible PENGs so far, including wurtzite structure materials,
perovskite structure materials, 2D piezoelectric materials, organic–inorganic perovskites,
polyvinylidene fluoride (PVDF)-based materials, and bio-based piezoelectric materials [5].
Among the mentioned materials, special attention from the scientific community has
been paid to ZnO (wurtzite) composites [30–34], lead zirconate titanate (PZT), BaTiO3,
perovskites [35–39], and electrospun PVDF composites [40–42].

One of the main disadvantages of most commonly used piezoelectric ceramics is
their brittleness. This drawback is avoided in the flexible piezoelectric composites. Vari-
ous polymers can be used as a flexible matrix of the composite, e.g., polyurethane (PU),
polyethylene terephthalate (PET), polydimethylsiloxane (PDMS), and PVDF. Polyurethane
has been proved to be a flexible and fatigue-resistant polymer by numerous industry appli-
cations, e.g., fabrication of shoe soles, encapsulation of electrical devices, and production
of automotive elements. Furthermore, polyurethane has been considered as a promising
material for flexible electronics. It has been utilized in capacitive harvesters [43], fabric-
based stretchable triboelectric generators [44], piezoelectric harvesters [45], carbon-based
conductive flexible composites [46–48], strain sensors [49], doped polyurethane foams with
excellent piezoelectric properties [50], and piezoelectric harvesters introduced into the road
for scavenging energy from passing vehicles [51].

This paper presents, for the first time, an incorporation of piezoelectric nanowires
of antimony sulfoiodide (SbSI) into the flexible polyurethane matrix. SbSI possesses a
large d33 piezoelectric coefficient of 10−9 C/N [52]. Most commercially used PZT (lead
zirconate titanate) have d33 values reported from 0.2 × 10−9 C/N to almost 0.7 × 10−9 C/N,
depending on manufacturing methods and treatment processes [53,54]. Other commonly
used piezoelectric material is perovskite BaTiO3, in which the piezoelectric coefficient
d33 has values from 0.27 × 10−9 C/N to as much as 0.788 × 10−9 C/N when doped and
properly processed [55,56]. SbSI nanowires have been successfully used as fillers/active
elements in several different composites [52,57–59]. However, an application of an SbSI
composite as a flexible sensor has not been presented before. Incorporation of antimony
sulfoiodide nanowires into the flexible polyurethane matrix may open new possibilities of
use of this material in advanced wearable electronic devices.

2. Materials and Methods

The commercially available polyurethane resin HPE 85A (Synthene, Pont-Sainte-
Maxence, France) was used to fabricate the SbSI/polyurethane nanocomposite. SbSI
nanowires were synthesized using the sonochemical approach described in [60]. Samples
were prepared by mechanical mixing of SbSI nanowires with PU resin in 1 to 4 weight
ratio (20% SbSI in polymer matrix). The prepared mixture was degassed using a vacuum
pump and cast into 3D- printed molds. The width and length of each of the 5 samples were
equal to 35 mm. The thickness of the samples was 1 mm and 2 mm. Gold electrodes with a
thickness of 150 nm were deposited onto samples using a Q150ES rotary-pumped coater
(Quorum Technologies Ltd., Lewes, UK). The copper wires were attached to the electrodes
of the samples using conductive silver paste.
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The sample fabrication was presented in Figure 1. Two samples were subjected to
electric poling by applying a voltage of 1.1 kV for 60 min. The dynamic mechanical load
was provided by a pneumatic system shown in Figure 2. The operation of the system is
presented in the video added as Supplementary Material.
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Figure 1. The stages of sample preparation: (a) mixing of PU resin and SbSI nanowires, (b) mixture
degassing, (c) casting into the mold, (d) extraction of the cured sample from the mold, (e) deposition
of gold electrodes, and (f) attachment of the copper wires.
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Figure 2. The photographs of (a) entire measurement setup and (b) sample clamped in the holder.

