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Abstract: The rise of the Internet of things has catalyzed extensive research in the realm of flexible
wearable sensors. In comparison with conventional sensor power supply methods that are reliant on
external sources, self-powered sensors offer notable advantages in wearable comfort, device structure,
and functional expansion. The energy-harvesting modes dominated by piezoelectric nanogenerators
(PENGs), triboelectric nanogenerators (TENGs), and pyroelectric nanogenerators (PyENGs) create
more possibilities for flexible self-powered sensors. This paper meticulously examines the progress in
flexible self-powered devices harnessing TENG, PENG, and PyENG technologies and highlights the
evolution of these sensors concerning the material selection, pioneering manufacturing techniques,
and device architecture. It also focuses on the research progress of sensors with composite power
generation modes. By amalgamating pivotal discoveries and emerging trends, this review not only
furnishes a comprehensive portrayal of the present landscape but also accentuates avenues for future
research and the application of flexible self-powered sensor technology.
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1. Introduction

Flexible sensors represent a transformative advancement in the realm of sensor tech-
nology by offering unparalleled versatility and adaptability across many applications.
Unlike traditional rigid sensors, these innovative devices can conform to various shapes
and surfaces, which enables seamless integration into curved or irregularly shaped ob-
jects, wearable devices, and even implanted into the human body [1–4]. This flexibility
opens up a myriad of possibilities from healthcare monitoring to environmental sensing
and beyond. Flexible sensors come in various forms that include strain sensors, pressure
sensors, temperature sensors, and biosensors, with each tailored to specific applications
and requirements. They utilize a diverse range of sensing mechanisms, such as piezore-
sistance, capacitance, or optics, to detect and measure changes in physical, chemical, or
biological stimuli [3,5,6]. In essence, flexible sensors represent a paradigm shift in sensor
design by offering outstanding flexibility, functionality, and integration possibilities that
hold immense promise for revolutionizing diverse domains ranging from healthcare and
robotics to consumer electronics and beyond.

The inconvenience of relying on an external power supply is increasingly impacting
the user experience in the development of flexible electronic devices, particularly for wear-
able and implantable electronic devices, where it may even pose a risk of injury to the
user. Self-powered technology that utilizes the polarization property of materials offers
greater potential in device structure and sensing mechanisms compared with wireless
power technology and solar technology [7–9]. This is due to its ability to derive power from
the material itself, which eliminates the need for additional modules and results in a simpler
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structure with more stable performance. Additionally, the power generation process of self-
powered technology can be leveraged to design new sensing mechanisms [10]. Currently,
the extensively researched and utilized self-powered technology is primarily based on
piezoelectric, triboelectric, and pyroelectric principles. In general, these power generation
methods involve external stimulation, such as temperature changes, mechanical forces,
and deformation, to cause the internal polarity of the material to change. This voltage
can also serve as a sensing signal for flexible sensors, such as pressure, strain, and tem-
perature. Figure 1 summarizes the number proportions of different power supply modes
(excluding hybrid modes) on the Web of Science with the keyword “self-powered flexible
pressure sensor” in the past 5 years. It was found that they were mainly based on piezo-
electricity, triboelectricity, and pyroelectricity, while other types included thermoelectric
and solar cells.
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Figure 1. The number proportions of different generation modes used in the last five years.

In terms of the material itself, Figure 2 illustrates the relationships between piezo-
electric, triboelectric, and pyroelectric materials, alongside some typical materials and
applications. The polarization of piezoelectric and pyroelectric materials is induced by
pressure and temperature stimulation. It should be noted that while the crystal structure
of piezoelectric materials lacks a symmetry center [7], pyroelectric materials additionally
require their own polarization [11]. Additionally, triboelectric materials can generate charge
separation through friction between materials with different triboelectric polarity [9] or
even within the same material with varying shapes [12]. These distinct material conditions
offer unique advantages in device structure, performance, and preparation methods. In
order to fully harness the benefits and drawbacks of various power generation methods, an
increasing number of researchers showed a preference for self-powered flexible multimode
sensors with hybrid generation modes [13–15].

This review endeavored to offer a comprehensive exploration of recent breakthroughs
in flexible sensor research across three key self-powered fields: piezoelectric, triboelectric,
and pyroelectric, including their respective electric-generation principles, material selection,
methodological advancements, performance enhancements, and diversified applications.
At the same time, attention is paid to the research progress of flexible sensors with composite
self-electric modes, which is rarely mentioned but has an important impact on future
research. Moreover, it assesses the enduring obstacles and delineates the potential pathways
for future advancements. By undertaking this thorough analysis, this review aimed to
shed light on the trajectory of self-powered flexible sensor research and provide valuable
insights to guide future endeavors in this vibrant field.
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2. Flexible Piezoelectric Sensor
2.1. Flexible Piezoelectric Technology

As early as 1880, the Curie brothers first discovered the piezoelectric effect while
studying quartz crystals. This phenomenon manifests in certain dielectric materials lacking
symmetrical center structures, whereby the application of mechanical action or alternating
electric fields induces a binding charge or deformation along specific directions. Depending
on the generation or reception of charge, the piezoelectric effect is categorized into a positive
piezoelectric effect and an inverse piezoelectric effect, which is commonly referred to as
the electrostriction effect [22,23]. For the scope of this review, we focus exclusively on the
positive piezoelectric effects.

Piezoelectric technology, which is renowned for its compact size, high stability, broad
response range, and mechanical robustness, has been at the forefront of power generation
methods since its inception [24]. Over decades of development, significant strides have
been made in material selection and application fields. As the demand surges for sensors
and energy converters characterized by flexibility, lightweight, and adaptability, researchers
have embarked on integrating piezoelectric principles with flexible technologies, propelling
the concept of flexible piezoelectric nanogenerators (PENGs) [25,26]. Under external strain
stimulation, a PENG produces alternating current output through the “33” mode, “31”
mode, and so on based on the spatial relationship between the polarization direction and
strain direction [27,28].

