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Abstract: Collecting ambient energy to power various wearable electronics is considered a prospective
approach to addressing their energy consumption. Mechanical and thermal energies are abundantly
available in the environment and can be efficiently converted into electricity based on different
physical effects. Hydrogel-based energy harvesters have turned out to be a promising solution,
owing to their unique properties including flexibility and biocompatibility. In this review, we
provide a concise overview of the methods and achievements in hydrogel-based energy harvesters,
including triboelectric nanogenerators, piezoelectric nanogenerators, and thermoelectric generators,
demonstrating their applications in power generation, such as LED lighting and capacitor charging.
Furthermore, we specifically focus on their applications in self-powered wearables, such as detecting
human motion/respiration states, monitoring joint flexion, promoting wound healing, and recording
temperature. In addition, we discuss the progress in the sensing applications of hydrogel-based
self-powered electronics by hybridizing multiple energy conversion in the field of wearables. This
review analyzes hydrogel-based energy harvesters and their applications in self-powered sensing for
wearable devices, with the aim of stimulating ongoing advancements in the field of smart sensors
and intelligent electronics.

Keywords: hydrogel; triboelectric; piezoelectric; thermoelectric; wearable; energy harvester;
self-powered; sensor

1. Introduction

Wearable electronics have stood out as a prominent field of research and development
over the past few years, driven by the growing demand for portable and interactive de-
vices [1-4]. However, the limited lifespan of batteries and the inconvenience of frequent
charging have posed significant challenges to the widespread adoption of wearable tech-
nology [5-8]. To address these challenges, researchers have turned their attention toward
self-powered energy harvesting technologies, aiming to utilize ambient energy sources
for sustainable power generation [9-12]. Among various energy harvesting approaches,
hydrogel-based energy harvesters have emerged as a promising solution due to their unique
properties, such as excellent flexibility, conformance to irregular surfaces, and biocompati-
bility [13,14]. Hydrogels, which are crosslinked networks of hydrophilic polymers, have
been widely explored to achieve energy conversion through various mechanisms, including
triboelectric nanogenerators (TENGs) [15,16], piezoelectric nanogenerators (PENGs) [17],
and thermoelectric generators (TEGs) [18,19].

TENGs are based on the triboelectric effect, which involves the generation of electri-
cal charges through the contact and separation of different materials [20]. These devices
utilize friction-induced charge transfer to harvest energy from human motion, mechani-
cal vibrations, or other ambient movements. The development of wearable TENGs has
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revolutionized the concept of energy harvesting by enabling continuous power supply
from everyday activities, such as walking [21], running [22], or even typing on a key-
board [23]. Similarly, PENGs utilize the piezoelectric effect, which converts mechanical
strain or pressure into electrical energy [24]. These nanogenerators can be integrated into
wearable sensors or garments to generate power from body movements, such as bending,
stretching, or applying external forces. The versatility of PENGs allows for their integration
into various wearable applications, including health monitoring [25], motion tracking [26],
and human-machine interfaces [27]. Another promising energy harvesting technology
refers to thermoelectric generators, which can convert temperature gradients into electrical
energy [28]. By utilizing temperature differences between the human body and the sur-
rounding environment, thermoelectric cells can harvest energy from the heat dissipated
by the body [29]. This sustainable approach provides a constant power source for wear-
able devices, eliminating the need for external power supplies or battery replacements.
Further, the intrinsic temperature-sensitive characteristics of thermoelectric devices have
led to a plethora of temperature sensors based on the thermoelectric effect [30,31]. The
self-powered nature of these energy-harvesting technologies not only enhances the usability
and convenience of wearable electronics but also opens up new opportunities for diverse
applications. For instance, self-powered wearable sensors and health-monitoring devices
can autonomously track vital signs, such as heart rate [32] or respiratory rate [33], without
the need for frequent battery charging. Additionally, self-powered wearable technology
enables the development of innovative applications in augmented reality, virtual reality,
and smart robots [34-36].

So far, various energy-harvesting strategies have been generally discussed, including
mechanical and thermal energy harvesting, and there is no lack of energy storage methods,
such as self-charging supercapacitor power cells [37,38]. For sensing functions, there have
been reviews on self-powered sensors based on TENGs and PENGs [39], or nanogenerators
for sensing applications in limited application scenarios [40], as well as chemical sensing
applications regarding, for example, gas sensors [41]. Hydrogel, as a research hotspot
in recent years, is flexible and stretchable, and can also have multiple properties such
as biocompatibility, degradability, and self-healing. Hydrogel can be combined with a
variety of energy-harvesting methods to form many hydrogel devices. Due to their inherent
excellent properties, compared with traditional rigid materials, hydrogels with good elec-
trical conductivity and mechanical properties can be well-adapted to wearable applications
to detect human body temperature, pulse, respiration, and movement status. Hydrogel
devices are showing more and more advantages in the field of wearable electronics. Hence,
here, hydrogel devices are introduced as an entry point for studies in energy harvesting
and self-powered sensing applications in wearable scenarios.

In this mini-review, we aim to explore the design principles, performance characteris-
tics, and self-powered applications of hydrogel-based energy harvesters that utilize key
technologies of TENGs, PENGs, and TEGs. Additionally, we will present the latest research
outcomes in the field of self-powered wearable sensors that combine multiple energy-
harvesting effects. Furthermore, we will delve into the challenges and future prospects of
these energy-harvesting systems, aiming to inspire further research and development in
the field of self-powered wearable electronics.

2. Hydrogel-Based TENGs
2.1. Hydrogel-Based TENGs for Energy Harvesting

TENGs have shown great potential in the fields of ambient energy harvesting and
multi-function sensing [42-46]. However, research on TENGs that are completely flexible
and environmentally friendly is still limited. Hydrogels can be prepared from natural or
synthetic polymers and can form various components of stretchable devices [47]. In the
following sections, several studies will be presented to showcase hydrogel-based TENGs
as energy harvesters.
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When using hydrogels as electrodes in TENGs, the most commonly used configura-
tion is the single-electrode mode due to its fabrication simplicity. For example, Figure 1a
presents the design of a single-electrode mode TENG, named MH-TENG, which incor-
porates mixed MXene nanosheets and polyvinyl alcohol (PVA) hydrogel as flexible and
stretchable electrodes [48]. In order to protect the composite hydrogel from moisture loss, a
silicon rubber Ecoflex layer was utilized as a triboelectric component (Figure 1a(i)). The
MXene/PVA hydrogel in the MH-TENG serves as both an electrode and a provider of ion
transport, enabling electrostatic screening of triboelectric charges in the Ecoflex. It is worth
noting that the incorporation of MXene nanosheets serves two purposes: improving the
stretchability of the PVA hydrogel by acting as a crosslinker and facilitating the formation
of microchannels that enhance the transport of positive ions within the complex hydrogel
after triboelectrification. This synergistic effect significantly enhances the overall output
of the MH-TENG (Figure 1a(ii)). The optimum output power density of the MH-TENG
is 0.33 W m~2 for a load resistance of 109 Q. Subsequently, the performance of the MH-
TENG was evaluated by attempting to illuminate multiple light-emitting diodes (LEDs).
Remarkably, a total of 40 LEDs were effortlessly illuminated by simply tapping the MH-
TENG with bare hands (Figure la(iii,iv)). This successful demonstration highlights the
significant potential of the design for harvesting low-frequency mechanical energy. This
work demonstrates the advantages of MXene for improving the mechanical and electrical
properties of PVA hydrogels and generating additional triboelectric output.
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Figure 1. (a) Construction (i) and output performance for different concentrations of MXene (ii).
Schematic and presentation of MH-TENG lighting LEDs (iii,iv). Reproduced with permission [48].
Copyright 2021, Wiley. (b) Working mechanism (i) and applications (ii-iv) of BRCH-TENG. (ii) Circuit
of a self-charging system utilizing energy obtained from the TENG to charge electronics. (iii) Photos
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demonstrating LED illumination by tapping TENG. (iv) Open-circuit voltage (Vo) measurement
of the BRCH-TENG before and after hammering. Reproduced with permission [49]. Copyright
NWs@CS/Cu hydrogel motion energy harvesters. Reproduced with permission [50]. Copyright 2019,
Elsevier. (d) Construction and energy harvesting of DH-TENG. Digital photo (i) of the DH-TENG and
schematic of the contact-separation operating mode (ii). Photo (iii) and voltage signal (iv) of a watch
powered using a capacitor charged with the TENG. Reproduced with permission [51]. Copyright
2020, Royal Society of Chemistry.

