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Abstract: The internet of medical things (IoMT) is used for the acquisition, processing, transmission,
and storage of medical data of patients. The medical information of each patient can be monitored
by hospitals, family members, or medical centers, providing real-time data on the health condition
of patients. However, the IoMT requires monitoring healthcare devices with features such as being
lightweight, having a long lifetime, wearability, flexibility, safe behavior, and a stable electrical
performance. For the continuous monitoring of the medical signals of patients, these devices need
energy sources with a long lifetime and stable response. For this challenge, conventional batteries
have disadvantages due to their limited-service time, considerable weight, and toxic materials.
A replacement alternative to conventional batteries can be achieved for piezoelectric and triboelectric
nanogenerators. These nanogenerators can convert green energy from various environmental sources
(e.g., biomechanical energy, wind, and mechanical vibrations) into electrical energy. Generally, these
nanogenerators have simple transduction mechanisms, uncomplicated manufacturing processes,
are lightweight, have a long lifetime, and provide high output electrical performance. Thus, the
piezoelectric and triboelectric nanogenerators could power future medical devices that monitor
and process vital signs of patients. Herein, we review the working principle, materials, fabrication
processes, and signal processing components of piezoelectric and triboelectric nanogenerators with
potential medical applications. In addition, we discuss the main components and output electrical
performance of various nanogenerators applied to the medical sector. Finally, the challenges and
perspectives of the design, materials and fabrication process, signal processing, and reliability of
nanogenerators are included.

Keywords: energy harvesting; green energy; internet of medical things; monitoring healthcare
devices; piezoelectric nanogenerator; triboelectric nanogenerator

1. Introduction

Due to the health problems caused by COVID-19, the World Health Organization
(OMS) has implemented strategies for monitoring, controlling, and treating chronically ill
patients [1,2]. An interesting strategy is digital home hospitalization, which could be used
in future health contingencies [3–5]. This strategy is justified by the lack of hospital beds
and the increase in the world population of older adults [6,7]. The world population could
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reach 8.5 billion and 9.7 billion in 2030 and 2050, respectively [8]. In addition, digital home
hospitalization is suitable for people with chronic diseases who live in isolated areas [9,10].
Thus, patients could be cared for from their homes, preserving their integrity with the help
of the implementation of a wireless patient monitoring tool.

In recent years, the internet of medical things (IoMT) and the internet of things (IoT)
have registered great interest from the scientific and medical communities. The IoMT
is a subarea developed and applied within the IoT to focus on different current medical
applications. This process uses the acquisition, processing, transmission, and storage
of medical information through specific devices and the security of patient data [11–15].
The IoMT processes and contains patients’ confidential data. Thus, a critical challenge of
the IoMT is achieving data security [16,17]. The IoMT requires devices with soft, elastic,
and biocompatible materials, safe performance, and stable electrical response [18–20]. In
addition, these devices require a great capacity for monitoring different patient signals
using electrical energy sources of small size and long lifetime. These devices must provide
real-time data on the health status of patients, informing the patients, family members,
medical centers, or doctors. In addition, the IoMT devices must alert possible health risks
of patients.

Wireless and portable electronics have increased with the gradual technological de-
velopment of 5th generation mobile networks around the world [21–25]. Using portable
electronic devices and wireless connections, the IoMT technology may allow the possibility
to control and assist patients. Thus, this technology can help patients’ health by providing
and controlling medical treatments [26–29]. However, the future IoMT portable devices
will require energy sources that replace conventional batteries, which have limitations such
as limited lifetimes, large volume and weight, and toxic materials that can contaminate
the environment. To improve the performance and lifetime of energy storage devices,
recent investigations [30–35] have developed rechargeable metal-air batteries and metal-
ion batteries, as well as supercapacitors. Another alternative to substitute conventional
batteries is the fabrication of nanogenerators, which can harvest green energy from the
environment or the human body. The nanogenerators offer advantages such as a long
lifetime, small volume, light weight, a non-expensive fabrication process, and high output
power density [36–40]. The nanogenerators can use the triboelectric and piezoelectric
effects for harvesting biomechanical energy into electricity [41–49]. The piezoelectric nano-
generators can convert the mechanical deformations of the piezoelectric materials used in
their structures into electrical voltages. On the other hand, triboelectric nanogenerators use
both contact electrification and electrostatic induction between two moving triboelectric
layers to generate an electrical potential difference. Table 1 depicts several advantages
and disadvantages of piezoelectric and triboelectric nanogenerators, metal-air batteries,
and supercapacitors.

Nanogenerators can harvest biomechanical energy due to the movement of the hands
and fingers [50–57], wrists [58–66], knee joints [67–74], and feet [75–84]. In addition, this
energy is generated by external agents, including the movement or friction of clothing,
backpacks, and the airflow interacting with the human body when running, riding a motor-
cycle or bicycle, skating, and so on. Nanogenerators could also power future implantable
medical devices. Implantable medical devices can maintain and monitor vital signs of pa-
tients, such as heart rate monitors, pacemakers, defibrillators, and brain stimulation [85–87].
However, these devices are still powered using conventional batteries, which have limited-
service life. Thus, nanogenerators could harvest the biomechanical energy of patients for
powering implantable medical devices [88–102]. Figure 1 illustrates the application of
nanogenerators to convert biomechanical motion into electrical energy to power potential
IoMT electronic devices.
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Table 1. Comparison of advantages and disadvantages of different devices used in the energy
harvesting and storage process.

Device Type Advantages Disadvantages Ref.