The essence of flexible piezoelectric technology lies in the exploration of piezoelectric
devices capable of maintaining stable performance even under bending and deformation
conditions [29]. This puts forward higher requirements for the preparation of piezoelectric
materials and the structure of piezoelectric devices. On the one hand, the material needs to
have good flexibility and stretching to ensure the stability of the high-quality output charge
under a bending or stretching state; on the other hand, the device structure must guarantee
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overall structural reliability under external force stimuli [22,24]. In the following, the
research progress of flexible organic piezoelectric materials, flexible inorganic piezoelectric
materials, and composite materials in the material preparation and device structure are
summarized from the perspective of materials.

2.2. Research Progress in Different Materials
2.2.1. Organic Piezoelectric Materials

Organic piezoelectric materials, which are commonly referred to as piezoelectric poly-
mers, encompass a range of amorphous and semi-crystalline polymers. Among these,
semi-crystalline piezoelectric polymers stand out for their ability to generate piezoelec-
tricity through the formation of crystalline phases endowed with polarity [30]. Notably,
polyvinylidene fluoride (PVDF) and its copolymers, such as P(VDF-TrFE) and P(VDF-HFP),
represent prominent examples within this category. Renowned for their lightweight nature
and excellent flexibility, they have found widespread application in the realm of flexible
piezoelectric sensors. However, their advancement is impeded by inherent challenges, par-
ticularly the modest electromechanical coupling performance and demanding polarization
requirements [31,32]. Researchers are trying to make a breakthrough by doping or improv-
ing the fabrication process. Chen et al. introduced a small amount of fluorinated alkyne
(FA) monomer units (<2 mol%) through the dehydrochlorination of chlorofluoroethylene
(CFE) in the ternary copolymer P(VDF-TrFE-CFE), which greatly enhanced the electrome-
chanical coupling performance of this kind of material [16]. The FA monomer reduces the
conformational transition barrier of the molecular chain. Moreover, due to the small size of
FA, it can effectively enter the crystal and inhibit the formation of the long-range ordered
ferroelectric phase, thus further improving the electromechanical coupling efficiency of
the material (Figure 3a). Under a DC bias field of 40 MV/m, the k33 of the P (VDF-TrFE-
CFE-FA) tetramer is as high as 88%, and the d33 is >1000 pm/V, which is comparable with
the electromechanical coupling efficiency of inorganic pressure point ceramics. Yuan et al.
treated PVDF with a mechanical directional stress field (MDSF) and made it exhibit a
large poling-free piezoelectricity effect and strong electromechanical coupling [33]. They
introduced low-concentration PZT ceramic particles into a PVDF matrix, and then prepared
nanocomposites through high-speed ball milling and 3D printing processes (Figure 3b). On
the one hand, the PZT ceramic particles induced β-phase conversion by mechanical drag
activation; on the other hand, the friction and electrostatic effects cause the spontaneous
polarization process during ball milling. In addition, mechanical stretching during the
3D printing process further redirects the nanofibers. The d33 of the MDSF-treated PVDF
nanocomposite membrane sample is about 22 pm/V, which is similar to that of a PVDF
membrane with normal high-voltage polarization.

As a burgeoning addition to the realm of organic piezoelectric materials, piezoelectric
biomaterials endowed with a polar structure emerge as frontrunners in the development
of implantable piezoelectric devices. Their unparalleled combination of superb biocom-
patibility, biodegradability, and robust mechanical properties positions them as prime
candidates for a myriad of biomedical applications [30,34]. This diverse class of materials
encompasses a wide array of compounds, including cellulose, chitin, amino acids, peptides,
chitosan, proteins, and viruses [35,36]. Li et al. designed piezoelectric biocrystal films based
on DL-alanine that was structured into truss-like microstructures through self-assembly
under controlled molecular–solvent interactions and interfacial tension [17]. These films
can withstand up to 40% tensile strain in various directions by opening and closing the
truss mesh, all while maintaining their structural integrity and piezoelectric properties
(Figure 3c). This development enabled the creation of stretchable piezoelectric sensors
compatible with biological tissues, which were successfully implanted into pig legs for
energy harvesting and motion detection.
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TrFE-CFE) enhances the piezoelectric output [16]. (b) PZT ceramic particles are introduced into
PVDF matrix and generate poling-free piezoelectric effect through MDSF. Reprinted with permission
from Ref. [33]. Copyright 2022, Elsevier. (c) The stretchable DL-alanine fiber is self-assembled into a
continuous truss-like structure for implantable PENG [17].

2.2.2. Inorganic Piezoelectric Material

Inorganic piezoelectric materials were the earliest-studied piezoelectric materials and
have been the most deeply studied. They include long range ordered piezoelectric crystals
represented by quartz crystals, ZnO, two-dimensional materials, and polycrystalline piezo-
electric ceramics represented by perovskite ceramics (PZT, KNN, NBT) [37]. Compared
with organic piezoelectric materials, inorganic piezoelectric materials have higher elec-
tromechanical coupling properties, higher mechanical strength, and better stability [22,24].
However, the disadvantages of a high preparation temperature, low flexibility, high brit-
tleness, and toxicity also seriously limit the application of pure inorganic piezoelectric
materials in flexible piezoelectric sensors.
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To address these limitations and develop high-quality flexible inorganic piezoelectric
materials for sensor applications, researchers have explored various fabrication processes
from a device-oriented perspective. Liu et al. fabricated a flexible PENG comprising all-
ceramic lead zirconate titanate (PZT) deposited on a high-temperature-resistant flexible
zirconia ceramic substrate using the sol-gel method [38]. The favorable lattice matching
resulted in a smooth surface and a densely packed crystal structure of the PZT ceramic
film, which achieved an impressive open-circuit voltage of 105 V. Recently, inspired by the
hinge of the bivalve Cristaria plicata, Xu used a bionic soft–hard hybrid strategy to build a
self-powered sensor with both flexible and high-voltage properties [39]. First, a damage-
resistant droplet piezoelectric ceramic was formed by freeze casting on a hydrophobic
surface. After polarization, it was placed on a soft circuit that comprised liquid metal to
form a stable electrode connection. Finally, an organic silicon polymer (PMDS + Ecoflox)
with good wettability and stretchability was used as a soft packaging material to penetrate
into the porous ceramic void to produce a strong mechanical interlock (Figure 4a). The
resultant sensor epitomized the structural stability by exhibiting remarkable resilience to
mechanical stressors, where it withstood 10,000 compression cycles, 5000 stretches, and
5000 twists while maintaining a temperature output. For different stages of device prepara-
tion, other novel preparation processes include laser stripping [40], electrospinning [41],
mechanical thinning [42], and various stretchable structures [43,44].