Li et al. successfully prepared a breakage-resistant conductive hydrogel (BRC hydro-
gel) with remarkable mechanical reliability using a solvent exchange strategy. Then, they
fabricated a BRC hydrogel-based TENG (BRCH-TENG) similarly in the single-electrode
mode [49], as depicted in Figure 1b. For this configuration, a VHB™ elastomer served
as the negative tribo-material, while a nylon film was used as the positive tribo-material
(Figure 1b(i)). When they constructed a BRCH-TENG with a 40 x 40 mm? electrode area
using the elastomer and hydrogel electrodes, it yielded a maximal short-circuit current
(Isc) of 0.59 pA. The power density can reach 57.5 mW/ m? with a matching resistance of
100 MQ). Furthermore, a self-charging system consisting of the BRCH-TENG, capacitors,
and electronics was established (Figure 1b(ii)). By closing switch S;, the BRCH-TENG
could power serially connected LEDs through continuous tapping (Figure 1b(iii)). When
closing switch Sy, the BRCH-TENG could charge capacitors, while switch S3 allowed the
collected energy to be utilized for driving electronics. Moreover, even after undergoing
over 5000 cycles of beatings and enduring significant external forces, the BRCH-TENG
exhibited no discernible damage and maintained its initial electrical output performance
(Figure 1b(iv)). This enhanced mechanical resilience can be attributed to the breakage
resistance of the hydrogel electrode in the BRC hydrogel-based TENG, ensuring improved
safety and durability. Although the output power density of this work is not as high as that
of the prior one, it demonstrates the durability of conductive hydrogel electrodes prepared
with a solvent exchange strategy exploiting the Hoffmeister effect.

Ion-conducting hydrogels tend to be biocompatible, light transmissive, and elastic.
To strengthen the conductivity of hydrogels, composite hydrogel networks with mixed
ionic/electronic conduction, derived from chitosan (CS) crosslinked by Ag*/ Cu?*, and
embedded with Ag nanowires (AgNWs), were developed for efficient mechanical energy
collecting, as shown in Figure 1c [50]. These composites are specifically referred to as
AgNWs@CS/Ag and AgNWs@CS/Cu. A sandwich-structured device was fabricated,
comprising a polydimethylsiloxane (PDMS) layer as the contact electrification layer and
hydrogels as the current collectors (Figure 1c(i)). The concentration of AgNWs in the hydro-
gels was found to have a significant influence on the device’s output. Higher conductivity
in both sets of hydrogel networks led to increased output. Notably, due to the higher
concentration of Ag* ions compared with Cu?* ions, the electric double layer (EDL) in
AgNWs@CS/Ag exhibited a thinner thickness compared with AgNWs@CS/Cu. Conse-
quently, the capacitance (C) of the EDL in AgNWs@CS/Ag was greater. Using the equation
C =Q/V, where Q represents the quantity of induced charges in the EDL resulting from
contact-separation between PDMS and the skin, which remains constant, resulted in a
AgNWs@CS/Cu harvester was 2 W m™~2 at an external resistance of 10.5 MQ). This study
demonstrates the introduction of metal ions and AgNWs to synergistically increase the
conductivity of hydrogels.

In the majority of cases, TENGs are typically fabricated in single-electrode mode with
the external circuit grounded. In theory, a single-electrode TENG can only achieve one-half
the output compared with a dual-electrode TENG of the same materials. Furthermore,
the output performance of single-electrode TENGs relies on the triboelectric properties of
materials with which they are in contact, severely limiting the applicability. To address
these limitations, Jing et al. developed a dual-electrode hydrogel-based TENG (DH-TENG)
utilizing polyacrylamide (PAM) hydrogels with embedded NaCl as electrodes, as shown in
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Figure 1d [51]. The DH-TENG consists of a thermoplastic polyurethane (TPU) layer and a
polydimethylsiloxane (PDMS) layer, both of which exhibit high transparency (Figure 1d(i)).
PET sheets are used to provide sufficient force for the DH-TENG to swiftly recover once the
compression force is removed (Figure 1d(ii)). Under compression with a periodic force of
6 N, the TENG can achieve a maximum instantaneous voltage of 311.5 V. A peak power den-
sity of 2.7 W m~2 can be realized with a 4.7 MQ) resistor. To harness the generated energy,
the DH-TENG was used to charge various capacitors with a bridge rectifier. Afterward,
the stored energy was used to power small electronics. For instance, a 1000 pF capacitor
charged with the DH-TENG successfully powered a digital watch (Figure 1d(iii)). Analysis
of the corresponding voltage data revealed an initial sharp voltage drop of approximately
1V upon activating the digital watch. Following this initial drop, the watch was contin-
uously powered, with energy consumption slightly exceeding the charging rate of the
DH-TENG (Figure 1d(iv)). This demonstration clearly indicates that the DH-TENG is
highly efficient in converting mechanical motion into electrical energy, enabling it to effec-
tively power small devices. At the same time, this particular highly transparent design has
the potential to be effective in application scenarios with special needs.

In conclusion, hydrogel-based TENGs have emerged as a promising direction for
achieving ultra-flexible devices and have proven to be capable of efficiently capturing
mechanical energy and converting it into electrical energy, highlighting their tremendous
potential as viable power sources. Furthermore, TENGs are characterized by high voltage
and small current, which means that their output energy and energy utilization efficiency
are not high. Therefore, an efficient energy management scheme plays an important role
in further exploiting the practical applications of TENGs. There have been approaches
utilizing transformers, mechanical/electronic switches, and more recently, strategies for
coupling charge pump circuits to BUCK circuits [52]. It is also possible to combine superca-
pacitors to store the energy collected by TENGs [53]. The utilization of energy management
strategies for hydrogel-based TENGs is a perspective to drive their improvement.

2.2. Self-Powered Applications of Hydrogel-Based TENG Devices

Flexible TENGs have emerged as a promising approach to solving the challenges
of energy supply for intelligent electronics while offering multifunctional sensing capa-
bilities [54-58]. These self-powered sensors have garnered significant interest in flexible
wearable electronics. The rapid advancement of virtual reality technologies has propelled
the exploration and development of flexible TENGs for diverse applications in the realm of
wearable smart electronics and human-machine interfaces.

Implantable and wearable transient electronics based on TENGs have found appli-
cations in various fields such as self-powered sensing and electrical-stimulation therapy.
However, the current devices have limited adaptation to human tissue shapes, and their
degradation rate is generally unsatisfactory. To improve this situation, Li et al. utilized
PEGDA and Laponite nanocomposites (Lap) to fabricate hydrogels. Additionally, they
developed a flexible biodegradable single-electrode TENG (BS-TENG) by assembling the
components [59]. The BS-TENG exhibited excellent skin-fit properties, allowing it to gen-
erate varying electrical signals when subjected to mechanical deformation. As shown
in Figure 2a, this enabled accurate attachment of the device to the neck, wrist, and fin-
gers, thereby serving as a self-powered sensor for real-time detection of respiration, joint
movement, and other physiological parameters of the body. Significantly, the device
can be downgraded in a controlled manner. Thus, the design is poised to become the
mainstay in diagnostic and therapeutic applications, playing a vital role in the field of
biomedical science.