Electrical measurements were conducted using DSOX3104T oscilloscope (Keysight
Technologies, Santa Rose, CA, USA). The examination of samples was carried out with
three loading frequencies of 1 Hz, 3 Hz, and 7 Hz. The morphology of the SbSI nanowires
was studied at the acceleration voltage of 15 kV using a Phenom Pro X (Thermo Fisher
Scientific, Waltham, MA, USA) scanning electron microscope (SEM). The measurement
data were analyzed using Origin software (OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. Microstructure

The sample’s microstructure was examined across the electrodes. The SEM images
were acquired using full backscattered electron detector (BSD) and topology BSD modes.
This allowed to determine the distribution of nanowires, their agglomerations, and topolo-
gies inside the SbSI/PU nanocomposite. Typical SEM images of the sample are presented
in Figure 3. The topology (Figure 3a) of the SbSI/PU nanocomposite shows the structure
resulting from joining the polymer with SbSI nanowires and cutting the sample. No air
bubbles were detected inside the prepared samples. An occurrence of such defects is a
common problem in the fabrication of nanocomposites [61–64].
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Figure 3. SEM images of (a) topology and (b–d) morphology of the SbSI/PU nanocomposite and
(e) its EDS spectrum. The labels (I), (II), and (III) in Figures (b,c) indicate separate SbSI nanowires,
agglomerations of SbSI nanowires, and the polyurethane matrix, respectively. The inset in Figure
(e) presents the table with atomic concentrations of chemical elements detected in the sample.
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The absence of air bubbles is extremely advantageous taking into account the short
mixing, deagglomeration, and deaeration time of the resin. The short time of deagglom-
eration could also have a positive effect on this aspect. It is extremely important due to
elasticity and hardness of the final product. The lack of air bubbles also positively affects
the quality of the nanocomposite itself. Air bubbles would also have an adverse effect
on the piezoelectric response. Air bubbles are electrical insulators. It could attenuate the
piezoelectric signal. This allows for maintaining the hardness value of 85 in Shore A scale,
which is guaranteed by the resin manufacturer. The lack of air bubbles may be due to
the used polymer and the relatively favorable flow properties of the resin. This aspect is
extremely beneficial for a mass production.

The short manufacturing time will allow to produce more nanocomposite with lower
energy consumption. Figure 3b,c present the structure morphologies. Figure 3 shows the
nanocomposite with SbSI nanowires with diameters of about 10–50 nm and lengths of
several micrometers [60]. The agglomerates’ appearance can be observed. The agglomerates
are relatively evenly distributed in the sample. They are not of a large size, which is a
common problem in the preparation of nanocomposites. In the case of the 20% weight
nanofiller concentration, the nanowires were dispersed uniformly in the polymer matrix.
This is an extremely important feature taking into consideration the insulating properties
of the matrix. Too large spaces without nanowires could lead to high electrical resistance of
the nanocomposite.

The random orientation of the SbSI nanowires was observed (Figure 3c) suggesting
isotropic properties of the nanocomposite. It was found that the arrangement of the
nanowires did not depend on the direction of pouring the resin. It allowed to obtain the
homogeneity of the entire nanocomposite and repeatability of the sample fabrication.

The SbSI/PU nanocomposite was also investigated using energy dispersive spec-
troscopy (EDS). The examined area of the sample and corresponding EDS spectrum are
shown in Figure 3d,e, respectively. A slight excess of antimony was observed, which is the
residue from the synthesis that was not removed during rinsing of the material.

3.2. Piezoelectric Response

The piezoelectric response of a sample with a thickness of 1 mm and 2 mm to excitation
by a pneumatic actuator at frequencies of 1 Hz, 3 Hz, and 7 Hz was investigated. The
pneumatic actuator was excited with a pressure of 6 atm. It generated a force of 0.37 N.
The work of the system is presented in Supplementary Materials. The differences in the
sample response before and after electric poling were investigated. Electrical poling is a
popular method of improving the piezoelectric properties of nanocomposites [65,66]. In
this work, the influence of the electrical poling parameter in a nanocomposite using SbSI
was examined for the first time.