It is noteworthy that two-dimensional materials, which emerged as prominent players
in the realm of functional materials, offer exceptional advantages in piezoelectricity. First,
they boast remarkable mechanical properties, such as enduring strains of more than 10%
while maintaining flexibility owing to their thinness [45]. Moreover, as many bulk materials
are reduced to two dimensions, especially for odd layers, their structural symmetry is
disrupted, which leads to the manifestation of piezoelectric properties [46]. Zhang et al.
developed a self-powered sensor for NH3 detection at room temperature by utilizing an
Au-modified MoSe2 layer and a flexible MoS2 wafer [47]. Through the piezoelectric prop-
erties of single-layer MoS2 grown via the CVD method on a PET substrate, the sensor
generated a maximum output of 62.72 pW under bending strain (Figure 4b). This energy
output facilitated NH3 detection through a high-sensitivity Au-MoSe2 composite film with
fast response times. However, selecting suitable two-dimensional piezoelectric materi-
als warrants attention to factors such as the material band gap, layer count, and lattice
orientation [48].

2.2.3. Composite Piezoelectric Material

This discussion highlights a clear distinction between organic and inorganic piezo-
electric materials: while the former offer flexibility but lack strong piezoelectric properties
and require stringent polarization conditions, the latter exhibit excellent electromechanical
coupling yet suffer from rigidity and fragility. This inherent complementarity has spurred
efforts toward developing composite materials that seamlessly combine flexibility and
electro-mechanical functionality [3,22,30].

One approach involves dispersing inorganic piezoelectric materials, such as particles,
nanowires, and nanosheets, within an organic piezoelectric matrix or polymer substrate.
These inorganic fillers serve dual roles: enhancing the crystallinity of organic materials as
nucleating particles and acting as stress concentration points, thereby facilitating significant
local deformation and augmenting the piezoelectric output [49,50]. Jeong et al. incorporated
doped BaTiO3 nanowires into a P(VDF-TrFE) solution, which was then applied onto an
ITO/PET substrate using the spinning coating method to fabricate a flexible piezoelectric
nanoenergy collector capable of producing an output voltage and current of 14.0 V and
4.0 A (Figure 5a) [51]. Gao et al. employed a dielectrophoretic alignment field on PDMS
substrates to prepare BCZT/PDMS composites with lead-free BCZT particles as fillers,
which resulted in a high open-circuit voltage of 28.8 V (peak to peak) that was nearly
double that of randomly dispersed composites (Figure 5b) [18].
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Concurrently, the emergence of organic–inorganic hybrid perovskite structures (OIHPs)
presents an intriguing avenue for piezoelectric device development. OIHPs, which are
typified by their general formula ABX3, where A represents an organic cation, B denotes a
bivalent metal cation, and X signifies a halide anion, showcase remarkable potential owing
to their high piezoelectricity, lightweight nature, and solution processability [52,53]. Jella
et al. conducted a comprehensive investigation into the impact of topographical, electrical,
dielectric, and piezoelectric properties on MAPbI3 hybrid perovskite films, with modifi-
cations using different halides (Cl or Br) [54]. Their findings demonstrated that halide
modification significantly enhanced the piezoelectric properties of OIHP films. In addition,
when the content of Cl was increased, the MAPbCl3 phase and MAPbI3 coexisted, while
4Cl-MAPbI3 had the highest piezoelectric output performance, with an output voltage of
~5.9 V and a current density of ~0.61 µA/cm2 (Figure 5c).
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Figure 4. Inorganic piezoelectric materials in a flexible PENG. (a) A kind of self-powered sensor with
both flexible and high-voltage characteristics was constructed by using a bionic soft and hard hybrid
strategy [39]. (b) MoS2-based PENG integrated with NH3 sensor. Reprinted with permission from
Ref. [47]. Copyright 2019, Elsevier.
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rated into P (VDF-TrFE) solution to prepare composite piezoelectric materials. (i) and (ii) represent
the test results of the open circuit voltage and short circuit current, respectively. Reprinted with
permission from Ref. [51]. Copyright 2018, Wiley–VCH GmbH. (b) BCZT/PDMS composites were
prepared by dielectrophoretic alignment field .Reprinted with permission from Ref. [18]. Copyright
2019, Royal Society of Chemistry. (c) Piezoelectric properties of MAPbI3 hybrid perovskite films
doped with different halides (Cl or Br). Reprinted with permission from Ref. [54]. Copyright 2020,
American Chemical Society.

3. Flexible Triboelectric Sensor

Triboelectricity, despite its antiquity compared with piezoelectricity, has historically re-
mained underutilized due to its detrimental effects on both industrial processes and everyday
activities [55]. However, the pivotal breakthrough by Wang et al., which utilized Kelvin probe
microscopy to scrutinize the physical mechanisms behind frictional potential generation,
catalyzed a paradigm shift. Their pioneering work led to the development of triboelectric
nanogenerators (TENGs), thereby facilitating a more direct and efficient exploitation of this
ubiquitous energy source. Their investigation unveiled electron transfer as the primary mech-
anism underlying friction-induced electricity generation across diverse material states—solids,
liquids, and gases. When the interatomic distance between two materials is forced by external
contact to be less than the normal bond length, the reduction in the interatomic barrier causes
a strong electron cloud between the two atoms in the repulsive region to overlap, which
results in a transition transfer of electrons [56]. Notably, from the principle of power genera-
tion, the requirements for triboelectricity generation are considerably broader compared with
piezoelectric materials. Merely the difference in triboelectric polarity between two contacting
objects is sufficient. Even identical materials that are subjected to varying degrees of curvature
or surface treatment before contact manifest triboelectric effects [12]. Additionally, triboelec-
tricity outperforms piezoelectricity in terms of power generation capacity by yielding a higher
voltage output at lower frequencies [57,58].