In addition to monitoring physiological indicators, studies have also implemented
monitoring exercise status and displaying the results on commonly used cell phones. Zhang
et al. presented a hydrogel named PTSM, composed of PAM, tannic acid (TA), sodium
alginate (SA), and MXene [60]. Specifically, PAM/SA was used as a framework for the
dynamic network hydrogel, while the addition of TA significantly enhanced its mechanical
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properties through the formation of a robust hydrogen bond with PAM/SA. MXene, with
its high density of hydrophilic functional groups, facilitated uniform distribution within the
hydrogel and the establishment of conductive pathways. The resulting hydrogel exhibited
exceptional self-healing capabilities, rendering it highly suitable for utilization as an elec-
trode in PTSM-TENGs. The construction of the PTSM-TENG is illustrated in Figure 2b(i),
where the PTSM hydrogel is encapsulated with Ecoflex silicone rubber. The PTSM-TENGs
exhibited remarkable long-term durability, efficient energy collection, and outstanding
tactile sensing performance. A wireless motion monitoring system was developed to ex-
pand the functionality of motion sensing, integrating a wireless transmission circuit and a
cell phone application. Upon affixing TENGs to clothing, the generated electrical signals
during movement were wirelessly transmitted to the application software for display us-
potential of designed TENGs as wearable devices. The application software development
in this study is also very much in line with the current trend in wearable devices.
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Figure 2. (a) Physiological signals and joint motion sensing of TENGs. (i) Respiratory detection by
mounting the TENG on the belly. (ii) Vo of pronunciation of “A”, “B”, and “C”. V. of the TENG
attached to the finger (iii) and the wrist (iv). V. of the TENG with (v) finger swiping and (vi) tapping.
Reproduced with permission [59]. Copyright 2023, American Chemical Society. (b) Application of
PTSM-TENG as a wireless motion monitoring device. (i) Schematic structure. (ii) Photograph of
PTSM-TENG (location marked by the red box) attaching to the body for wireless motion sensing.
(iii) Real-time display interface for the mobile terminal. Reproduced with permission [60]. Copyright 2023,
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American Chemical Society. (c) Application of PP/AgH-TENGs. (i) Schematic representation of the
PP/AgH-TENG-designed wristband. When wearing the self-powered sensing wristband, fingertip
touch (ii) and running (iii) drive the generation of output voltage. Reproduced with permission [61].
Copyright 2022, American Chemical Society. (d) Self-powered wearable applications of ZPcHLH-
TENGs. (i) System architecture schematic of the wearable keypad for real-time control of games.
(ii) Demonstration of the keypad as an HMI for gaming control. (iii) Illustration of biomotion sensing
points. Reproduced with permission [62]. Copyright 2023, Wiley.yy

Similarly, for sports monitoring, the following study designed devices closer to the
sports bracelet for daily use. Qu et al. developed a superhydrophobic TENG, referred
to as PP/ AgH-TENG, by integrating the PDMS film surface modified with polytetrafluo-
roethylene (PTFE) particles as the triboelectric layer. The AgNWs/PVA hydrogel served
as the electrode [61]. The resulting TENG exhibited remarkable transparency and super-
hydrophobicity. To harness these attributes, a self-powered bracelet was designed using
3D printing (Figure 2¢(i)). This innovative bracelet serves the dual purpose of collecting
energy from human movement and detecting activities. When the dial is touched with
the fingertips, a corresponding output voltage is generated (Figure 2c(ii)). This electrical
signal not only activates the dial but also stores the electricity produced by each touch,
subsequently powering the bracelet itself. Similarly, during regular bodily movement,
relative motions between the bracelet and the body induce inductive charging. Analysis
of the output voltage generated during running reveals that the electrical signal displays
considerable variability and frequency fluctuations, primarily attributable to the irregular
changes in wrist thythm and strength while running (Figure 2c(iii)). The specially designed
bracelet seamlessly captures and converts energy from bodily movement in real time. The
converted energy can be stored within the bracelet to serve as a power source. Addition-
ally, the size and frequency of the generated signals during the energy harvesting process
provide valuable insights into monitoring human movement. Hence, the TENG used in
their study exhibits exceptional self-powered sensing performance. Meanwhile, one of the
features of the TENG in their study is that it adopts the design of a sports bracelet. The
device form factor is also significant in the wearable domain.

Despite monitoring physiological information and movement, hydrogel-based TENGs
can also be used for human—computer interaction. Zeolitic imidazolate framework-8
(ZIF-8), a metal-organic framework (MOF), can be incorporated into hydrogels as an
enhanced nanofiller, creating a strongly stretchable, flexible, and durable electrode. A ZIF-
8-enhanced LiCl-containing polyacrylamide-co-hydroxyethyl acrylate (PAAm-co-HEA)
hydrogel, has been successfully fabricated [62]. The hydrogel-based TENG device is called
ZPcHLH-TENG. A wearable keypad system was created using an array of ZPcHLH-TENGs
(Figure 2d(i)). The signals produced by the keypad underwent initial filtration through
low-pass RC filters to remove noise. The amplified signals were then passed through an
amplifier circuit to increase their amplitude. Subsequently, these amplified signals were
received by a microcontroller (ESP32). To enable real-time interaction with a computer
game, a custom Python script was implemented on a desktop computer to read the inputs
and establish communication with the desktop. This allowed for the real-time transmission
of commands to control the game “Alan Wake” (Figure 2d(ii)). The successful utilization of
this wearable interfacing system demonstrates the potential application of ZPcHLH-TENG
sensors in human-machine interfaces (HMlIs) for virtual reality (VR) games and electronic
skin (e-skin). Furthermore, ZPcHLH-TENG devices exhibited excellent sensitivity when
testing bending movements across different body regions, effectively serving as biometric
motion sensors (Figure 2d(iii)). Currently, many hydrogel TENGs realize motion sensing,
while this example work brings refreshing game control applications that have great
significance in human—computer interaction.

Hydrogel-based TENGs have been utilized in wearables for monitoring various physi-
ological parameters such as respiration, different body part bending motions, and move-
ment states. They also serve as self-powered wearable human-machine interfaces (HMIs).
The incorporation of flexible hydrogels allows traditional rigid TENGs to be more effec-
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tively applied to the human body, enabling seamless integration between the device and
the wearer.

3. Hydrogel-Based PENGs
3.1. Hydrogel-Based PENGs for Energy Harvesting

The rapid advancement of wearable electronic systems necessitates a sustainable
energy source capable of extracting energy from the surrounding environment without
frequent recharging. Piezoelectric nanogenerators (PENGs) offer a potential solution by
converting irregular and scattered mechanical energy from the environment into electri-
cal energy, providing a long-term and continuous power supply for mobile distributed
electronic devices [63-65]. In the realm of piezoelectric materials, polyvinylidene fluoride
(PVDF) and its copolymers have garnered attention for their unique electrical properties,
high flexibility, excellent mechanical processability, and long-term stability, making them
promising materials for PENGs [66—69]. In the subsequent discussion, we will present
two hydrogel-based PENG devices that utilize PVDEF.

Polyvinylidene fluoride (PVDF) is widely recognized for its outstanding mechanical
properties, piezoelectric behavior, and biocompatibility. Among its various phases, the 3-
phase, characterized by a noncentrosymmetric polar structure, exhibits specific piezoelectric
properties. Figure 3a(i) depicts the construction of a piezoelectric PVA /PVDF hydrogel
using a four-stage process involving freezing/thawing, solvent replacement, annealing,
and swelling [70]. In the first stage, the gel was formed after two freeze/thaw cycles
in dimethyl sulfoxide (DMSO). Following this, the gel was soaked in distilled water to
replace DMSO. In the subsequent stage, the obtained hydrogel was annealed and swelled
in distilled water. This elaborate process enhanced the intermolecular interaction within
the PVA/PVDF gel, thereby facilitating the formation of the electroactive 3-phase of PVDEF.
To evaluate the piezoelectric response, the sensitivity of the PVA sample to acceleration
was measured, resulting in a Vpp, sensitivity of 0.086 and a fitting correlation coefficient (R?)
of 0.972. Conversely, the PVA /PVDF composite hydrogel exhibited increased sensitivity to
acceleration, with a sensitivity of Vpp at 0.432 and an R? value of 0.965 (Figure 3a(ii)). This
comparison suggests that the hydrogel displayed greater sensitivity to forces. Furthermore,
the effectiveness of piezoelectric signal generation was illustrated by the fact that Vp,
is equal when the leads are connected positively or negatively (Figure 3a(iii)). Further
investigation of the piezoelectric characteristics of the hydrogel used piezo-response force
microscopy (PFM). The PFM analysis revealed a substantial piezoelectric response across
a significant area, surpassing even the response observed in the PVDF phase during
phase mapping. This finding serves to reinforce the robust hydrogen bonding interaction
between PVA and PVDF, thus promoting the forming of the 3-phase PVDF. Additionally,
the alternating voltage signal generated by the hydrogel was rectified using a rectifier
(Figure 3a(iv)). The rectified signal was used to charge a capacitor. After a charging
duration of approximately 5 min, the capacitor had stored enough power to supply the
LED. This work demonstrates collecting mechanical energy by integrating a classical
piezoelectric material, PVDF, into a hydrogel, thus obtaining a piezoelectric hydrogel. It
also provides an idea for preparing a piezoelectric hydrogel, that is, doping piezoelectric
materials into the hydrogel carrier.