The typical voltage responses of the SbSI/PU nanocomposite are presented in
Figures 4 and 5. The voltage waveforms were filtered in the frequency range from 45 Hz
to 55 Hz in order to remove the noise coming from the power supplies of the laboratory
equipment. Figure 4a–c show that the voltage increases with increasing frequency. This is a
characteristic behavior of the systems based on the piezoelectric effect. In Figure 4d, the
highest magnitude of the voltage was measured for the lowest excitation frequency. This
may be due to the effect of high electric voltage forming on the polymer.

The significant differences in the characteristics of the piezoelectric response can be
noticed comparing Figure 5a,d. Electric poling led to an increase in the reproducibility of
the sample response. Simultaneously, it reduced the amplitude of the voltage signal. The
conducted research did not allow to clearly define the physical/chemical mechanism of
these changes. It is suggested that this may be due to two mechanisms. The first one is
the significantly accelerated aging of polyurethane. The second mechanism can be related
with the degradation of the polymer around the SbSI nanowires due to significant dis-
charges at the polymer–nanowire interface [67–70]. It should be underlined that increased
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reproducibility of the voltage response is beneficial for the application of the material as a
reliable sensor. The examined samples showed no fatigue after repeated excitation.
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Figure 4. The piezoelectric response registered at various excitation frequencies for different samples
of the SbSI/PU nanocomposite: 1 mm thick non-poled (a) and poled (b) samples; 2 mm thick
non-poled (c) and poled (d) samples.

Figure 5 depicts the voltage responses of the SbSI/PU nanocomposite to the single
excitation. The vibrations of the material occurred due to its high flexibility. This re-
sulted in a series of peaks, rather than the typically encountered single voltage peak. The
disappearance of the voltage peaks originated from the damping properties of the polymer.

The samples vibrated continuously at a higher frequency leading to generation of
the voltage pulses. This behavior of the sample is beneficial when it is used as an energy
harvester. Figure 5a,b show significant changes in the course of the system response when
the system is changed.

The 2 mm thick system is damping. The system gradually relaxes the vibrations. The
first peak is smaller than the second, which is probably due to the occurrence of partial
compression of the polyurethane during the impact of the actuator.

It is possible to compare the properties of the matrix based on tests with the same
piezoelectric material. The polymer matrix shows better mechanical properties in compari-
son with the cellulose matrix. However, due to the inferior electrical properties of polymer,
the voltage signal of the SbSI/PU sensor is 10–100 times smaller than that reported for a
sensor based on SbSI/cellulose composite [52]. The magnitude of the piezoelectric response
is similar to other piezocomposites with a polymer matrix [71].

Compared with other piezoelectric nanocomposites, the developed sensor performs
similarly or slightly worse [71–74]. This is partly due to the much lower operating frequen-
cies of the sensor. This choice results from the desire to use the material in the sole of shoes
in the future. The voltage response of the sensor is about 10–100 times worse than the
MgO/PVDF sensor [72] and the sensor’s voltage response is about five times worse than
Fe-ZnO/PVDF. The Fe-ZnO sensor was tested at much higher frequencies. An additional
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disadvantage is the expensive PVDF polymer used [73]. The sensor has a similar response
to the sensor based on the BaTiO3/polymer [74].
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4. Conclusions

The fabrication of a sensor/energy harvester based on a flexible nanocomposite of
SbSI nanowires and polyurethane was presented herein for the first time. The developed
method of the nanocomposite preparation is simple, efficient, and suitable for fabrication of
a large amount of this material. The SbSI/PU nanocomposite exhibited both high flexibility
and remarkable resistance to fatigue damage. These features are promising for a future use
of the SbSI/PU nanocomposite in wearable electronics. It is proposed that the developed
material can be inserted into the shoe sole in order to act as an energy harvester and
vibration dampener.