Metal-air
batteries

High energy density, low cost, flat
discharge voltage, and high safety

Performance is affected by environmental
conditions, dendrite formation on the

anode, carbonation of alkaline electrolyte,
and limited range of operating temperature

[30,32]

Supercapacitor
High energy density, high specific surface
area, long cycle life, and good conductivity

and stability

Capacitance and charge storage depend on
the employed electrode materials and

non-simple fabrication process
[33–35]

Piezoelectric
nanogenerator

Simple structure and easy fabrication
process, good electromechanical stability,

and non-complex signal processing system

Performance depends on the properties
and structural configuration of the

piezoelectric material
[36]

Triboelectric
nanogenerator

High electrical performance, compact
structure, simple working principle,

low-cost materials, and good
electrical stability

Wear of triboelectric material by friction,
and performance depends on the

properties and working mode of the
triboelectric film

[36]
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Figure 1. Potential application of piezoelectric and triboelectric nanogenerators to convert biome-
chanical energy into electrical energy, which could be used to power IoMT electronic devices.

We reviewed piezoelectric and triboelectric nanogenerators that can harvest green
energy from environmental sources such as human body motion, mechanical vibrations,
and wind. The harvested energy can be converted into electrical energy to power potential
medical devices that monitor and process signals of different health parameters of patients.
These signals could be transmitted to hospitals or medical centers using the IoMT. The op-
erating principle, materials, and manufacturing processes of nanogenerators are discussed.
Future medical applications of piezoelectric and triboelectric nanogenerators are reported,
including materials, signal processing components, and packaging. Finally, we proposed
the challenges and perspectives on the output performance of nanogenerators, taking
into account the topics of design, materials and fabrication processes, signal processing,
and reliability.

2. Operating Principle, Materials, and Fabrication

Triboelectric and piezoelectric nanogenerators have potential applications in the medi-
cal sector due to their high electrical output performance, simple structure and operation
principle, and cost-effective fabrication process.

In 2017, Chen et al. [103] reported a flexible hybrid nanogenerator that can be at-
tached on soft surfaces, such as human skin, for body motion harvesting and monitoring
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physiological signals. A single-electrode TENG and a PENG are integrated into the nano-
generator to improve its electromechanical performance (Figure 2). The PENG module
used poly(vinylidenefluoride-co-trifluoroethylene) P(VDF-TrFE) nanofiber mats as the
piezoelectric structure, and polydimethylsiloxane (PDMS) as the protective layer. Ther-
moplastic polyurethane (PU) nanofibers coated with carbon nanotubes (CNT) and silver
nanowires (AgNWs) were employed in the electrodes. Thus, the PU electrodes sandwiched
the piezoelectric layer. The PENG part was separated from the TENG part by a PDMS
isolation film to produce piezoelectric and triboelectric outputs. Another PDMS layer
operated as triboelectric material, and the PU film as an electrode for the single-electrode
TENG. Based on the triboelectric and piezoelectric mechanisms, this hybrid nanogenerator
registered a maximum peak power up to 84 mW/m2 and 0.11 mW/m2 for the TENG and
PENG modules under compressive stress (Figure 3). This nanogenerator can be attached
to any soft hybrid to convert tapping and pressing energy into electricity. The hybrid
nanogenerator can be placed on the skin for real-time monitoring of human physiological
signals, such as respiratory information and radial artery pulse. Figure 4 shows the hybrid
nanogenerator attached to the back of the hand to collect the body motion energy of closing
the fist and punching. This nanogenerator can be mounted on the abdomen for monitoring
the human respiratory rate and depth. Thus, the nanogenerator could be employed for
monitoring the respiratory condition of patients. Also, this nanogenerator has potential
applications for self-powered healthcare monitoring systems and e-skins.
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Figure 2. Flexible hybrid nanogenerator reported by Chen et al. [103]. (a) Nanogenerator placed on
the surface of a balloon. (b) Schematic view of the different materials of the nanogenerator. (c) SEM
image of the electrospun P(VDF-TrFE) nanofiber mat. (d) SEM image of the micro-patterned PDMS
layer. (e) Process of contact-separation and compress-recover on a soft surface. (f) Measurements
of resistance of the conductive fiber mat as a function of its bending angle. (g) Stability results on
the resistance variation of the fiber-based electrode under fold/unfold deformation for 1000 cycles.
SEM image of the fiber-based electrode. Reprinted with permission from [103]. Copyright ©2017,
Elsevier Ltd.
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Figure 3. Electrical output performance of the flexible hybrid nanogenerator reported by
Chen et al. [103]. (a) The output voltage, (b) current, and (c) maximum peak power as a func-
tion of resistance load of the TENG module. (d) The output voltage, (e) current, and (f) maximum
peak power versus resistance load of the PENG module under compression. (g) The output voltage
and (h) current of the PENG module under bending mode. (i) The charge voltage of a capacitor
of 1 µF using the hybrid nanogenerator. Reprinted with permission from [103]. Copyright ©2017,
Elsevier Ltd.