TENGs operate through five fundamental modes: contact–separation, lateral sliding,
single electrode, independent layer, and rolling mode [59–62]. Each mode boasts distinct
advantages in energy collection range, conversion efficiency, preparation techniques, device
structure, and application versatility. The wider selection of materials and working modes
and the lighter structural design provide advantages for TENGs in flexible device applications.
To enhance the performance output, researchers employ dual strategies. On the one hand,



Nanoenergy Adv. 2024, 4 243

they augment the difference in electron binding ability within the contact layer by engineering
various composite materials or introducing charge-gaining groups to facilitate charge trans-
fer [63–65]. Moreover, they bolster the charge output by expanding the charge capture layer
to mitigate charge recombination [66]. On the other hand, they optimize energy conversion
efficiency by exploring diverse device structures, such as disk [67,68], zigzag [69], or fiber
configurations [58]. Additionally, researchers enhanced the contact surface roughness through
advanced surface treatments to maximize the contact area [70]. The recent progress in flexible
triboelectric sensors is comprehensively summarized by focusing on two pivotal aspects: ma-
terial advancements and innovative device structures. This dual-pronged approach ensures a
holistic understanding of the evolving landscape in flexible triboelectric sensor technology,
which offers insights into both material innovations and structural optimizations. A wider
selection of materials and more diverse structural designs also provide a broader platform for
TENG applications in self-powered flexible electronic devices [71,72].

3.1. Material Progress

Tremendous advancements have been made in the development of materials for TENGs,
which is a pivotal technology in power generation. Despite the absence of stringent mate-
rial constraints within TENG design, researchers persist in the quest for superior functional
materials capable of delivering heightened performance and consistent output signals. This
endeavor is approached through the exploration of composite materials and material modifica-
tion strategies [73–75]. MXene nanosheets have a highly electronegative surface and electrical
conductivity, which are not only easy to functionalize with functional groups but also easy
to process into various complex shapes, and thus, they are widely used in flexible TENGs.
Fan et al. made flexible electrodes by soaking cotton fabric in a mixed suspension of Ti3C2
MXene and cellulose nanofibers [76]. Leveraging electrostatic adsorption, MXene endows the
electrodes with the requisite electrical conductivity and electronegativity. These electrodes,
which are complemented by a silicone rubber friction layer and encapsulation material, facili-
tate the generation of voltages that reach up to 400 V under periodic palm pressure stimulation
(Figure 6a). Additionally, the resulting TENG exhibits commendable mechanical robustness
and linear pressure-sensing capabilities, which qualifies it for deployment as a self-powered
flexible sensor for monitoring human physiological activities. Polyimide (PI) emerged as
another promising material candidate for flexible TENG applications, owing to its outstanding
thermal stability and flexibility. Li et al. pioneered the integration of PI into TENGs as a
negatively charged component, thus culminating in the development of a self-healing PI-based
TENG [77]. This innovation is realized through the incorporation of disulfide bonds and PDMS
into the primary PI chain. The dynamic exchange reactions facilitated by the disulfide bonds
confer upon PI the remarkable ability to self-heal, while the introduction of flexible PDMS
serves to mitigate the rigidity of the PI chain and facilitates its molecular chain movement
(Figure 6b). A self-healing TENG can basically return to the output level before damage after a
fitting repair. It is worth noting that due to the presence of CF3 electron-absorbing groups and
siloxane fragments in the composite PI film, the output performance of the composite PI film is
also twice that of the ordinary PI-based TENG, which underscores the efficacy of such strategic
material modifications in advancing TENG technology.

The utilization of 2D materials in flexible TENG represents a burgeoning frontier in
electronic functional materials, owing to their exceptional electrical properties, flexibility,
high specific surface area, and tunable band gap [78,79]. These materials serve not only
as effective frictional agents for generating transfer charge but also as promising fillers
within polymer matrices for doping and modification purposes [80]. Notably, Xia et al.
developed a flexible TENG that employed AGS@PDMS, wherein graphene nanosheets
were embedded within a PDMS matrix through a process of repeated spin coating (SC) [81].
This technique facilitates the precise alignment of two-dimensional aligned graphene sheets
(AGSs) parallel to the PDMS surface, which effectively creating numerous micro-capacitors
within the material (Figure 6c). Consequently, this arrangement enhances the device’s
overall capacitance and dielectric loss while concurrently augmenting the frictional charge
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accumulation on the PDMS surface. Comparative analyses demonstrate that TENGs
fabricated using this SC methodology outperformed those produced via conventional
spin-coating techniques by showcasing superior properties over pure PDMS-based TENGs.
In a seminal contribution, Wu et al. pioneered the incorporation of reduced graphene
oxide (rGO) into polyimide (PI) films as frictional agents [82]. Through fluorescence
and absorption spectroscopy analyses, it was observed that rGO possesses a remarkable
capability to capture non-volatile electrons, thereby mitigating charge recombination and
facilitating charge transfer (Figure 6d). The integration of rGO resulted in significant
enhancements in TENG performance, with TENGs employing PI (Kapton)/PI:rGO/PI
configurations that achieved a remarkable maximum output voltage (190 V) and power
(6.3 Wm−2). Furthermore, Yang et al. elucidated that the uniform dispersion of graphene
within polymer matrices yields a graphene-rich transfer film on friction surfaces, thereby
lubricating the interface and prolonging the device’s lifespan [83]. This multifaceted
approach underscores the pivotal role of 2D materials in advancing the performance and
functionality of flexible TENGs, thus offering promising avenues for future research and
development in energy harvesting and related fields.
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3.2. Structural Progress