The SEM investigations of the SbSI/PU nanocomposite microstructure revealed that
the material did not contain air bubbles, which allows to maintain the hardness parameter at
a level similar to the polymer resin manufacturer’s data. This will allow future development
of vibration-damping energy harvesters or self-measuring damping circuits. A presence
of small agglomerates of the SbSI nanowires in the nanocomposite was observed. This
may be due to the short deagglomeration time. However, it did not affect the piezoelectric
properties of the material since the SbSI nanowires were almost uniformly dispersed in the
polymer matrix. Furthermore, the SbSI nanowires were randomly oriented which ensured
the isotropy of the prepared nanocomposite.

Piezoelectric responses of samples to mechanical excitation were investigated in vari-
ous configurations. The influence of sample thickness, the electric poling, and excitation
frequency on the piezoelectric response was examined. The thickness of the sample signifi-
cantly affected the signal value. In some cases, doubling the thickness led to an increase
in the voltage response by an order of magnitude. Electric poling reduced the value of
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the voltage response and increased its repeatability. This is extremely important for sens-
ing purposes where molding can be beneficial. Generally, an increase in the excitation
frequency led to an enhancement of the voltage amplitude. The mechanical vibrations
in polyurethane were significantly damped. Depending on the additional electric poling
step, the SbSI/PU nanocomposite can be successfully applied as a sensor or mechanical
energy harvester.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/s23010063/s1.

Author Contributions: Conceptualization, B.N.; methodology, B.N., J.J., K.M., R.P. and T.S.; software,
G.K.; validation, K.M., G.K., R.P. and T.S.; formal analysis, B.N.; investigation, B.N. and J.J.; resources,
K.M., G.K., R.P. and T.S.; data curation, B.N., J.J. and K.M.; writing—original draft preparation, B.N.
and J.J.; writing—review and editing, K.M. and R.P.; visualization, B.N., J.J. and T.S.; supervision,
K.M. and R.P.; project administration, K.M. and R.P.; funding acquisition, G.K., R.P. and T.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Department of Industrial Informatics at the Silesian
University of Technology, BK-210/RM4/2022 (11/040/BK_22/0027).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Available on request.

Acknowledgments: The authors would like to thank Albert Smalcerz for help in finding research funding.

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

References
1. Lee, W.H.; Cha, G.D.; Kim, D.-H. Flexible and biodegradable electronic implants for diagnosis and treatment of brain diseases.

Curr. Opin. Biotechnol. 2021, 72, 13–21. [CrossRef]
2. Panda, S.; Hajra, S.; Jeong, H.; Panigrahi, B.K.; Pakawanit, P.; Dubal, D.; Hong, S.; Kim, H.J. Biocompatible CaTiO3-PVDF

composite-based piezoelectric nanogenerator for exercise evaluation and energy harvesting. Nano Energy 2022, 102, 107682.
[CrossRef]

3. D’Ambrogio, G.; Zahhaf, O.; Le, M.-Q.; Bordet, M.; Lermusiaux, P.; Della Schiava, N.; Liang, R.; Cottinet, P.-J.; Capsal, J.-F.
Piezoelectric biosensor for smart cardiovascular grafts based on NaNbO3 fibers/PDMS structured composite. Mater. Des. 2022,
223, 111195. [CrossRef]

4. Tang, Y.; Chen, L.; Duan, Z.; Zhao, K.; Wu, Z. Graphene/barium titanate/polymethyl methacrylate bio-piezoelectric composites
for biomedical application. Ceram. Int. 2020, 46, 6567–6574. [CrossRef]

5. Zhao, Z.; Dai, Y.; Dou, S.X.; Liang, J. Flexible nanogenerators for wearable electronic applications based on piezoelectric materials.
Mater. Today Energy 2021, 20, 100690. [CrossRef]