In 2018, Sun et al. [104] designed a biocompatible triboelectric–piezoelectric–pyroelectric
hybrid nanogenerator with high flexibility. This nanogenerator has a transparent structure
formed by polyvinylidene fluoride (PVDF), PDMS, and Ag nanowires. The PVDF material
acts as piezoelectric and pyroelectric film and the PDMS acts as a triboelectric film. The
Ag nanowires are used as high-performance transparent electrodes (TEs) and can be dis-
tributed into a network like a leaf venation (LV), inspired by optimized LV (Figure 5). Thus,
the working mechanism of the hybrid nanogenerator is integrated by a triboelectric nano-
generator, a piezoelectric nanogenerator (TENG-PiENG), and a pyroelectric nanogenerator
(pyENG). This nanogenerator can be mounted on different body parts to collect mechanical
and thermal energy from the human body. This nanogenerator has an environmentally
friendly design, which the structure of LV can reuse many times. The nanogenerator
structure registered a minimum sheet resistance of 1.4 Ωsq−1 with 82% transmission and
sheet resistance of 68.2 Ωsq−1 with an ultra-high transmission of up to 99%. The hybrid
nanogenerator can harvest a maximum open-circuit output voltage of 55 V and 86 V from
mechanical and thermal energy with the three coupled transduction mechanisms (Figure 6).
The nanogenerator has a potential application for assessing the patient’s health status with
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a cold, using frequency, coughing, and breathing through the amplitude of the voltage
(Figure 7). The hybrid nanogenerator can monitor various human physiological signals,
such as heartbeat, swallowing, and neck tilting. This nanogenerator could be used for cost-
effective medical diagnostics and prognosis of cardiovascular, Parkinson, and esophagus
diseases. Also, the nanogenerator integrated with a thermochromic liquid crystal display
(LCD) could operate as a thermometer for medical diagnostics.
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Figure 4. Results of real-time physiological monitoring using the flexible hybrid nanogenerator
developed by Chen et al. [103]. (a) Respiration signal during 50 s with four different breathing modes
such as deep, shallow, fast, and slow. (b) The enlarged signal in one breath cycle of a patient, which
was measured using the hybrid nanogenerator attached to the belly. (c) The real-time artery pulse
signal and (d) its enlarged signal of output voltage in one cycle that was measured with the hybrid
nanogenerator. Reprinted with permission from [103]. Copyright ©2017, Elsevier Ltd.

In 2019, Zhu et al. [105] investigated a self-powered and self-functional cotton sock
(S2-sock) based on a poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)-
coated fabric TENG and lead zirconate titanate (PZT) piezoelectric device (Figure 8). The
PEDOT:PSS is a polymer with high conductivity and mechanical stability. A Cu substrate
was bonded to the piezoelectric device to improve the ductility and optimize the mechanical
behavior. This sock can produce the featured waveforms for walking pattern recognition
and motion tracking of patients under home care. The experimental tests show that in-shoe
situation, the TENG part of the sock can generate the output power of 66 µW and 137 µW
at 1 Hz walking and 2 Hz jumping with a load resistance of 10 MΩ, respectively (Figure 9).
For indoor use, the TENG part of the sock stepping on a polytetrafluoroethylene (PTFE)
film, which is mounted on the ground, registers maximum powers of 1.17 and 1.71 mW
under a load resistance of 59.7 MΩ. This allows a power density of 11 µW/cm2 considering
a contact area close to 150 cm2. For the piezoelectric device (size of 5 cm × 5 cm), the
maximum output power was 32 µW under load resistance of 0.4 MΩ and 12 N at 1 Hz.
The maximum power density of the PZT device is 128 µW/cm2, which offers a good
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performance for smart textiles. For the indoor case using bare shocks at home, the pattern
recognition and motion tracking can be measured for home care applications of the IoMT.
The S2-shock was used to measure the mimetic motions of a Parkinson’s disease patient
regarding normal motion, loss of stride, and freezing of gait (FOG). Moreover, this sock can
collect energy from body motion and sense diversified physiological signals for healthcare
and home sports. In addition, this cotton sock can be enhanced by incorporating wireless
transmission modules and integrated circuits.
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Figure 5. Network of LV-like Ag nanowires of the hybrid nanogenerator fabricated by Sun et al. [104].
Images of (a) the structure of a ramified leaf used as a mold to fabricate the patterns of TEs. (b) The
skeleton of the leaf venation and (c) LV network were prepared in a square shape to be used as a mold.
(d) SEM image of Ag nanowires. These nanowires were synthesized in a small bottle. (e) Schematic
of vacuum filtration of the Ag nanowires. (f) Image of Ag nanowires film filtered using a cellulose
acetate membrane. (g) Schematic of a modified dry transfer printing technique to fabricate the
LV-like Ag nanowires network. (h) Image of the LV-like Ag network on a PDMS substrate (size of
3.5 cm × 3 cm). Reprinted with permission from [105]. Copyright ©2018, Elsevier Ltd.