Structural optimization stands as a pivotal strategy for enhancing the efficacy of flex-
ible TENGs. Among the myriad approaches, surface modification of the friction layer
material emerges as a direct and effective means, which facilitates the creation of a textured
surface. This surface roughness serves to augment the frictional area, thereby bolstering
the charge transfer and, consequently, the output performance of TENGs. In a seminal
study, Park et al. elucidated the fabrication of a two-dimensional MoS2 thin layer from
(NH4)2MoS4 on a SiO2 substrate through laser directional annealing [84]. By adeptly con-
trolling the laser power, the ensuing thermal stress induced a separation between the SiO2
thin layer and the Si substrate, which leads to the formation of interfacial cavities and
diverse folding structures. These folded MoS2 configurations serve a dual role: first, they
amplify the contact surface area for friction, and second, they engender lattice stretching,
thereby elevating the work function and enhancing electron attraction, which collectively
facilitates an improved charge transfer efficiency (Figure 7a). Cai et al. innovatively con-
structed a flexible TENG self-powered tactile sensor predicated on a folded PDMS/MXene
composite film that was synthesized via ultraviolet ozone (UVO) irradiation [85]. Upon ex-
posure to UVO, the PDMS undergoes a transformative process, whereby the soft elastomeric
surface transitions into a rigid silicon-like layer. The subsequent release of tension results in
surface folding due to a mechanical mismatch, as the underlying PDMS remains untreated
and exhibits normal recovery. Furthermore, the UVO treatment induces the conversion of
–CH3 groups to –OH, thereby augmenting the presence of oxygen-containing functional
groups and facilitating enhanced electron adsorption (Figure 7b). This intricate interplay
of structural modification and chemical functionalization culminates in heightened tribo-
electric properties and pressure sensitivity, thus rendering the sensor adept at capturing an
array of physiological activities, including breathing, heartbeat, and muscle contraction.

On the other hand, the diverse operational modes inherent to TENGs serve as a ver-
satile framework for researchers to enhance triboelectric properties through structural
innovation. Wang et al. pioneered a novel variable charge density–single electrode con-
figuration that capitalizes on the principle that charge density fluctuates with the relative
stretching of the friction layer post-contact [19]. Employing polyethylene (PE) and silicone
rubber as the frictional interface, the stretching of silicone rubber induces a decline in
the surface negative charge density, thereby elevating the potential of the PE layer and
facilitating the migration of electrons toward the electrode (Figure 7c). Furthermore, the
sensor is directly applicable for tactile sensing in a vertical contact–separation mode. In a
bid to address the limited detection range inherent to TENGs, Xu devised a wide-range
triboelectric pressure sensor featuring a double sandwich structure integrating two distinct
friction layers with varying Young’s moduli [86]. PDMS and silicone rubber, which are
characterized by differing deformations under distinct pressure ranges, alternately dom-
inate and are augmented by the incorporation of cylinders featuring diverse inclination
angles on their surfaces. This design optimization yields heightened sensitivity across
a broad spectrum of pressures, ranging from 8.72 Pa to 450 kPa. Furthermore, through
the integration of this self-powered pressure sensor with a deep learning model, a robust
human motion recognition system predicated on plantar pressure is engineered, which
boasts an impressive accuracy rate of 99.42% (Figure 7d).
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4. Flexible Pyroelectric Sensor

The pyroelectric effect was initially observed within the context of investigating the
influence of temperature on material polarization intensity. As time went on, the trajectory
of research on pyroelectric materials and their applications has been significantly propelled
forward by the advent of laser and infrared technologies, thus rendering it a focal point
of scientific inquiry [87,88]. The pyroelectric effect ensues from fluctuations in the surface
charge density of a material under the sway of external temperature variations with time.
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Beyond the intrinsic asymmetry inherent in the lattice structure of piezoelectric materials,
pyroelectric substances necessitate self-polarization to engender an electric field within the
crystal lattice. Consequently, alterations in external temperature precipitate shifts in the
electric dipole moment centers within the material, thereby effectuating changes and the
transference of a surface-bound charge [89]. Pyroelectric materials exhibit diverse structural
compositions that are broadly classified into single-crystal materials (LiNbO3, ZnO), metal
oxide ceramics (PZT), organic polymers (PVDF), and composite materials [90–92].

Notably, contemporary research underscores the striking similarity in material selec-
tion between pyroelectric and piezoelectric sensors, with both predominantly relying on
ferroelectric materials to optimize performance regulation and electrical output. Further-
more, the pursuit of flexible pyroelectric materials presents analogous challenges to those
encountered in the development of flexible piezoelectric counterparts, notably concerning the
harmonization of pyroelectric properties, flexibility, and fabrication techniques. Thus, aligned
with this principle, researchers persist in enhancing the performance of flexible pyroelectric
nanogenerators (PyENGs) through meticulous material modification and the refinement of
preparation processes [87]. However, it is pertinent to underscore that the operational range
of pyroelectric devices is inherently constrained by the Curie temperature of the constituent
material, which is important to consider such that these devices function within variable
temperature environments. Recent advancements in the realm of flexible pyroelectric sensors
have been characterized by innovations in material modification and preparation techniques,
which is a discourse that we shall elaborate upon in delineating recent research progress.