6. Wang, Y.; Xu, C.; Yu, X.; Zhang, H.; Han, M. Multilayer flexible electronics: Manufacturing approaches and applications. Mater.
Today Phys. 2022, 23, 100647. [CrossRef]

7. Na, Y.; Lee, M.-S.; Lee, J.W.; Jeong, Y.H. Wind energy harvesting from a magnetically coupled piezoelectric bimorph cantilever
array based on a dynamic magneto-piezo-elastic structure. Appl. Energy 2020, 264, 114710. [CrossRef]

8. Han, S.A.; Lee, J.; Lin, J.; Kim, S.-W.; Kim, J.H. Piezo/triboelectric nanogenerators based on 2-dimensional layered structure
materials. Nano Energy 2019, 57, 680–691. [CrossRef]

9. Kang, M.; Yeatman, E.M. Coupling of piezo- and pyro-electric effects in miniature thermal energy harvesters. Appl. Energy 2020,
262, 114496. [CrossRef]

10. Han, T.-H.; Kim, H.; Kwon, S.-J.; Lee, T.-W. Graphene-based flexible electronic devices. Mater. Sci. Eng. R Rep. 2017, 118, 1–43.
[CrossRef]

11. Hwang, H.Y. Piezoelectric particle-reinforced polyurethane for tactile sensing robot skin. Mech. Compos. Mater. 2011, 47, 137–144.
[CrossRef]

12. Bagherzadeh, R.; Abrishami, S.; Shirali, A.; Rajabzadeh, A.R. Wearable and flexible electrodes in nanogenerators for energy
harvesting, tactile sensors, and electronic textiles: Novel materials, recent advances, and future perspectives. Mater. Today Sustain.
2022, 20, 100233. [CrossRef]

13. Sharma, A.; Ansari, M.Z.; Cho, C. Ultrasensitive flexible wearable pressure/strain sensors: Parameters, materials, mechanisms
and applications. Sens. Actuators A Phys. 2022, 347, 113934. [CrossRef]

14. Pan, T.; Liu, S.; Zhang, L.; Xie, W. Flexible organic optoelectronic devices on paper. iScience 2022, 25, 103782. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/s23010063/s1
http://doi.org/10.1016/j.copbio.2021.07.027
http://doi.org/10.1016/j.nanoen.2022.107682
http://doi.org/10.1016/j.matdes.2022.111195
http://doi.org/10.1016/j.ceramint.2019.11.142
http://doi.org/10.1016/j.mtener.2021.100690
http://doi.org/10.1016/j.mtphys.2022.100647
http://doi.org/10.1016/j.apenergy.2020.114710
http://doi.org/10.1016/j.nanoen.2018.12.081
http://doi.org/10.1016/j.apenergy.2020.114496
http://doi.org/10.1016/j.mser.2017.05.001
http://doi.org/10.1007/s11029-011-9192-z
http://doi.org/10.1016/j.mtsust.2022.100233
http://doi.org/10.1016/j.sna.2022.113934
http://doi.org/10.1016/j.isci.2022.103782
http://www.ncbi.nlm.nih.gov/pubmed/35146395


Sensors 2023, 23, 63 9 of 11

15. Kang, J.; Liu, T.; Lu, Y.; Lu, L.; Dong, K.; Wang, S.; Li, B.; Yao, Y.; Bai, Y.; Fan, W. Polyvinylidene fluoride piezoelectric yarn for
real-time damage monitoring of advanced 3D textile composites. Compos. Part B Eng. 2022, 245, 110229. [CrossRef]

16. Ni, Q.-Q.; Guan, X.; Zhu, Y.; Dong, Y.; Xia, H. Nanofiber-based wearable energy harvesters in different body motions. Compos. Sci.
Technol. 2020, 200, 108478. [CrossRef]