In 2019, Li et al. [106] reported a hybrid nanogenerator based on cellulose nanofibril
(CNF) as a triboelectric layer and bacterial cellulose (BC) with nanoparticles of BaTiO3 and
a multi-walled carbon nanotube (MWCNT) as piezoelectric layer. The CNF fibers were
treated by employing a mixed solution of HNO3 and H2SO4. In addition, a -NO3 group is
applied to enhance the electronegativity of the CNF fibers. This hybrid nanogenerator is
formed by two composite layers. The top arched layer acts as PENG, using a functionalized
BC paper with two Ni electrode films. The PENG has an arched shape to improve the
strength of the effective strain applied to the bacterial cellulose film. The bottom layer
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operates as TENG integrated by a Nitro-CNF paper and a bottom Cu electrode film.
The working mechanism of the PENG consists of the strain of the piezoelectric layer
caused by external forces on its top surface, which generates a voltage variation between
the two Ni electrodes. On the other hand, TENG operates with contact electrification
and electrostatic induction. The triboelectric and piezoelectric parts have high output
electrical performance, achieving short-circuit current density and open-circuit voltage of
1.23 µA/cm2, 37 V, 220 nA/cm2, and 22 V, respectively. With a rectifier circuit to integrate
the outputs of both triboelectric and piezoelectric parts, the hybrid nanogenerator has a
short-circuit current density and open-circuit voltage of 1.6 µA/cm2 and 18 V, respectively.
This cellulose-composed nanogenerator has an environmentally friendly simple structure,
light weight, and cost-effective fabrication. Thus, this nanogenerator could apply to
wearable or implantable devices and self-powered electronic sensors.
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Figure 6. Working mechanism of the flexible hybrid nanogenerator designed by Sun et al. [104].
(a) Schematic view of the components of the hybrid nanogenerator. (b) Image of the hybrid nano-
generator placed on the wrist. Working mechanism of the (c) TENG-PiENG and (d) PyENG of the
hybrid nanogenerator. Open-circuit voltage of the (e) TENG-PiENG and (f) PyENG. Reprinted with
permission from [104]. Copyright ©2018, Elsevier Ltd.
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Figure 7. Potential applications of the flexible hybrid nanogenerator reported by Sun et al. [104].
Voltage output of the hybrid nanogenerator for assessing (a) heartbeat pulse, (b) swallowing, and
(c) neck tilting. (d) Schematic view of a smart device composed of transparent hybrid nanogenerator
and LCD film. (e) Smart device for temperature monitoring. (f) Voltage output of the smart device
for sensing different degrees of coughing. (g) Voltage output of the smart device for monitoring three
types of breathing conditions. Reprinted with permission from [104]. Copyright ©2018, Elsevier Ltd.

In 2020, Syu et al. [107] reported a biomimetic and flexible hybrid self-powered sensor
(BHSS) that was formed by triboelectric and piezoelectric elements. The triboelectric struc-
ture is based on the shell of Mytilidae and is fabricated with PDMS film. The piezoelectric
component contains porous PVDF fibers deposited on a printed circuit board (PCB) sub-
strate. To develop the biomimetic Mytilidae surface, Mytilidae nano-structured patterns
on a PDMS layer were applied using a soft transfer molding process. This hybrid sensor
registered an open-circuit voltage and short-circuit current of 15 V and 115 nA, respectively.
For a load resistance of 10 MΩ, the hybrid sensor achieved a maximum average power
density of 675 µW/m2. The hybrid sensor was tested. This self-powered sensor was
attached on the thumb, index, and middle fingers of a latex glove for monitoring bottle-
holding actions. For this experiment, its electrical signals under three plastic bottles with
different water volumes (loading weight of 0.65 kg, 1.3 kg, and 2.06) were examined. The
electrical signals of the sensors were studied for various contact positions along the bottles.
This self-powered sensor could be used for wearable electronic devices and monitoring
biomechanical motion, and human gesture recognition, using a machine learning algorithm
of long short-term memory.
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Figure 8. TENG and piezoelectric device integrated in a S2-sock manufactured by Zhu et al. [105].
(a) Schematic of the materials used in the triboelectric S2-sock coupled with piezoelectric devices for
various applications, including energy harvesting, healthcare, smart home, and sports. (b) (Top) SEM
image (top view) of PEDOT:PSS-coated textile. SEM image of a cross-section view of piezoelectric
device. (c) Working mechanism of TENG sock using contact-separation condition. (d) Working
mechanism of piezoelectric device and integration design for S2-sock. Reprinted with permission
from [105]. Copyright ©2019, American Chemical Society.

Huang et al. [108] fabricated a flexible biocompatible triboelectric-piezoelectric nano-
generator by employing recombinant spider silk and poly(ethylene terephthalate) (PET)/
PVDF films. Graphene was incorporated into PVDF to improve the piezo-PVDF per-
formance. Thus, the PET/PVDF-graphene composite film was added with genetically
engineered spider silk. The electron-cloud-potential-well model was used to describe the
charge transfer between spider silk and PET, with or without the PVDF film. The electrons
in molecular orbits of spider silk protein can be transferred to the empty orbits of PET film.
This transference of electrons depends on the difference in potential-well depths (difference
of the surface electron potential) between both materials. PVDF, under mechanical strain,
can alter the surface electron potential of the coupling material. Due to this, PVDF was
added to PET film to enhance its surface potential. Thus, the improved surface-potential
difference between PET/PVDF and spider silk can increase their electrons transfer and
amount of harvested energy. Figure 10 depicts the output electrical signals and stability re-
sults of the hybrid nanogenerator. This hybrid nanogenerator (area of 6.25 cm2) registered a
maximum output power density of 4016 mW/m2 under a load resistance of 8 MΩ. For this
resistance, the nanogenerator reached the output voltage, output short-circuit current, and
output power close to 200 V, 12 µA, and 2.51 mW, respectively. This nanogenerator could
be used as wearable hand-gesture sensors, body motion sensors, bioenergy harvesters, and
implantable organ monitors (Figure 11). For instance, this nanogenerator could be included
in implantable sensors for monitoring signals of the heart, stomach, chest, and bladder.
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Figure 9. Output electrical performance of the TENG and piezoelectric device integrated in a S2-sock
designed by Zhu et al. [105]. (a) Results of open-circuit voltage and short circuit current of the
sock with and without PEDOT:PSS under contact-separation operation with respect to PFTE film
placed on the ground (Figure 9c). (b) Results of open-circuit voltage and short-circuit current of
piezoelectric device integrated to the sock (Figure 9d). (c,d) Output power as a function of the external
load resistance with and without shoes. (e) Output power of the piezoelectric device as a function
of external load resistance. Reprinted with permission from [105]. Copyright ©2019, American
Chemical Society.