4.1. Material Modification

The enhancement of pyroelectric materials parallels that of piezoelectric materials,
which was often achieved through the manipulation of crystallinity, strain coupling effects,
and other techniques to augment the material’s intrinsic polarization strength [91]. For
instance, lead methyl iodide (CH3NH3PbI3) (MAPI) exhibits notable infrared activity.
Sultana mixed it into PVDF to prepare a piezoelectric pyroelectric nanogenerator (P-PNG)
by electrospinning [93]. The addition of MAPI particles enhanced the charge density in the
electrospinning solution, which resulted in an increase in the exerting force in the jet, and
thus, increased the yield of polar β in the PVDF. A comparative analysis revealed that PVDF-
MAPI composites boasted an electroactive phase fraction of 95% and was accompanied
by a pyroelectric coefficient of approximately 44 pC/m2 K, alongside rapid response
and reset times (Figure 8a). Similarly, Gupta et al. employed electrospinning techniques
to incorporate MXene nanosheets into PVDF nanofibers, thereby enhancing the surface
properties of the resulting composite [20]. This integration not only augmented the surface
energy and surface potential but also facilitated the formation of favorable out-of-plane
dipole arrangements within the composite structure (Figure 8b). The constrained effect of
two-dimensional MXene nanosheets significantly bolstered the pyroelectric response of
the composite fibers, thus yielding a remarkable pyroelectric coefficient of 130 nC/m2 K.
Moreover, leveraging this high-performance flexible pyroelectric material, the researchers
successfully implemented it in breath and proximity sensors. Integration with machine
learning algorithms further facilitated advanced data analysis techniques.

Wu et al. devised a method for fabricating a self-polarized PVDF film through the
hydrophilic treatment of a glass substrate [94]. This treatment induces the formation
of hydroxyl groups on the glass surface. Upon depositing the PVDF solution, the elec-
tronegativity disparity between fluorine and hydrogen atoms leads to the establishment of
hydrogen bonds (Figure 8c). These bonds organize themselves into a subnanometer-thick
layer in an orderly fashion and serve as a seed layer that catalyzes the subsequent alignment
of the PVDF solution, thereby facilitating self-polarization. Experimental findings revealed
that the β-phase content post-surface treatment exhibited a significant enhancement of 50%
compared with the initial sample. Furthermore, to mitigate the piezoelectric interference
inherent in pyroelectric sensor operation, the researchers developed a novel double-layer
pyroelectric sensor by employing the aforementioned PVDF film. Notably, a PDMS cylinder
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was interposed between the two layers of PVDF, thus fulfilling the dual role of thermal
insulation and vibration transmission. Comparative analysis demonstrated a substantial
enhancement in the signal-to-noise ratio of the double-layer configuration, which elevated
it from 18 dB to 38 dB and surpassed that of the single-layer sensor.

Nanoenergy Adv. 2024, 4, FOR PEER REVIEW  14 
 

 

mitigate the piezoelectric interference inherent in pyroelectric sensor operation, the 
researchers developed a novel double-layer pyroelectric sensor by employing the 
aforementioned PVDF film. Notably, a PDMS cylinder was interposed between the two 
layers of PVDF, thus fulfilling the dual role of thermal insulation and vibration 
transmission. Comparative analysis demonstrated a substantial enhancement in the 
signal-to-noise ratio of the double-layer configuration, which elevated it from 18 dB to 38 
dB and surpassed that of the single-layer sensor. 

 

Figure 8. Progress in the material modification of flexible PyNG. (a) MAPI was incorporated into 
PVDF to enhance the yield of the polar β phase. Reprinted with permission from Ref. [93]. Copyright 
2019, American Chemical Society. (b) The pyroelectric response of PVDF fibers was enhanced by 
the confinement of two-dimensional MXene nanosheets. (i) to (iv) show temperature input changes 
and corresponding temperature responses, respectively. Reprinted with permission from Ref. [20]. 
Copyright 2024, American Chemical Society. (c) Hydrophilic substrate promotes PVDF 
spontaneous polarization [94]. 

4.2. Progress in Preparation Technology 

Researchers are exploring various avenues to enhance the performance of thermal 
release band sensors, not only by refining the properties of thermal functional materials 
but also by optimizing the device preparation process, device structure, and radiation 
absorption capabilities. One notable approach involves the improvement of electrode 
materials. Lee et al. investigated the integration of tosylate into PEDOT:TOS to create a 
highly efficient thermal radiation absorption electrode for PVDF [95]. This strategy aimed 
to mitigate the reflection of thermal radiation commonly encountered with conventional 
metal materials. PEDOT:TOS demonstrates a broad thermal radiation absorption band. 
Through experimentation with different preparation methods, the researchers observed 
that PEDOT:TOS electrodes, when prepared via oven heating, exhibited an increased 
thickness, a rougher surface, and a porous morphology (Figure 9a). These characteristics 
expedite the thermally induced polarization changes in the PVDF and augment the charge 

Figure 8. Progress in the material modification of flexible PyNG. (a) MAPI was incorporated into
PVDF to enhance the yield of the polar β phase. Reprinted with permission from Ref. [93]. Copyright
2019, American Chemical Society. (b) The pyroelectric response of PVDF fibers was enhanced by
the confinement of two-dimensional MXene nanosheets. (i) to (iv) show temperature input changes
and corresponding temperature responses, respectively. Reprinted with permission from Ref. [20].
Copyright 2024, American Chemical Society. (c) Hydrophilic substrate promotes PVDF spontaneous
polarization [94].

4.2. Progress in Preparation Technology

Researchers are exploring various avenues to enhance the performance of thermal release
band sensors, not only by refining the properties of thermal functional materials but also
by optimizing the device preparation process, device structure, and radiation absorption
capabilities. One notable approach involves the improvement of electrode materials. Lee et al.
investigated the integration of tosylate into PEDOT:TOS to create a highly efficient thermal
radiation absorption electrode for PVDF [95]. This strategy aimed to mitigate the reflection of
thermal radiation commonly encountered with conventional metal materials. PEDOT:TOS
demonstrates a broad thermal radiation absorption band. Through experimentation with
different preparation methods, the researchers observed that PEDOT:TOS electrodes, when
prepared via oven heating, exhibited an increased thickness, a rougher surface, and a porous
morphology (Figure 9a). These characteristics expedite the thermally induced polarization
changes in the PVDF and augment the charge released on the electrode surface. Comparative
analyses with metal and other organic electrodes revealed a significant enhancement in the
thermoelectric conversion efficiency, which surpassed previous benchmarks by several folds
or even an order of magnitude. In a separate study, Guan et al. explored the incorporation of
microstructures within PVDF films to enhance their pyroelectric response [96]. By depositing
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precursor solutions onto templates featuring groove, square pit, and sine patterns, PVDF films
with diverse structures were fabricated (Figure 9b). The researchers observed that the presence
of microstructure patterns, particularly the increased sidewall surface area, led to the genera-
tion of additional heat flow components upon exposure to thermal radiation. Consequently,
this enhanced the pyroelectric response of the PVDF film by up to 146% compared with flat
surfaces. Further analysis through simulation underscored the critical influence of the surface
topology, sidewall angles, and pattern width on the film’s responsiveness, indicating avenues
for tailored optimization in future research endeavors.