17. Khalid, S.; Raouf, I.; Khan, A.; Kim, N.; Kim, H.S. A Review of Human-Powered Energy Harvesting for Smart Electronics: Recent
Progress and Challenges. Int. J. Precis. Eng. Manuf. Green Technol. 2019, 6, 821–851. [CrossRef]

18. Li, J.; Dong, Y.; Park, J.H.; Yoo, J. Body-coupled power transmission and energy harvesting. Nat. Electron. 2021, 4, 530–538.
[CrossRef]

19. Choi, Y.-M.; Lee, M.G.; Jeon, Y. Wearable Biomechanical Energy Harvesting Technologies. Energies 2017, 10, 1483. [CrossRef]
20. Xu, C.; Song, Y.; Han, M.; Zhang, H. Portable and wearable self-powered systems based on emerging energy harvesting technology.

Microsyst. Nanoeng. 2021, 7, 25. [CrossRef]
21. Mokhtari, F.; Shamshirsaz, M.; Latifi, M.; Foroughi, J. Nanofibers-Based Piezoelectric Energy Harvester for Self-Powered Wearable

Technologies. Polymers 2020, 12, 2697. [CrossRef] [PubMed]
22. Yeo, H.G.; Xue, T.; Roundy, S.; Ma, X.; Rhan, C.; Trolier-McKinstry, S. Strongly (001) Oriented Bimorph PZT Film on Metal Foils

Grown by rf-Sputtering for Wrist-Worn Piezoelectric Energy Harvesters. Adv. Funct. Mater. 2018, 28, 1801327. [CrossRef]
23. Kuang, Y.; Daniels, A.; Zhu, M. A sandwiched piezoelectric transducer with flex end-caps for energy harvesting in large force

environments. J. Phys. D Appl. Phys. 2017, 50, 345501. [CrossRef]
24. Xue, T.; Yeo, H.G.; Trolier-McKinstry, S.; Roundy, S. Wearable inertial energy harvester with sputtered bimorph lead zirconate

titanate (PZT) thin-film beams. Smart Mater. Struct. 2018, 27, 085026. [CrossRef]
25. Khushboo; Azad, P. Design and Analysis of a Synchronized Interface Circuit for Triboelectric Energy Harvesting. J. Electron.

Mater. 2020, 49, 2491–2501. [CrossRef]
26. Jian, G.; Meng, Q.; Jiao, Y.; Feng, L.; Shao, H.; Wang, F.; Meng, F. Hybrid PDMS-TiO2-stainless steel textiles for triboelectric

nanogenerators. Chem. Eng. J. 2021, 417, 127974. [CrossRef]
27. Ren, Z.; Zhen, Q.; Wang, H.; Guo, H.; Miao, L.; Wan, J.; Xu, C.; Cheng, S.; Zhang, H. Wearable and self-cleaning hybrid energy

harvesting system based on micro/nanostructured haze film. Nano Energy 2020, 67, 104243. [CrossRef]
28. Ly, J.; Jeerapan, I.; Tehrani, F.; Yin, L.; Silva-Lopez, C.A.; Jang, J.-H.; Joshuia, D.; Shah, R.; Liang, Y.; Xie, L.; et al. Sweat-based

wearable energy harvesting-storage hybrid textile devices. Energy Environ. Sci. 2018, 11, 3431–3442. [CrossRef]
29. Ostfeld, A.E.; Gaikwad, A.M.; Khan, Y.; Arias, A.C. High-performance flexible energy storage and harvesting system for wearable

electronics. Sci. Rep. 2016, 6, 26122. [CrossRef]
30. Wang, Z.L.; Song, J. Piezoelectric Nanogenerators Based on Zinc Oxide Nanowire Arrays. Science 2006, 312, 242–246. [CrossRef]
31. Parasuraman, R.; Rathnakannan, K. Design and performance analysis of ZnO nanorods/MoS2/p-Si piezo-photovoltaic energy