The mechanical properties and piezoelectric sensitivity of piezoelectric devices can be
enhanced with morphology tuning of nanofibers. Chen et al. developed a self-powered
electrical-stimulator-based wound dressing (SEWD) consisting of two layers: a top piezo-
electric layer composed of tree-like P(VDE-TrFE) nanofibers, prepared with electrospinning,
and a lower layer made of Fe ions and catechol group-based adhesive PAM-gelatin hydro-
gel (Figure 3b(i)) [71]. The electrospinning process was used to control the microstructure
of P(VDF-TrFE) nanofiber, inspired by the large motion amplitude observed in nature
when trees sway in the wind. By adjusting the electrical conductivity of the electrospin-
ning solution, a tree-like bionic structure was achieved, exhibiting enhanced mechanical
and piezoelectric properties compared with traditional P(VDF-TrFE) films. The tree-like



Nanoenergy Adv. 2023,

3

nanofibers sensitized mechanical stimulation from small activities, converting them into
electrical signals that were transmitted to the wound, enabling electrical stimulation (ES)
therapy. Inspired by marine mussels, the hydrogel utilized the redox electron pairs formed
by catechol and metal ions. This bionic material demonstrated electrical activity compatible
with tissues, allowing for the conduction of electrical signals generated by the piezoelec-
tric effect to the wound site for effective ES treatment during tissue repair. A schematic
diagram of the piezoelectric effect is shown in Figure 3b(ii). The open-circuit voltage
(OCV) of the P(VDE-TrFE) nanofibers was measured under different pressures, revealing
a stable response with a voltage of about 0.3 V observed at a force of 0.1 N, indicating
sensitivity to small external forces (Figure 3b(iii)). The output voltage increased gradually
with increasing force. Dendritic fibers exhibited higher crystallinity due to the increased
mechanical stretching during the electrospinning process, favoring the crystallization of
P(VDE-TrFE) and resulting in improved piezoelectric properties. These findings highlight

the favorable application potential of the prepared tree-like nanofibers.
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The above two energy harvesting devices, based on the piezoelectric effect, exhibit
good piezoelectric performance. The first device involves a piezoelectric hydrogel, while
the second design utilizes hydrogels as electrodes. Both designs demonstrate promis-
ing piezoelectric capabilities. The following section discusses the self-powered wearable
applications of these two piezoelectric devices.

3.2. Self-Powered Applications of Hydrogel-Based PENG Devices

Electrical stimulation has been used to modulate the morphology, state, membrane
permeability, and life cycle of cells for therapeutic purposes in various diseases, includ-
ing trauma, degenerative disorders, tumors, and infections. Materials with piezoelectric
properties can provide non-invasive electrical stimulation to cells, aiding in tissue regenera-
tion [72-76]. Hence, these piezoelectric materials offer the potential to advance cell-based
therapies and tissue engineering by delivering electrical stimulation in a minimally invasive
manner. Both of the aforementioned piezoelectric devices have demonstrated self-powered
applications that facilitate wound healing. In the following section, we will further elaborate
on these applications.

The impact of the previously mentioned PVA /PVDF hydrogel (Figure 3a) on wound
healing was investigated utilizing a diabetic Sprague Dawley (SD) rat full-thickness skin
defect model [70]. The localized piezoelectric stimulation generated by piezoelectric hydro-
gels during bending was administered in real time to the wound bed through the physical
activities of the rats. Figure 4a(i) illustrates the gradual changes in the wound area at
various time points. Notably, no trace of overstimulation or infection was observed in any
of the rats. As anticipated, the untreated wounds in the control group exhibited dryness
and crust formation, while wounds treated with either PVA or PVA /PVDF hydrogel stayed
relatively moist. From day 2 onwards, it became evident that wound closure occurred
quicker in the composite hydrogel group. On day 8, the remaining wound in the composite
hydrogel group was only 13.5% of the initial wound area, which was smaller in comparison
with the PVA hydrogel group (41.4%) and the control group (58.6%). Complete closure of
the skin wounds was achieved by day 10 in the composite hydrogel group, while wounds
in the other groups remained non-healing. On day 14, unclosed wounds were still observed
in the control group and the PVA hydrogel group, with the percentage of residual wound
area being 19.0% and 11.0%, respectively. Furthermore, wound tracking analysis verified
that the PVA/PVDF hydrogel group exhibited a substantially higher wound closure rate
can promote wound closure significantly in diabetic rats. This may be due to its advantages
of absorbing wound exudates and promoting cell proliferation.

The previously mentioned adaptive SEWD, as illustrated in Figure 3b, is designed for
easy and painless application and removal on human skin. This feature makes it well-suited
for addressing irregular wound surfaces and edges. Significantly, the SEWD proves to be
highly effective in promoting wound healing, as evidenced by the findings presented in
Figure 4b [71]. To evaluate the healing-promoting effect of the SEWD, full-thickness skin
defects in SD rats were studied. In this experiment, the hydrogel component of the SEWD
was chosen as the control group. Comparative examination of wound images and wound
contours plotted at identical scales revealed significantly enhanced wound healing in the
SEWD group (Figure 4b(i,ii)). The closure rate of the wounds in the SEWD group reached
almost 80% within the first week, compared to 53% in the hydrogel control group and
36% in the gauze control group. By the second week, the wounds treated with SEWD had
completely healed, while the control groups exhibited incomplete healing, with closure
rates of only 60% and 81% for the control and hydrogel groups, respectively. The remarkable
healing-promoting ability of the SEWD can be attributed to two factors. Firstly, the SEWD
dressing, which primarily consists of biomass and possesses a bionic structure, creates an
optimal environment for wound healing. Secondly, the SEWD’s healing-promoting effect is
augmented by the electric stimulation (ES) generated by the piezoelectric layer. Through
postoperative activities, the rats effectively stimulated the piezoelectric layer, triggering the
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generation of electrical signals that were then transmitted to the surrounding skin tissue
through the conductive hydrogel. This electrical stimulation promoted cell proliferation
and accelerated wound healing.
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Figure 4. (a) Promotion of wound healing in diabetic rats using PVA/PVDF hydrogel. (i) Photos
of wounds in diabetic SD rats at different time points. (ii) Wound tracking analysis after surgery.
(iii) Curves of the percentage of remaining wound area to initial wound area and treatment time.
Reproduced with permission [70]. Copyright 2022, American Chemical Society. (b) Promotion of full-
thickness wound healing using SEWD. (i) Photos of the healing process of the wounds. (ii) Images
of wounds at different time points. Reproduced with permission [71]. Copyright 2023, American
Chemical Society.

The above-mentioned works showcase the application of hydrogel-based piezoelectric
devices in promoting wound healing. The fusion of piezoelectric materials with flexible
and stretchable biocompatible hydrogels has led to the development of diverse wearable
piezoelectric devices, which hold tremendous potential in the field of medicine. This
integration offers a novel healing strategy for effectively treating skin injuries, holding
significant importance in the rapid, safe, and efficient promotion of wound healing.

4. Hydrogel-Based TEGs
4.1. Hydrogel-Based TEGs for Energy Harvesting

When a thermal gradient is introduced, mobile charge carriers (electrons and holes) in
the material diffuse to the colder side, causing the accumulation of charge and a potential
difference. This phenomenon is known as the Seebeck effect, and the potential difference
produced per unit temperature difference is referred to as the Seebeck coefficient [77,78].
Thermoelectric devices based on semiconductor materials typically exhibit Seebeck coeffi-
cients in the range of tens to hundreds of microvolts per Kelvin, limiting their efficiency at
or near ambient temperature [79-83]. The following highlights the work on hydrogel-based
thermoelectric devices in terms of thermal energy harvesting. These devices not only offer
better thermoelectric conversion capabilities than traditional thermoelectric materials but
also possess advantages such as flexibility, stretchability, self-healing, and environmental
friendliness.