Fattori introduced a novel approach by integrating printed P(VDF-TrFE) thin-film
pyroelectric sensors with OTFT integrated circuits, thus facilitating the creation of a flexible
large-area proximity sensing surface [21]. The OTFT array serves as an active front-end
electronics (AFE) device that offers signal amplification, enhanced immunity to external
interference, and the mitigation of pixel crosstalk through pixel addressing (Figure 9c).
Moreover, the pyroelectric sensor is configured to operate in current mode, which is
facilitated by a dedicated OTFT current sense amplifier and multiplexing scheme employing
time-division methods. This configuration allows for adequate signal amplification while
reducing the transistor count complexity, thus improving the overall circuit yield. Notably,
this implementation marks the largest circuit realized by a printed OTFT circuit. The AFE,
in conjunction with the pyroelectric sensor, achieved a power sensitivity of 267 nW Hz−1/2

at a power consumption level of 54 µW. Additionally, the incorporation of 3D-printed
infrared guided funnel arrays enhances the directional sensitivity of individual sensors,
thus further refining the detection capabilities of the system.
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5. Hybrid Generation Mode

The preceding discussion delves into the research advancements concerning three
primary flexible nanogenerators and their accompanying sensors, which encompasses
pressure, friction, and thermal power generation. These sensors demonstrate the capability
to detect a range of stimuli, including external pressure, bending, friction, and temper-
ature fluctuations. Table 1 summarizes the comparison of the three sensors in terms of
their material selection, power generation performance, advantages, and disadvantages.
Notably, researchers have primarily focused their efforts on refining equipment through
enhancements in functional materials, preparation processes, and device structures, all of
which are aimed at attaining heightened output quality. Despite these strides, achieving
multifunctional sensing within a unified architecture remains a notable trend and challenge
for flexible sensors [97]. The development of tactile sensors based on multiple power
generation modes to achieve multifunctional sensing is also a reliable solution [15,98].

Table 1. Comparison of three power generation modes in terms of their material selection, power
generation performance, advantages, and disadvantages.

Category Materials Electricity Generation
Performance Advantages Disadvantages

PENG

Organic materials: PVDF and
its copolymers, as well as
piezoelectric biomaterials

The d33 value is generally
around tens of pC/N

Intrinsic flexibility and easy
doping modification

Weak piezoelectric response
and high polarization voltage

Inorganic materials: ZnO,
perovskite ceramics,

two-dimensional materials,
and so on

The d33 value is generally
around hundreds of pC/N

High and stable
piezoelectric output

High hardness and resistance
to bending

Composite piezoelectric
materials

The piezoelectric response is
intermediate between organic

and inorganic materials

With both flexible and
high-voltage output Complex preparation process

TENG

Materials with triboelectric
polarity differences that match

each other: MXene, PTFE,
graphene and its derivatives,
two-dimensional materials,

and so on

The output voltage can reach
hundreds to thousands of volts

High output voltage, low
material requirements, and

simple preparation

It is susceptible to
environmental factors such as

temperature, humidity, and
impact; wear causes a

reduction in its service life

PyNG
Similar to the materials used
in piezoelectric devices, most

of them are ferroelectric

The pyroelectric coefficient of
organic pyroelectric materials

is generally in the tens of
µC/(m2K), while that of

inorganic pyroelectric
materials is typically in the

hundreds or even thousands
of µC/(m2K)

It can be used for applications
such as temperature sensing,

ultraviolet/infrared light
detection, and

thermal imaging

The temperature response
range of the devices is

relatively low or narrow, the
microscopic mechanism of the

pyroelectric effect is
insufficiently studied, and it

has received limited attention

Composite power generation mode exemplifies the innovative integration of multiple
energy-harvesting mechanisms within a singular device, specifically amalgamating princi-
ples from piezoelectricity, triboelectricity, and pyroelectricity. This multifaceted approach
boasts discernible advantages over single-mode power generation systems. Leveraging
multiple energy sources, composite power generation apparatuses demonstrate height-
ened efficiency and reliability, thus ensuring a consistent and robust power supply [13].
Furthermore, this integration affords a broader environmental adaptability, which allows
the device to concurrently or sequentially perceive various external stimuli [14]. Conse-
quently, self-powered sensors equipped with composite power generation modes herald a
promising shift toward more versatile and efficient energy harvesting solutions.

The utilization of materials exhibiting piezoelectric and pyroelectric properties has
garnered significant attention, with researchers endeavoring to leverage their overlapping
characteristics for sensor development within the composite power generation mode. Roy
et al. pioneered the creation of a piezoelectric/pyroelectric hybrid nanogenerator by uti-
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lizing PVDF/GO composite nanofibers [99]. The incorporation of graphene oxide within
the PVDF matrix facilitates stable nucleation of the PVDF-β phase, which enhances the
piezoelectric and pyroelectric responses (Figure 10a). Moreover, graphene oxide’s mid-
infrared radiation absorption and efficient thermal conductivity within the fibers further
augment sensor performance. This innovative approach yields impressive power densities
of 6.2 mW/m2 and 1.2 nW/m2 for pressure and temperature changes, respectively. No-
tably, the sensor exhibits high sensitivity to finger, wrist, and elbow bending, along with
temperature variations during respiration. Similarly, Shin et al. introduced a triboelec-
tric/pyroelectric multimode pressure and temperature sensor based on P(VDF-TrFE) [98].
Through the opposite ferroelectric polarization of identical P(VDF-TrFE) materials, the
contact material demonstrates substantially enhanced triboelectric and pyroelectric output
properties. Noteworthy pressure sensitivities of up to 40 nA kPa−1 and sensitivity to
heating and cooling of 0.38 nA◦C−1 and 0.27 nA◦C−1 were achieved. Employing distinct
voltage and current responses under varying temperature conditions, the sensor effectively
decouples pressure and temperature signals using the divergent responses and satura-
tion times of the triboelectric and pyroelectric effects (Figure 10b). This novel preparation
method and unique sensor structure hold promise for applications ranging from monitoring
weak carotid pulse pressure to multimodal finger touch sensing.