In 2022, Du et al. [109] designed a shoe insole hybrid nanogenerator (IHN) composed
of a multilayered TENG and arched PENG. This nanogenerator can convert the mechanical
energy of footsteps into electrical energy. Moreover, this nanogenerator can identify three
types of motion states: walking, stepping, and jumping. This nanogenerator has high
performance of electrical stability and durability, which is suitable to collect biomechanical
energy of feet to power wearable electronic sensors. In addition, this nanogenerator has
potential application for self-powered biosensor systems in the fields of sports and medicine.
Figure 12 illustrates an application of the IHN integrated with a dorsalis pedis artery sensor
and a processor module. The sensor is placed inside the tongue of the shoe and the
processor module is mounted on the outside of the shoe. The sensor contains a PVDF
film that is packaged with PTFE and Kapton films. The PVDF film harvests the vibration
signal of the pulse and converts it into an electrical signal. The hindfoot and forefoot of
the IHN are formed by the arched PENG and TENG, respectively. The TENG part has
three triboelectric films (PTFE-Al-PTFE), in which two sponge layers with through-holes
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are added to separate the Al sheet from both PTFE films. Both PTFE films and the Al layer
are contacted and separated due to the motion (e.g., walking, stepping, and jumping) of
the foot. On the back of PTFE is attached the Cu electrode that operates as a source for the
charge transference caused by electrostatic induction. In addition, the Al sheet can act as
both an electrode and a triboelectric layer. On the other hand, a surface area (2 cm × 7 cm)
of the sponge is extracted to incorporate the arched PENG. This PENG is composed of
a PVDF film that is packaged by an arched PE and Kapton film. Furthermore, the IHN
was encapsulated using a cotton cloth and PE film, which avoids the effect of sweat on the
electrical performance of the hybrid nanogenerator.
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Figure 10. Performance of the hybrid nanogenerator developed by Huang et al. [108]. (a) Output
open-circuit voltage and short-circuit current of the hybrid nanogenerator as a function of load resis-
tance. (b) The output power of the hybrid nanogenerator as a function of load resistance. (c) Results
of stability and durability tests of the hybrid nanogenerator. Short-circuit current measured over
18,000 cycles. (d) Schematic of the prototype for the large-scale fabrication of the hybrid nanogen-
erator. (e) Photographs of the spider silk and PVDF/graphene films (both films with area equal to
A5 paper), and white LED light (3 W). This LED was lightened using a hybrid nanogenerator with
an area of 48 cm2. (f) The output current density of the hybrid nanogenerator during one cycle of
hand tapping. The inset illustrates the input pressure generated by hand-tapping under a distance
range. Reprinted with permission from [108]. Copyright ©2020, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Figure 13 shows the working mechanism of the IHM reported by Du et al. [109] during
a walking cycle. Due to the pressure of the heel of the shoe in a walking cycle, the PENG
shape is altered from arch to plane. This deformation generates a potential difference
between both electrodes of the PENG. When the forefoot falls on the ground, the PTFE and
Al layers are contacted in the through-hole of the sponge. The increment of the pressure of
the forefoot increases the contact area between both PTFE and A layers. After the contact
of both layers, a surface charge transfer induces between them a potential difference in
the back Cu electrode (Figure 13b). This potential difference generates the electrons flow
from the Cu electrode to the Al electrode using the external circuit. The PENG returns to
arch shape after the heel lifts, generating a current opposite to that when the hindfoot falls
(Figure 13c). When the forefoot is lifted, the PTFE and Al layers of the TENG are separated.
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This causes the electrons flow from the Al electrode to the Cu electrode in the external
circuit, which has an opposite direction to that when the forefoot falls (Figure 13d). This
sequence of four states occurs during one cycle of walking. Due to the parallel design of
TENG and PENG, both nanogenerators have the same electron flow direction. It allows the
composite signal output of the IHN to be higher than those of the TENG and PENG. From
human body motions, the IHN generated a maximum open circuit voltage of 150 V and a
short-circuit current of 4.5 µA, respectively. Figure 14g shows the pulse signal of a dorsal
pedis monitoring system that is supplied by the IHN.
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Figure 11. Potential applications of the hybrid nanogenerator proposed by Huang et al. [108].
(a) Schematic of a hybrid nanogenerator with potential applications in implantable devices and
wearable sensors. (b) (i) Photograph of a hybrid nanogenerator placed in the subdermal chest of a
Sprague-Dawley rat; (ii) Schematic of the working mechanism of the nanogenerator for energy har-
vesting from a beating rat heart. For this, a rectifier circuit and a capacitor (4.7 µF) were implemented.
(c) Current signals of an implanted hybrid nanogenerator related to the beating heart. Inset shows
the storage voltage of a capacitor (4.7 µF). (d) Photograph of a hybrid nanogenerator adhered on the
glove for hand-gesture monitoring. (e) Output voltage signals of nanogenerators placed on the five
fingers for “Victory” and “OK” hand gestures. Reprinted with permission from [108]. Copyright
©2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 12. Schematic of the main components of the isolate hybrid nanogenerator presented by
Du et al. [109]. (a) IHN applied to a sports shoe for monitoring the footstep types. (b) Schematic of
the self-powered system for dorsalis pedis artery monitoring. (c) Schematic of the signal acquisition of
the dorsalis pedis artery sensor. (d) Schematic of the materials and elements for the TENG and PENG
modules of the IHN. Reprinted with permission from [109]. Copyright ©2022, John Wiley and Sons.
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Figure 13. Working mechanisms of the PENG and TENG parts of the IHN during one walking
cycle [109]. Schematic of the charge transfer process of the PENG and TENG parts when (a) the
hindfoot falls, (b) the forefoot falls, (c) the hindfoot lifts, and (d) the forefoot lifts, respectively.
Reprinted with permission from [109]. Copyright ©2022, John Wiley and Sons.
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Figure 14. Electrical output performance and applications of IHN proposed by Du et al. [109].
(a) Output voltage and current as a function of external load resistance. (b) Output power as
a function of external load resistance. (c) Charge response of four capacitors powered by IHN.
(d) Schematic view of the electrical circuit for the IHN direct power supply and energy storage system.
(e) LEDs lighted using the IHN. (f) Output voltage and calculator powered by IHN. (g) Pulse signal of
the dorsalis pedis monitoring system, which was sent to a mobile phone. Reprinted with permission
from [109]. Copyright ©2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