Previous experiments have demonstrated that doping Se into the traditional ther-
moelectric material BipTe; can significantly enhance its Seebeck coefficient [84,85]. As
illustrated in Figure 5a, based on BiySep 3Te, 7, an inorganic thermoelectric material, Li et al.
presented a self-healing thermoelectric hydrogel, referred to as PAAc/XG/BiySeq 3Tey 7, for
continuous electricity production [86]. The hydrogel matrix, polyacrylic acid (PAAc), serves
as a superabsorbent and hydrophilic polymer commonly used for self-healing due to its car-
boxyl functionality facilitating hydrogen bonding for repairing broken hydrogels. Xanthan
gum (XG), an edible natural biopolymer, significantly enhances the mechanical strength of
the hydrogel through molecular chain entanglement and hydrogen bonding, thanks to its
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elongated molecular chains and multiple side chains. The hydrogel is synthesized with
in situ polymerization, resulting in an optimal combination of self-healing characteristics
and mechanical strength. Upon rejoining the damaged hydrogel, rapid recovery of the
electrical performance is achieved, exhibiting a fast self-healing capability that restores
the initial electrical conductivity within 2 s with no external stimulus. The self-healed
hydrogel demonstrates excellent mechanical strength and stretchability, with the ability to
be extended up to two times its original length (Figure 5a(i)). Compared with the initial
hydrogel with a maximal stress of 0.033 MPa and a maximal strain of 482%, the self-healed
sample can achieve maximal stress and strain of 0.018 MPa and 256%, respectively, resulting
in 53% recovery. The V. and output power of the self-healed hydrogel after 12 h of healing
were measured at —17.2 mV and 38.0 nW, respectively, with a 40 K temperature differ-
ence (Figure 5a(ii)). This represents a decrease of 3.9% and 0.3%, respectively, compared
with the initial (before being cut) samples. To evaluate the power generation capability
of the hydrogel for flexible thermoelectric devices, a single-leg device was fabricated by
connecting copper electrodes to the hydrogel. One end of the hydrogel contacts the skin
surface, while the other end is exposed to the air, resulting in a temperature difference of
9.7 K and a generated voltage of 4.4 mV (Figure 5a(iii)). This novel thermoelectric material
efficiently converts low-grade waste heat into electricity, presenting promising prospects for
advancements in thermoelectric materials research. The designed thermoelectric hydrogel
has good self-healing properties and has the potential to recover even after breakage. This
advantage is to be further verified when wearing the hydrogel devices on the human body.
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Reproduced with permission [86]. Copyright 2022, Wiley. (b) Self-adhesive (i), remodeling perfor-
mance (ii), and thermoelectric properties (iii,iv) of CNC-PEDOT:PSS/PVA hydrogels. Reproduced
with permission [87]. Copyright 2023, American Chemical Society. (c) Thermoelectric properties (i) of
mission [88]. Copyright 2022, American Chemical Society. (d) Illustration of the operating principle
of a TEC based on the thermogalvanic effect (i) and demonstration of the conversion of finger heat
into electricity to power an LED (ii). Reproduced with permission [89]. Copyright 2023, Elsevier.

Harnessing the Seebeck effect, the thermoelectric effect enables the direct conversion
of heat energy into electrical energy. Poly(3,4-ethylenedioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS) is a high-molecular-weight polymer solution consisting of PEDOT
doped with anionic PSS, widely recognized for its excellent electrical conductivity. Within
the realm of thermoelectric materials, PEDOT:PSS has garnered significant attention for
its inherent high electrical conductivity and low thermal conductivity. To expand on this,
Chai et al. introduced a novel self-generating hydrogel by incorporating PEDOT:PSS into
cellulose nanocrystals (CNCs), as depicted in Figure 5b [87]. This hydrogel showcases
outstanding self-healing performance, boasting a remarkable healing efficiency of 92.57%,
alongside impressive stretchability, reaching up to 989.60%. Most notably, the hydrogel
demonstrates excellent thermoelectric performance, generating stable and reproducible
voltages. Additionally, the hydrogel possesses outstanding self-adhesive properties, ca-
pable of adhering directly between different substrates, such as plastic and metal, with
an adhesion strength of up to 200 g of metal to plastic, providing an adhesion capability
that is 100 times its weight (Figure 5b(i)). The exceptional adhesion is primarily attributed
to the noncovalent interactions between the hydrogel and diverse substrates, including
dynamic hydrogen bonds, metal coordination, and electrostatic interactions. Moreover,
the hydrogels can be repeatedly molded into different shapes, such as a mickey shape
(Figure 5b(ii)). In terms of thermal-electric performance analysis, the output voltage of the
CNC-PEDOT:PSS/PVA hydrogel demonstrates a linear increase with temperature differ-
ence, while its Seebeck coefficient measures 1.31 mV K~! (Figure 5b(iii)). The hydrogel
generates an output voltage of about 6.51 mV at a hot plate temperature of 30 °C, corre-
sponding to a temperature difference (AT) of 5 K. By increasing the temperature difference
to 15 K, the output voltage can reach 19.68 mV (Figure 5b(iv)). However, removing the
device from the hot plate results in a sharp decrease in AT and subsequently in the output
voltage. Once returned to the hot plate, the voltage quickly returns to its original value.
The self-powered hydrogel device integrates self-healing, adhesion, and sensing proper-
ties, and experimental results demonstrate its ability to effectively convert thermal energy
into electrical energy. Adhesion is one of the advantages of hydrogels as a component of
wearable devices and helps in adhering the device to the skin surface.

Ionic thermoelectric (i-TE) materials, which utilize movable ions as charge carriers,
have demonstrated the ability to generate significant thermal voltages at low operating
temperatures. The underlying mechanism of i-TEs is founded on the Soret effect, where
a temperature gradient induces an uneven allocation of cations and anions, creating a
difference in voltage. To explore the properties of cations and anions in the context of
ionic thermoelectrics, He et al. incorporated various inorganic compounds into PVA
hydrogels, as shown in Figure 5c [88]. The investigation revealed that the ionic Seebeck
coefficient is highly affected by the breaking strength of the anions’ structure, as well as
the cations. Particularly noteworthy is the Seebeck coefficient of the PVA /Csl hydrogel,
which achieves 52.9 mV K™ at a 0.1 M concentration (Figure 5c(i)). This is the highlight
of the study, which demonstrates remarkably high Seebeck coefficients. Since ions are
unable to flow through external circuits, i-TE generators operate by converting heat to
electricity in the form of capacitors. The process involves four stages: First, the voltage
rises during charging with a temperature gradient (stage I), and the voltage increases.
Subsequently, when a load is connected, the charge accrued on the electrode is freed into
the external circuit to perform work (stage II). After removing the temperature difference
and disconnecting the external circuit, the ions spread back to the initial state (stage III).
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Lastly, when the circuit is turned off, the charges on the electrode pass through the load
ionic hydrogels also offer advantages such as easy preparation, cost-effectiveness, and
mechanical ruggedness. These characteristics suggest that hydrogels with properly selected
ions have many advantages in collecting low-grade heat and deserve further exploration
for their potential as thermoelectric cells.

Due to the limited flexibility and stretchability of existing materials, significant break-
throughs in self-powered thermoelectric wearables have remained challenging. However,
there has been increasing interest in flexible aqueous thermocells using redox couples in the
field of wearable electronics. These thermocells offer advantages such as lower production
costs and higher thermal—electric conversion efficiency. Numerous studies have focused on
the regulation of redox ions and electrolyte solvents to optimize their performance. In a
pioneering work by Tian et al., a novel redox couple of SO42~ /SO32~ was introduced as a
p-type thermogalvanic ion, exhibiting a Seebeck coefficient of 1.63mV K~! when the redox
couple concentration was 0.1 M [89]. The thermoelectric conversion mechanism is depicted
schematically in Figure 5d(i). When the hydrogel is exposed to a temperature gradient,
it creates a stable difference in temperature between its two ends, enabling thermopower
production by harnessing environmental thermal energy. To demonstrate the potential
of collecting low-grade thermal energy, a gel device was connected to an LED through a
voltage amplifier with a gain of 357. To enhance safety and minimize risks associated with
the gel containing DMSQ, it was encapsulated using polyethylene film. The thermoelectric
conversion of the device was accomplished by simply touching the film with fingers. When
periodically touching the gel with a forefinger, a temperature gradient of approximately
4 K was induced, leading to an output voltage value exceeding 7 mV (Figure 5d(ii)). This
successful demonstration signifies that the heat generated by the finger was effectively
converted to power the LED. Redox couple-based thermoelectric conversion mechanism
is expected to play an increasingly important role in thermoelectric devices, owing to its
good thermoelectric response properties. However, the application demonstration of this
work used an amplifier, suggesting that this type of gel requires a further boost in output.