Ma et al. devised a self-powered flexible antibacterial tactile sensor by leveraging
the triboelectric properties of PTFE and the piezoelectric and pyroelectric properties of
PVDF [15]. This innovative design facilitates multimodal sensing of both temperature and
pressure. A graphene electrode serves as a common electrode for both PTFE and PVDF, thus
enabling efficient coupling of their respective sensing mechanisms (Figure 10c). Moreover,
the incorporation of silver nanowires into PTFE imparts antibacterial properties to the
sensor. By exploiting the similar surface charge changes induced by pressure on PTFE and
the piezoelectric effect of PVDF, the sensor achieves enhanced pressure sensing through
the coupling of triboelectric and piezoelectric effects. The sensor exhibits monitoring
sensitivities of 0.092 V/kPa for pressure and 0.11 V/◦C for temperature. Furthermore, the
decoupling of pressure and temperature signals is facilitated by the disparate response times
of the triboelectric and pyroelectric effects. In addition to its primary sensing capabilities,
the sensor enables real-time surface monitoring. These attributes render it highly promising
for applications in electronic skin, artificial prosthetics, health monitoring, and beyond.

Pyroelectric signals can be distinguished by the difference in response time between
piezoelectric/triboelectric and pyroelectric signals. However, the distinction between
piezoelectric and triboelectric signals is easily ignored when testing the performance of
piezoelectric and pyroelectric materials and composite power generation modes. Tra-
ditional testing methods often overlook the subtle disparity between piezoelectric and
triboelectric signals due to their nearly synchronous generation times and similar output
characteristics. Addressing this issue, Chen et al. devised an innovative approach to disen-
tangle piezoelectric components from ostensibly “piezoelectric” signals [100]. Their method
involves augmenting a PVDF-based self-powered sensor with a charge-shielding layer and
scrutinizing the stress process curve. During the contact–compression–release–separation
sequence, electrical signals preceding and following contact primarily reflect triboelectric
contributions, whereas the signals post-contact predominantly stem from piezoelectric
effects (Figure 10d). Leveraging this temporal discrepancy, the inflection points of these
distinct electrical signals are successfully delineated in the pressure response curve through
manipulation of the reverse of the piezoelectric signal and the friction signal. This method-
ological advancement facilitates a nuanced comparison of the piezoelectric and triboelectric
properties of materials, thereby fostering the advancement of high-performance piezo-
electric materials for wearable electronics applications. Such meticulous analysis not only
enhances our understanding of material behavior but also propels the development of the
next generation of wearable technologies.
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6. Summary and Outlook

This review summarizes and discusses three main self-powered modes, namely, PENG,
TENG, and PyENG; composite generation; and the research progress of flexible sensors
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based on them. It is not difficult to see that researchers are committed to innovation from
functional materials; preparation processes and device structures to obtain higher and more
stable output; and trying to use them for applications in the context of the Internet of things,
such as human physiological monitoring and waste energy collection. However, there is still
a gap between these self-powered sensors studied at present and their actual application.

First of all, for different kinds of energy generation modes, each face different prob-
lems. For example, for the ferroelectric materials used by PENGs and PyENGs, how to
effectively combine the flexibility of organic materials with the characteristics of the high
charge output of inorganic materials, as well as design functional materials with “fine and
flexible combination” by means of material modification or process improvement, is still
the primary problem in preparing flexible sensors for practical production applications.
Directly, research into piezoelectric sensors should pay attention to the effects of tempera-
ture changes in the environment. Pyroelectric sensors also need to pay extra attention to
the effective absorption of radiation and the range of working stations. For TENG-based
flexible devices, although the material selection is less limited, it is still sensitive to ambient
temperature, humidity, and mechanical vibration interference. In addition, the impact
of damage to the contact material during friction contact on the service life of the device
should also be paid attention to.

Second, for sensors with a composite power generation mode, although more signals
can be collected for multi-mode sensing, decoupling the response made by different stimuli
is also a limitation of its multi-mode sensing. Comprehensive use of the response time
and output amplitude of different effects, as well as design of different response or output
modes, are also common methods for other multi-mode sensor decoupling.

Finally, sensors based on different nanogenerators should not only be limited to sens-
ing the outside world through the signal generated by their own power generation. With
the development of wearable and implantable flexible devices, power supply issues, such
as bulky, replaceable electrode modules or complex external wires, have an increasingly
significant impact on the user experience. The intrinsic advantage of self-power should
be integrated with other sensing modules, even wireless interconnection, information
processing, and other modules, and the flexible electronic devices that are closer to actual
references can be realized through optimized structural design and device interconnection.

In short, in the context of the development of the Internet of everything, flexible elec-
tronic devices show unique advantages in the fields of health detection, human–computer
interaction, and so on. The energy supply modes represented by PENG, TENG, and PyENG
propose additional solutions for energy collection and utilization, which not only provide
a broader development platform for flexible sensors but also lead to the use of flexible
electronic devices in more practical applications. It can be seen that through the innovation
and improvement of the materials, preparation process, and device structure, self-powered
technology will certainly promote flexible electronic devices to a higher level.
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