harvester. J. Alloy. Compd. 2023, 933, 167393. [CrossRef]
32. Lee, K.Y.; Gupta, M.K.; Kim, S.-W. Transparent flexible stretchable piezoelectric and triboelectric nanogenerators for powering

portable electronics. Nano Energy 2015, 14, 139–160. [CrossRef]
33. Karumuthil, S.C.; Rajeev, S.P.; Varghese, S. Piezo-tribo nanoenergy harvester using hybrid polydimethyl siloxane based nanocom-

posite. Nano Energy 2017, 40, 487–494. [CrossRef]
34. Kim, J.S.; Nam, I.W.; Lee, H.K. Piezoelectric characteristics of urethane composites incorporating piezoelectric nanomaterials.

Compos. Struct. 2020, 241, 112072. [CrossRef]
35. He, M.; Zhang, X.; dos Santos Fernandez, L.; Molter, A.; Xia, L.; Shi, T. Multi-material topology optimization of piezoelectric

composite structures for energy harvesting. Compos. Struct. 2021, 265, 113783. [CrossRef]
36. Ciomaga, C.E.; Horchidan, N.; Padurariu, L.; Stirbu, R.S.; Tiron, V.; Tufescu, F.M.; Topala, I.; Condurache, O.; Botea, M.; Pintilie, I.;

et al. BaTiO3 nanocubes-Gelatin composites for piezoelectric harvesting: Modeling and experimental study. Ceram. Int. 2022, 48,
25880–25893. [CrossRef]

37. Mishra, A.K.; Janani Kavi Priya, V.S.; Pradeep, K.; Sai Vaishnav, J.; Kabhilesh, G. Smart materials for ultrasonic piezoelectric
composite transducer: A short review. Mater. Today Proc. 2022, 62, 2064–2069. [CrossRef]

38. Koven, R.; Mills, M.; Gale, R.; Aksak, B. Low-Frequency and Broadband Vibration Energy Harvesting Using Base-Mounted
Piezoelectric Transducers. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2017, 64, 1735–1743. [CrossRef]

39. Kovenburg, R.; Gale, R.; Aksak, B. A Multidirectional Piezoelectric Vibration Energy Harvester With Direction-Dependent Dual
Resonance. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2021, 68, 1844–1853. [CrossRef]

40. Kim, W.; Pyo, S.; Kim, M.-O.; Oh, Y.; Kwon, D.-S.; Kim, J. Humidity-resistant triboelectric energy harvester using electrospun
PVDF/PU nanofibers for flexibility and air permeability. Nanotechnology 2019, 30, 275401. [CrossRef]

41. Xin, Y.; Hou, T.; Liu, C.; Liu, H.; Tong, J.; Li, Y.; Lin, T. Flexible piezoelectric sensor based on PVDF-TrFE/Nanoclay composite
nanofibers for physiological micro-vibration signal sensing. Measurement 2022, 201, 111742. [CrossRef]

42. Selleri, G.; Gino, M.E.; Brugo, T.M.; D’Anniballe, R.; Tabucol, J.; Focarete, M.L.; Carloni, R.; Fabiani, D.; Zucchelli, A. Self-sensing
composite material based on piezoelectric nanofibers. Mater. Des. 2022, 219, 110787. [CrossRef]

43. Costache, F.A.; Schirrmann, C.; Seifert, R.; Bornhorst, K.; Pawlik, B.; Despang, H.G.; Heinig, A. Polymer Energy Harvester for
Powering Wireless communication Systems. Procedia Eng. 2015, 120, 333–336. [CrossRef]