The above-mentioned hydrogel-based thermoelectric devices demonstrated the capa-
bility to effectively convert thermal energy into electrical energy by introducing traditional
semiconductor thermoelectric materials, conductive polymers, or the Soret effect and the
thermogalvanic effect of ions. Additionally, various synergistic effects of thermoelectric
phenomena have also been studied to enhance thermoelectric power [90-92].

4.2. Self-Powered Applications of Hydrogel-Based TEG Devices

In this section, we present novel hydrogel-based thermoelectric devices for various
applications. A gel electrolyte-based thermogalvanic generator was developed for body
temperature monitoring, while a conformal gel-based patch allowed for simultaneous
monitoring of body temperature and pulse. A stretchable hydrogel-based thermocell was
designed for flexible power generation, and an ultrasensitive flexible thermal sensor array
was integrated into a smart glove for object temperature perception. These advancements in
hydrogel-based thermoelectric devices provide potential applications in health monitoring,
wearable power supply systems, and intelligent interactions.

The first application demonstrated is temperature monitoring. Due to the inherent
temperature sensitivity of thermoelectric devices, sensing temperature is also a fundamen-
tal self-powered application of thermoelectric devices. Bai et al. presented a gel-based
thermogalvanic generator utilizing Fe3* /Fe?* as the redox pair [93]. A mesh-like PVDF
diaphragm inserted within the PVA gel was used to fabricate a thermal barrier, effectively
enhancing the Seebeck coefficient (Figure 6a). To showcase its potential application in
capturing human body heat and detecting vital signs, a gel thermoelectric patch was
utilized to establish a body temperature monitoring system, as depicted in Figure 6a(i).
The output of the system heavily relies on the temperature difference between the gel’s
two ends. Consequently, Figure 6a(ii) demonstrates the association between the current
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values and body temperature, revealing a steady increase in current with rising temperature
across three distinct regions. Remarkably flexible, the gel device can be bent and twisted.
Figure 6a(iii) demonstrates that when the gel patch is near a heat source, the current ex-
ceeds 80% of its maximal value within 2 s, and declines to 20% within 20 s after moving
away from the source. The inset of Figure 6a(iii) shows that the temperature detection
limit is 0.1 K. Additionally, when the gel patch is applied to feverish skin, a noticeable
temperature reduction is observed, as depicted in Figure 6a(iv), suggesting a significant
cooling effect provided by the gel. Furthermore, as a gel patch, water retention is a crucial
consideration. With its rapid response/recovery, low detection limit, and cyclic stability to
temperature differences, the gel patch-based wearable sensor proves to be an effective tool
for monitoring human temperature.
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Figure 6. (a) Application demonstration of thermogalvanic gel-based wearable body temperature
detection. (i) Schematic illustration of the use of a gel patch for body temperature monitoring.
(ii) Correlation between current and body temperature. (iii) Current response curve as well as an
inset showing the current profile at a 0.1 K temperature difference. (iv) Cooling effect of the gel when
affixed to the skin. Reproduced with permission [93]. Copyright 2021, American Chemical Society.
(b) Applications of the body temperature detection and pulse responder. (i) Workflow schematic
of the body temperature and pulse measurement. (ii) Infrared image of a gel patch attached to a
wrist. (iii) Output voltage profile during repeated contact and separation cycles between the gel and
the wrist. (iv) Current versus time while monitoring the wrist pulse of a volunteer at rest and after
exercise. Reproduced with permission [94]. Copyright 2023, Elsevier. (c) Hydrogel thermocell for
thermal energy harvesting. (i) [llustration depicting the integration. (ii) Photos capturing the thermo-
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cell device affixed to the body in various deformation modes. (iii) Thermoelectric performance of a
device incorporating 14 pairs of p-n cells. (iv) Voltage-time plot of the thermocell attached to the wrist.
(v) Voltage—time curve of a capacitor charged by the thermocell. Reproduced with permission [95].
Copyright 2022, Wiley. (d) Smart glove with spatial heat perception. (i) Smart glove with integrated
thermal sensor arrays. (ii) Thermal sensor array affixed to each finger. Demonstrating the thermal
sensory function of the glove when touching (iii,vi) a warmer, (iv,vii) a soda can, and (v,viii) a hand.
Reproduced with permission [96]. Copyright 2023, Wiley.

In addition to temperature measurement, there are studies showing the usage of pulse
detection. Zhang et al. developed a conformal TEG utilizing Fe?* /Fe3* electrolyte-based
hydrogels and multi-walled carbon nanotube (MWCNT) electrodes [94]. Leveraging its
exceptional thermoelectric performance, flexibility, and stretchability, a self-powered health
monitoring patch capable of conformally attaching to the wrist or other areas was fabricated
(Figure 6b). This thermogalvanic gel-based patch enables simultaneous monitoring of vital
physiological signals, including pulse and body temperature, when placed on the wrist area.
As depicted in Figure 6b(i), the sensing signals are acquired using a cell phone terminal for
quantitative analysis. Due to the permanent temperature gap between the human body
and the surrounding air, where the air temperature remains nearly constant, the foundation
for testing temperature is established. Figure 6b(ii) illustrates an infrared image of the
hydrogel patch adhered to the wrist. Figure 6b(iii) showcases the voltage signal profiles as
the hydrogel contacts and leaves the skin, demonstrating the ideal cycling characteristics of
the thermoelectric gel. Additionally, the gel can monitor changes in the volunteer’s wrist
pulse rate, as shown in Figure 6b(iv), detecting a rate of 78 beats per minute (bpm) while
relaxed and 102 bpm after exercise. This research holds significant implications in disease
detection and health care, providing new insights for the development of self-powered
epidermal medical wearables.

While the above two studies only demonstrate the use of a single gel, the following
study illustrates the integration of multiple hydrogel units with different thermoelectric
properties to multiply the output. Xu et al. used a PAAm-based super-stretchable hy-
drogel as an excellent substrate for thermocells, enabling adaptation to body surfaces.
Fe(ClO4)3/Fe(ClO4), was chosen as the n-type ion pair due to its comparable thermo-
electric properties to K3[Fe(CN)¢]/K4[Fe(CN)s] (p-type elements) [95]. By integrating
inherently stretchable hydrogels and graphite paper electrodes, a body-conformable ther-
mocell was prepared using a traditional n-like device structure (Figure 6¢). Unlike parallel
electrodes, staggered electrodes were used in this design to provide a stretchable area for
device deformation. This electrode configuration, combined with the hydrogel’s excellent
adhesion, prevented relative shifting between the electrodes and hydrogel under lateral
forces. Using the aforementioned design concept, 14 p-n pairs of hydrogel elements were
integrated into a thermocell sheet (Figure 6¢(i)). As illustrated in Figure 6¢(ii), the thermo-
cell effectively adhered to curved body surfaces such as arm and wrist joints, adapting well
to deformations. At a temperature drop of 4.1 K, the thermocell achieved an output voltage
of 160 mV and a maximal power of 0.77 uW (Figure 6c¢(iii)). Notably, the voltage slightly
increased as the wrist joint deformed from 0° to 90°, facilitating better contact with the
human body (Figure 6¢(iv)). Furthermore, the wearable thermocell was capable of charging
a 330 uF capacitor (Figure 6¢(v)). This work demonstrated the potential of thermogalvanic
cells for applications in everyday power supply systems, offering advantages such as low
cost, decent output behavior, simple structure, and skin-like appearances.