3. Potential Applications

This section describes the performance of potential biomedical applications of tribo-
electric or piezoelectric nanogenerators.

The PENGs and TENGs can be used in the modulation of neuronal activity, diagnostics
for cardiovascular treatment, heart implants, drug delivery, and abdominal implants,
among others. Ouyang et al. [110] reported an implanted symbiotic pacemaker integrated
by a triboelectric nanogenerator, a power management unit (PMU), and pacemaker unit.
The implantable triboelectric nanogenerator (iTENG) can harvest and store energy from
cardiac motion. The energy collected by the iTENG is stored in the capacitor of the PMU.
Next, this stored energy can be used to drive the pacemaker unit, generating pacing
electrical pulses, and controlling the rate of cardiac motion (Figure 15). Figure 16 shows the
operating principle of the PTFE-based iTENG. Figure 17 depicts the electrical performance
of the iTENG implanted in the chest of a Yorkshire porcine. For this case, the iTENG was
located between the heart and pericardium of the pig. In addition, the PTFE component
was placed on the left ventricular surface. Figure 18 illustrates the symbiotic cardiac
pacemaker system in vivo using a wireless passive trigger. The pacemaker unit produces
electrical pulses that can induce myocardial contraction and adjust the heart rate using
pacing electrodes. The electrical pulses registered the output voltage and duration of 3 V
and 0.5 ms, respectively. The symbiotic pacemaker could correct sinus arrhythmia and
prevent damage. The iTENG achieved an open circuit voltage of 65.2 V and harvested
energy from each cardiac motion cycle up to 0.495 mJ. This energy harvested is higher
than that required for endocardial pacing (0.377 mJ). This iTENG could be employed for
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implantable medical electronic devices due to its high output power density and suitable
stability. Thus, conventional batteries could be substituted.
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Figure 15. Schematic view of main components of symbiotic pacemaker system developed by
Ouyang et al. [110]. (a) Schematic representation of different elements used in the symbiotic cardiac
pacemaker system. (b) Illustration of the materials used in the iTENG. (c) Image of the iTENG
structure under bending stress. (d) SEM image of different layers of an iTENG section (scale bar:
500 mm). (e) SEM image of the nanostructure on the PTFE layer (scale bar: 1 mm) of the iTENG.
(f) SEM image of a 3D elastic sponge structure (scale bar: 500 mm). (g,h) Schematic view of the
mechanism of charge transfer. (i) Model of the charge separation caused by the charge transfer.
Reprinted with permission from [110]. Copyright ©2019, Springer Nature.

Ouyang et al. [111] fabricated a flexible, self-powered, ultrasensitive pulse sensor
(SUPS) formed by a triboelectric active sensor, which has an output voltage of 1.52 V,
a peak signal–noise ratio of 45 dB, and good stability close to 107 cycles, as well as no
expensive components. The SUPS structure (Figure 19) is composed of a nanostructured
Kapton (n-Kapton) triboelectric film (100 mm thick) with an electrode Cu film (50 nm thick)
deposited on its back side, a second Cu film (50 nm thick) deposited on other Kapton film
to form a nanostructured Cu (n-Cu) film, and a spacer. These components are encapsulated
using an elastomer. The working mechanism of the SUPS depends on the coupling of
contact electrification and electrostatic induction (Figure 19d). The concave structures of the
device allow the contact electrification and electrostatic induction to occur simultaneously.
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This characteristic of the SUPS structure achieves a good relationship between applied
external force and the electrical response of the device. Thus, the electrical signal of the
SUPS can be modulated by the applied external force. Based on four different structures of
triboelectric films, the electrical characterization of the SUPS was measured by applying a
vertically compressive force (close to 50 N) with a linear motor on the triboelectric films
(Figure 20a). The triboelectric layers integrated by n-Kapton and n-Cu films registered the
best electrical output performance of the SUPS. For this case, the maximum output voltage,
current, and transferred charge of the device were approximately 109 V, 2.73 mA, and
7.6 nC, respectively. Furthermore, the electrical performance of the device was measured
on the radial arteria of a man (24 years old), as shown in Figure 20b. For this second case,
the maximum output voltage, current, and transferred charge of the structures of n-Kapton
and n-Cu were 1.52 V, 5.4 nA, and 1.08 nC, respectively. Also, the SUPS performance was
tested to detect the mechanical oscillations of honeybee wings, which were converted to
electrical signals (Figure 20c).
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Figure 16. Working mechanism of the PTFE-based iTENG designed by Ouyang et al. [110].
(a) Schematic view of a corona discharge system. (b) Working mechanism of the iTENG. (c–e) Results
of electrical performance (output voltage, transferred charge, and current) of the polarized and non-
polarized PTFE film considering a linear motor. Reprinted with permission from [110]. Copyright
©2019, Springer Nature.