44. Haque, R.I.; Farine, P.-A.; Briand, D. Electrically conductive fabric based stretchable triboelectric energy harvester. J. Phys. Conf.
Ser. 2016, 773, 012005. [CrossRef]

http://doi.org/10.1016/j.compositesb.2022.110229
http://doi.org/10.1016/j.compscitech.2020.108478
http://doi.org/10.1007/s40684-019-00144-y
http://doi.org/10.1038/s41928-021-00592-y
http://doi.org/10.3390/en10101483
http://doi.org/10.1038/s41378-021-00248-z
http://doi.org/10.3390/polym12112697
http://www.ncbi.nlm.nih.gov/pubmed/33207703
http://doi.org/10.1002/adfm.201801327
http://doi.org/10.1088/1361-6463/aa7b28
http://doi.org/10.1088/1361-665X/aad037
http://doi.org/10.1007/s11664-020-07940-2
http://doi.org/10.1016/j.cej.2020.127974
http://doi.org/10.1016/j.nanoen.2019.104243
http://doi.org/10.1039/C8EE02792G
http://doi.org/10.1038/srep26122
http://doi.org/10.1126/science.1124005
http://doi.org/10.1016/j.jallcom.2022.167393
http://doi.org/10.1016/j.nanoen.2014.11.009
http://doi.org/10.1016/j.nanoen.2017.08.052
http://doi.org/10.1016/j.compstruct.2020.112072
http://doi.org/10.1016/j.compstruct.2021.113783
http://doi.org/10.1016/j.ceramint.2022.05.264
http://doi.org/10.1016/j.matpr.2022.02.514
http://doi.org/10.1109/TUFFC.2017.2739745
http://doi.org/10.1109/TUFFC.2020.3045420
http://doi.org/10.1088/1361-6528/ab0cd5
http://doi.org/10.1016/j.measurement.2022.111742
http://doi.org/10.1016/j.matdes.2022.110787
http://doi.org/10.1016/j.proeng.2015.08.628
http://doi.org/10.1088/1742-6596/773/1/012005


Sensors 2023, 23, 63 10 of 11

45. Punsawat, W.; Makcharoen, W. Development of a Ternary Composite of PU Resin/Carbon Black/PZT for Mechanical Energy
Harvesting Application. Mater. Today Proc. 2021, 43, 2599–2604. [CrossRef]

46. Shang, S.; Zeng, W.; Tao, X.-M. High stretchable MWNTs/polyurethane conductive nanocomposites. J. Mater. Chem. 2011, 21,
7274–7280. [CrossRef]

47. Wang, Y.; Yu, Y.; Guo, J.; Zhang, Z.; Zhang, X.; Zhao, Y. Bio-Inspired Stretchable, Adhesive, and Conductive Structural Color Film
for Visually Flexible Electronics. Adv. Funct. Mater. 2020, 30, 2000151. [CrossRef]

48. Zheng, Y.; Li, Y.; Dai, K.; Liu, M.; Zhou, K.; Zheng, G.; Liu, C.; Shen, C. Conductive thermoplastic polyurethane composites with
tunable piezoresistivity by modulating the filler dimensionality for flexible strain sensors. Compos. Part A Appl. Sci. Manuf. 2017,
101, 41–49. [CrossRef]

49. Shaker, A.; Hassanin, A.H.; Shaalan, N.M.; Hassan, M.A.; El-Moneim, A.A. Micropatterned flexible strain gauge sensor based on
wet electrospun polyurethane/PEDOT: PSS nanofibers. Smart Mater. Struct. 2019, 28, 075029. [CrossRef]

50. Moody, M.J.; Marvin, C.W.; Hutchison, G.R. Molecularly-doped polyurethane foams with massive piezoelectric response. J. Mater.
Chem. C 2016, 4, 4387–4392. [CrossRef]

51. Hong, S.D.; Kim, K.-B.; Hwang, W.; Song, Y.S.; Cho, J.Y.; Yeong Jeong, S.; Ahn, J.H.; Kim, G.-H.; Cheong, H.; Sung, T.H. Enhanced
energy-generation performance of a landfilled road-capable piezoelectric harvester to scavenge energy from passing vehicles.
Energy Convers. Manag. 2020, 215, 112900. [CrossRef]
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