Likewise using multiple gel units, Han et al. presented an ultrasensitive thermal
sensor array based on an ionic thermoelectric hydrogel composed of polyquaternium-10
(PQ-10) and NaOH as the ion source [96]. The developed PQ-10/NaOH hydrogel reaches a
high Seebeck coefficient of 24.17 mV K~1. To showcase the application in artificial sensing,
a smart glove that integrates PQ-10/NaOH sensors was fabricated (Figure 6d). Emulating
the thermal feeling of human skin, 14 nodes were strategically located on the five fingers of
the glove (Figure 6d(i)). Each finger was equipped with an array of thermal sensors, with
the sensing and reference electrodes attached to the anterior and posterior sides of the finger
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(Figure 6d(ii)). The glove was then put on a fake hand and tested by touching different
temperature objects (Figure 6d(iii—v)). The corresponding voltages of the smart glove
contacted with a warmer (=40 °C), a soda can (=8 °C), and a hand (=37 °C) are depicted in
(Figure 6d(vi-viii)). Upon contact with a hot or cold object, the sensing nodes touching the
object recorded negative or positive voltages, while the voltages for other sensing nodes
remained near zero. By detecting the voltages of all sensor nodes, the smart glove is capable
of perceiving the temperature and touch position of an object, demonstrating the promising
application for intelligent robot—environment interaction.

The excellent thermal-electric conversion performance, flexibility, conformability, and
biocompatibility of hydrogel enable it to adapt to various wearable scenarios, expanding
the application range of traditional self-powered devices based on thermoelectric effects.
Furthermore, combining the thermoelectric effect with other effects can give rise to more
sensing strategies. In the following section, self-powered sensing applications based on
various effects (including the aforementioned triboelectric effect, piezoelectric effect, and
thermoelectric effect) will be demonstrated.

5. Energy Harvesters and Self-Powered Wearable Applications Based on
Hybrid Effects

5.1. Triboelectric, Piezoelectric, and Piezoresistive Effects

With the continuous improvement of wearable devices, nanogenerator technology
with self-powered sensing potential has received significant attention in recent years. The
piezoelectric effect and triboelectric effect are commonly used mechanisms in human
motion sensing. Self-powered devices based on these two effects generally exhibit im-
proved output performance compared with single-type devices [97-100]. Furthermore,
the piezoresistive effect typically refers to the phenomenon where the resistance of a semi-
conductor changes due to the variation in energy levels of the conduction band caused
by stress-induced band structure changes [101-104]. However, in the context of hydrogel
applications, the piezoresistive effect generally refers to changes in resistance resulting
from variations in the dimensions of the gel under deformation [105-108]. Based on this
characteristic, hydrogels can be used for stress or strain sensing.

Wang et al. developed a flexible and highly transparent PAM/BTO (BaTiO3 nanocubes)
complex hydrogel in a self-powered sensor, using the synergistic effects of piezoelectric,
triboelectric, and piezoresistive properties [109]. The hydrogel film could be used directly
as a piezoresistive sensor. A sandwich-structured TENG working in single-electrode mode
was prepared while hydrogels served as electrodes, with a PTFE film as the triboelectric
layer and an acrylic board as the support (Figure 7a). The working mechanism of the
TENG is rooted in the combined effects of the triboelectric and piezoelectric properties of
the BTO-containing hydrogel. The PAM/BTO hydrogels demonstrated improved TENG
performance compared with pure hydrogels, attributed to the positive influence of BTO on
the output (Figure 7b). Finite-element simulation using COMSOL elucidated the proposed
mechanism, further confirming the enhancement resulting from the piezoelectric charges
induced by the BTO nanotubes (Figure 7c,d).

By leveraging the hydrogel-based TENG sensor, it was possible to monitor small
pressures, accurately determine weights, and recognize walking postures in real time. The
sensor successfully sensed finger sliding on a mobile phone surface and knee movements by
measuring Vo between the human body and the ground (Figure 7e f). With the composite
hydrogel sensor on the heel, different weights of student volunteers were distinguished
based on the sensitivity of the sensor, while the distinct frequencies of voltage pulses
reflected the habits of different volunteers (Figure 7g). Consequently, the hydrogel-based
TENG exhibited promising applications in gait detection and weight measurement, which
are scenarios that include pressing action.
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Figure 7. (a) Schematic diagrams and (i-iv) operating principle of the sandwich-like TENG. (b) Com-
parison of voltage and current outputs between TENGs with pure hydrogel and PAM/BTO hydrogels.
(c) Schematic diagram illustrating the production of piezoelectric charges in BTO. (d) Finite-element
simulation depicting the potential distribution in BTO composite hydrogel for BTO nanoparticles with
different distributions under a loaded force of 1 N. (e) Voltage output of the self-powered TENG sen-
sor for detecting pressure on a mobile phone. (f) TENG sensor attached to the knee. (g) TENG sensor
(highlighted with a yellow box) attached at the heel, distinguishing different weights. (h-k) AR/Rg
values for the hydrogel piezoresistive sensor detecting (h) different contact strengths, (i) finger bend-
ing, (j) wrist motion, and (k) elbow bending. Reproduced with permission [109]. Copyright 2022,
American Chemical Society.
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Additionally, the good stretchability of hydrogels was exploited to use them directly as
pressure and curvature sensors. The hydrogel-based piezoresistive sensor was mounted on
a variety of joint-containing parts for sensing sophisticated motion changes. The resistance
change in the hydrogel, resulting from the variation in the cross-sectional area during
sensor deformation, converted strain signals into electric signals, allowing for the detection
of finger touch, tapping, and pressing with high sensitivity (Figure 7h). Furthermore, the
hydrogel-based sensor sensitively detected finger bending at various angles (15, 45, 60,
and 90°), as recorded in Figure 7i. As the bending angle increased from 0 to 90°, a gradual
increase in AR/Rg (change in resistance) was observed due to increased sensor stretching.
The sensor also accurately monitored the large motion of the wrist and elbow, evidenced
by the step increase in AR/Ry corresponding to the elbow bending angle (Figure 7j,k). The
sensor demonstrated the ability to distinguish pressure and sense both minor and major
movements during exercise.

In summary, the PAM/BTO hydrogel-based sensors exhibited high sensitivity, ac-
curacy, and repeatability. The study demonstrates the enormous potential of hydrogel
devices that combine triboelectric, piezoelectric, and piezoresistive effects for real-time
biomechanical sensing applications.

5.2. Photothermal and Thermoelectric Effects

Solar energy is a green source of energy that is abundant and inexhaustible. Given the
challenges posed by climate change and the energy crisis, the conversion of solar energy
into other forms of energy has gained significant research interest [110]. Photothermal
materials are a class of materials that convert absorbed light energy into heat and have
significant potential application prospects in solar thermal conversion [111]. Various
photothermal materials have been studied, such as MoS, [112], CuS [113], Fe3O4 [114], and
gold nanoparticles [115], among others. The following study demonstrates a strategy for
photo-thermal-electric (PTE) conversion using a combination of photothermal materials
and the thermoelectric effect of hydrogels.

In a recent study, Yang et al. present a PTE hydrogel for human motion detection [116].
The design leverages the low thermal conductivity and high output power of PVA-PDMS
gels, while Fe?*/3* is selected as the redox pair. The key to achieving photothermal conver-
sion in their study is the utilization of the local surface plasmon resonance (LSPR) of Au
nanoparticles (AuNPs). This enables simultaneous high thermoelectric and photothermal
performance. A schematic diagram of the PTE device is depicted in Figure 8a, consist-
ing of a photothermal layer, a thermoelectric hydrogel, and carbon paper serving as the
current collectors at the two ends of the hydrogel. To enhance solar—thermal conversion
performance, AuNPs@SiO, are embedded within the PDMS, with SiO, nanoparticles play-
ing a crucial role in increasing the light scattering and dispersing the AuNPs, resulting
in improved light absorption and photothermal conversion. The significant quantity of
AuNPs@SiO; incorporated contributes to the enhanced photothermal conversion ability
of the composites. The PDMS layer is transparent, facilitating easy photon access to the
surface of AuNPs@SiO;. Based on the LSPR effect, AuNPs undergo a plasma-enhanced
photothermal effect when exposed to a resonant wavelength.