Two SUPS devices placed at distinct locations on the radial artery of the wrist of a
man (24 years old) were used to measure the pulse wave velocity (PWV), as shown in
Figure 21a,b. The PWV variations of this male patient before and after exercise consisting
of 500 m jogs were recorded as shown in Figure 21c. Figure 21d depicts a schematic view
of the main elements of the wireless pulse sensor system. This system includes the SUPS,
analog-digital conversion, storage unit (8M-bit data), and Bluetooth interface. The SUPS
output signals can be digitized using the ADC and wirelessly transmitted to a smart phone
or laptop with the Bluetooth interface (Figure 21h). Moreover, the SUPS can be adjusted
to different human body parts for monitoring the pulse signals of the ankle artery, the
finger, the radial artery, the brachial artery, and carotid artery zones, as shown in Figure 21e.
Also, the SUPS could detect variations of the heart rates of patients due to different diary
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movement activities. In the future, this SUPS could be used in self-powered and wearable
mobile diagnosis devices for cardiovascular diseases.
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Figure 17. Electrical performance of the iTENG implanted in an animal specimen [110]. (a,b) Pho-
tographs of the iTENG implanted between the heart and pericardium of a Yorkshire porcine. (c,d) Pho-
tographs of the iTENG driven by the cardiac motion of a Yorkshire porcine. (e) Schematic view of the
electrical performance test of the iTENG. (f) Charging response of a capacitor (100 µF) that is charged
by iTENG. (g) In vivo electrical tests of the short-circuit current, transferred charge, and open-circuit
voltage of the iTENG, as well as simultaneously recorded ECG signals. (h) Output open-circuit
voltage of the iTENG and simultaneously recorded ECG results. (i) Charging signal of a capacitor
(1 µF) charged by iTENG and ECG curve. (j) Statistical results of voltage shift, maximum voltage,
and minimum voltage of the iTENG. (k) Statistical results of the transferred charge shift, maximum
transferred charge, and minimum transferred charge of the iTENG. Reprinted with permission
from [110]. Copyright ©2019, Springer Nature.
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Figure 18. Performance of the symbiotic cardiac pacemaker designed by Ouyang et al. [110]. (a) Rep-
resentation of the pacemaker powered by iTENG that harvests energy from the cardiac motion of
a Yorkshire porcine. (b) Illustration of the main components of the symbiotic cardiac pacemaker
system. (c) Stimulation voltage pulse under different frequencies produced by a pacemaker unit.
(d,e) Photograph of the symbiotic cardiac pacemaker system switched on by wireless passive trigger
in a pig. (f) Results of the stimulus-R wave intervals (S-R), systolic blood pressure (sBP), heart rate
(HR), femoral artery pressure (FAP), and ECG during the stimulation stage of the symbiotic pace-
maker unit. (g) ECG signal of the heart rate considering a normal systolic blood pressure. (h) ECG
signal under a pacing stimulus in the refractory period, considering a normal systolic blood pressure.
(i) ECG signal of the heart successfully placed by the symbiotic pacemaker unit, with decreased
systolic blood pressure. (j) ECG signal under failed pacing stimuli, regarding a restored systolic blood
pressure. Reprinted with permission from [110]. Copyright ©2019, Springer Nature.
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Figure 19. Components and operating mechanism of the SUPS developed by Ouyang et al. [111].
(a) Schematic view of the structure of the triboelectric nanogenerator of the SUPS. (b,c) SEM and
atomic force microscopy (AFM) images of the nanostructured Cu and Kapton film, respectively.
(d) Schematic view of the operating principle of the triboelectric nanogenerator. (e) Illustration
of the good flexibility of the SUPS. (f) Image of the size of the SUPS structure (2 cm × 1 cm).
(g,h) Experimental results of the signal outputs of SUPS pressed on the finger and radial artery region,
respectively. Reprinted with permission from [111]. Copyright ©2017, WILEY-VCH Verlag GMbH &
Co. KGaA, Weinheim.

Nanomaterials 2022, 12, x FOR PEER REVIEW 18 of 31 
 

 

 

Figure 20. Electrical output performance of the SUPS with four different surface structures of the 

triboelectric films [111]. (a) Results of the output voltage, current, and transferred charge of SUPS 

when a lineal motor applied a compressive force of 50 N over four distinct structural configurations 

of triboelectric films. (b) Results of the output voltage, current, and transferred charge of SUPS 

placed on the radial artery and considering four different structural configurations of triboelectric 

films. (c) Real-time output voltage of SUPS caused by the oscillations (frequency close to 200 Hz) of 

the wings of a honeybee. (d) Output voltage of SUPS due to mechanical vibrations signals (10 kHz) 

generated by a loudspeaker. (e) Stability tests of the open-circuit voltage of SUPS during one million 

operating cycles. For this test, external forces of 30 N were applied on SUPS using a linear motor. 