Figure 8b illustrates a schematic diagram of the PTE patch designed for human motion
sensing. During the thermogalvanic conversion process, the exposure of the patch to
external sunlight is influenced by the arm swing, which in turn causes the temperature of
the gel to change. The detected output current primarily depends on variations in solar
light intensity incident on the patch. The solar-actuated gel exhibits a larger temperature
variation with increasing light strength, as demonstrated in Figure 8c, supported by the
top and side infrared pictures of the PTE device in Figure 8d. The gel sensor has quick
responses and distinguishable current signals, proving that it can effectively detect human
motion (Figure 8e). Different arm swing frequencies typically indicate varying speeds of
body movements. The current plots verify that the current amplitude is correlated with the
arm swing frequency (Figure 8f). A higher frequency results in a shorter rising time for the
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current, leading to a decrease in current amplitude. The current waves created by the gel
patch can be transferred to the cell phone terminal, enabling the detection and recognition
of common human body movements (Figure 8g).
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Figure 8. (a) Schematic representation of the designed Photo-Thermal-Electrochemical (PTE) device
for thermal sensing. (b) Schematic of the PTE patch used for human movement detection. (c) Variation
in the photothermal layer’s temperature and temperature differences. (d) Infrared pictures of the
photothermal layer. (e) Current variations at different sunlight levels. (f) Changes in current at
different swing arm rates. (g) Recognition of key movement patterns, such as walking, jogging, and
running. Reproduced with permission [116]. Copyright 2023, Elsevier.

This work presents a PTE patch that not only enables non-contact control but also has
the potential to be integrated with therapeutic devices for adaptive regulation of human
physiological states. Additionally, previous studies have showcased the versatility of
PTE conversion, which not only facilitates power generation but also finds applications
in freshwater production and light intensity monitoring [117-119]. In conclusion, these

PTE devices offer a novel avenue for harnessing solar energy and transforming it into
electrical energy.
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5.3. Thermoelectric and Piezoresistive Effects

Thermoelectric hydrogel materials encompass both thermoelectric and piezoresistive
effects. Previous studies have shown elastomer sensors capable of dual-mode sensing for
temperature and pressure [120-122]. The following section presents a demonstration of
hydrogel devices based on both effects for detecting temperature and pressure.

Fu et al. presented a stretchable and self-powered dual-sensing i-skin based on thermo-
galvanic hydrogels (TGHs) for simultaneous detection of temperature and pressure [123].
The TGH sensor was fabricated by incorporating the redox couple K4Fe(CN)g/KsFe(CN)g
into PAM hydrogels and further sandwiched by two titanium foil electrodes. Leveraging
both the piezoresistive and thermogalvanic effect of the hydrogel, temperature and pressure
excitations can be turned into voltage and current responses, enabling the perception of the
variables at the same time.

The mechanism of sensing is illustrated in Figure 9a. When an external temperature
stimulus is applied to the TGH sensor, a temperature difference is formed between the
electrodes, leading to a potential difference across the hydrogel due to the reversible
reaction of the redox couple. A TGH sensor immobilized on a thermostatic substrate
can immediately sense the surface temperature. Additionally, the internal resistance of
the TGH sensor changes with shape deformation caused by external pressure stimuli
(Figure 9b), allowing pressure to be perceived by monitoring the current variation. When
both temperature and pressure stimuli are presented, the voltage output and current
variation can be tested by monitoring the voltage and relative voltage change in the
resistance connected to the hydrogel, respectively. This is how the TGH sensor works to
detect both temperature and pressure stimulation. Specifically, when only a temperature
stimulus is applied, the slope of the resistance profile remains unchanged, demonstrating
that the temperature change has a negligible effect on the resistance (Figure 9c). The effective
internal resistance of the TGH is influenced by the hydrogel thickness. It is evident from the
I-V plots that the V. of the sensor remains unaltered at different pressures, affirming that
external pressure stimuli do not affect the output voltage (Figure 9d). Consequently, TGH
sensors can detect both pressure and temperature at the same time without interference.

To fulfill the requirements for practical applications, a TGH array was designed
for space sensing. Figure 9e illustrates the detailed structure of the sensor array. The
TGH was packaged by Ecoflex, with a snake-like electrode array for spatial temperature-
pressure sensing. This structure ensures uniform strain distribution when stretching occurs
(Figure 9f). In response to gentle finger pressure on one of the pixels (Py), stable voltage
and current responses were observed during consecutive loading-unloading loops, while
the neighboring pixel (Py) did not have any reaction (Figure 9g), confirming that the pixels
can perform space sensing without interference.

The strain-tolerant and space temperature—pressure monitoring abilities of the fabri-
cated sensor array were demonstrated in two cases. In the first case, the stretchable array
was used to digitally monitor tactile messages of human skin, unaffected by limb motions. A
TGH sensor array was attached to the back of the wrist to gauge a variety of external tactile
signals. Figure Sh depicts apparent stretching of the TGH device caused by wrist bending,
while quantifiable stimuli were identified when objects of different temperatures or masses
were touched by the flexible array, regardless of stretching (Figure 9i,j). In the second
demonstration, a weight was placed on the TGH array to showcase its space temperature—
pressure monitoring characteristics (Figure 9k). The space tactile messages captured by
the stretchable array align with the locations of the applied weight (Figure 91,m). The
proposed design exhibits strain-tolerant and space-perception capabilities, holding promise
for applications in artificial intelligence, human-computer interaction, and virtual reality.

The strategy demonstrated above, which combines multiple effects to achieve self-
powered sensing applications, not only expands the ways of power generation but also
unlocks a plethora of usage scenarios, paving the way for further developments in wearable
electronics. This approach opens up a range of possibilities for wearable applications,
contributing to the overall development of wearable electronics.
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Figure 9. (a) Principle of monitoring temperature and pressure. (b) Compressing ability of TGH
hydrogels. (c,d) I-V plots under different AT (c) and loading pressures (d). (e) Schematic diagram of
the sensor array. (f) The TGH sensor array’s tensile characteristics. (g) Results of thermal voltage
output and current variation. (h) Photos of the TGH array on the wrist in the comfortable and bent
position. Voltage (i) and current shift (j) when items with various temperatures and pressures are
applied. (k) Schematic diagram illustrating simultaneous detection of pressure and temperature.
Voltage (1) and current variation (m) in the array in (k). All scales are 10 mm. Reproduced with
permission [123]. Copyright 2022, American Chemical Society.

6. Conclusions and Outlook

Given the numerous advantages of hydrogels, such as conductivity, high sensitivity,
flexibility, mechanical strength, self-healing, and biocompatibility, the integration of hydro-
gels with energy harvesting devices (TENGs, PENGs, TEGs) expands the possibilities of
self-powered applications, particularly in wearable devices. This study reviews the litera-
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ture and latest developments in energy harvesters based on hydrogels, including device
construction and their self-powered sensing applications in wearable scenarios. More-
over, the achievements of hybrid devices based on various energy harvesting strategies
are highlighted.

To accelerate the incorporation of hydrogels into flexible wearable electronic devices,
it is recommended to take the following measures and overcome related challenges. Firstly,
from the material aspect, lots of progress has been made in current research to obtain
materials such as self-adhesive, self-healing, and durable properties by modulating the
mechanical/electrical properties of hydrogels. However, in the design process of hydrogel-
based generators, the mechanical strength of other parts of the devices should be considered
to prolong their lifespan in scenarios where they are subject to frequent external forces,
such as joint bending. Alternatively, packaging or integration processes can be used to
enhance the overall stability of the device’s output. For energy harvesting, attention should
be paid to improving the output power density of energy conversion devices. The process
of practical application of various energy harvesters can be promoted with more effective
means. For example, energy management strategies can be applied to hydrogel-based
TENGS to make them better adapt to self-powered demand. Additionally, while hydrogels
offer flexibility and ease of conformability, which make them well-suited for wearable
applications, most of the research on hydrogel sensors has been conducted with wired
connections. However, it is not suitable to have multiple exposed wires in wearable applica-
tions, which limits their adoption in commercial electronic devices. The future application
of hydrogels can be combined with wireless information transmission technology to ex-
pand the functionality of hydrogel devices in a convenient and wireless direction. Another
significant issue with self-powered sensors is that sensing demonstrations should not only
focus on simple functionality but also the technical parameters and comparisons with
commercial sensors. Some technical parameters should be proposed for different types of
self-powered sensors to standardize the performance specifications of the tested devices.
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