Reprinted with permission from [111]. Copyright 2017, WILEY-VCH Verlag GMbH & Co. KGaA, 

Weinheim. 

 

Figure 21. Electrical output variations on different artery regions from the human body and exercise 

activities, and the elements with big data and cloud of wireless pulse sensor system [111]. (a) Output 

voltage of two SUPS placed on different radial artery regions of a wrist. (b,c) Output voltage of two 

SUPS due to radial artery signals before and after an exercise activity. (d) Schematic representation 

of the components in the wireless pulse sensor system. (e) Output voltage of SUPS due to signals of 

different artery regions from a human body. (f) Variations of the heart rate during the activity of 

sitting and standing up. (g) Photograph of SUPS, ADC components, and Bluetooth interface of the 

wireless health monitoring system. (h) Schematic representation for online monitoring of cardio-

vascular signals of patients using the intelligent mobile diagnosis system. Reprinted with permis-

sion from [111]. Copyright 2017, WILEY-VCH Verlag GMbH & Co. KGaA, Weinheim. 

Figure 20. Cont.



Nanomaterials 2022, 12, 4403 21 of 35

Nanomaterials 2022, 12, x FOR PEER REVIEW 18 of 31 
 

 

 

Figure 20. Electrical output performance of the SUPS with four different surface structures of the 

triboelectric films [111]. (a) Results of the output voltage, current, and transferred charge of SUPS 

when a lineal motor applied a compressive force of 50 N over four distinct structural configurations 

of triboelectric films. (b) Results of the output voltage, current, and transferred charge of SUPS 

placed on the radial artery and considering four different structural configurations of triboelectric 

films. (c) Real-time output voltage of SUPS caused by the oscillations (frequency close to 200 Hz) of 

the wings of a honeybee. (d) Output voltage of SUPS due to mechanical vibrations signals (10 kHz) 

generated by a loudspeaker. (e) Stability tests of the open-circuit voltage of SUPS during one million 

operating cycles. For this test, external forces of 30 N were applied on SUPS using a linear motor. 

Reprinted with permission from [111]. Copyright 2017, WILEY-VCH Verlag GMbH & Co. KGaA, 

Weinheim. 

 

Figure 21. Electrical output variations on different artery regions from the human body and exercise 

activities, and the elements with big data and cloud of wireless pulse sensor system [111]. (a) Output 

voltage of two SUPS placed on different radial artery regions of a wrist. (b,c) Output voltage of two 

SUPS due to radial artery signals before and after an exercise activity. (d) Schematic representation 

of the components in the wireless pulse sensor system. (e) Output voltage of SUPS due to signals of 

different artery regions from a human body. (f) Variations of the heart rate during the activity of 

sitting and standing up. (g) Photograph of SUPS, ADC components, and Bluetooth interface of the 

wireless health monitoring system. (h) Schematic representation for online monitoring of cardio-

vascular signals of patients using the intelligent mobile diagnosis system. Reprinted with permis-

sion from [111]. Copyright 2017, WILEY-VCH Verlag GMbH & Co. KGaA, Weinheim. 

Figure 20. Electrical output performance of the SUPS with four different surface structures of the
triboelectric films [111]. (a) Results of the output voltage, current, and transferred charge of SUPS
when a lineal motor applied a compressive force of 50 N over four distinct structural configurations of
triboelectric films. (b) Results of the output voltage, current, and transferred charge of SUPS placed on
the radial artery and considering four different structural configurations of triboelectric films. (c) Real-
time output voltage of SUPS caused by the oscillations (frequency close to 200 Hz) of the wings of a
honeybee. (d) Output voltage of SUPS due to mechanical vibrations signals (10 kHz) generated by
a loudspeaker. (e) Stability tests of the open-circuit voltage of SUPS during one million operating
cycles. For this test, external forces of 30 N were applied on SUPS using a linear motor. Reprinted
with permission from [111]. Copyright ©2017, WILEY-VCH Verlag GMbH & Co. KGaA, Weinheim.

Chu et al. [112] proposed an active pulse sensing system for monitoring the vibration
signals of the human radial artery. This system includes a sandwich-structure piezoelectret
with high equivalent piezoelectricity. This structure is composed of fluorinated ethylene
propylene (FEP)/Ecoflex/FEP layers. For the initial stage of this structure, the two elec-
trodes (Al and Cu layers) have the same electrical potential. When the structure is deformed
and compressed by external pressure, its dipole moment suffers a variation that generates
a positive current in the external circuit. The reported system with wireless transmission
and big data analyses could operate as a wearable m-Health system (Figure 22a). Figure 23
depicts the results of pulse wave intervals and corresponding Poincare plots measured from
ten volunteers. In addition, Chu et al. [112] developed a three-channel pulse sensor array
to measure the pulse waves at the Cun, Guan, and Chi pulse regions on the radial artery of
the wrist considering the traditional Chinese medicine (TCM) technique (Figure 24). Thus,
a pulse-sensing system could detect and collect a large amount of the pulse signals in these
three regions for potential applications of big data analyses and diagnoses. The high preci-
sion and stability of the proposed system are suitable for potential application as medical
assessments, considering the identification of common heart diseases and measurement of
blood pressure.
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Figure 21. Electrical output variations on different artery regions from the human body and exercise
activities, and the elements with big data and cloud of wireless pulse sensor system [111]. (a) Output
voltage of two SUPS placed on different radial artery regions of a wrist. (b,c) Output voltage of two
SUPS due to radial artery signals before and after an exercise activity. (d) Schematic representation
of the components in the wireless pulse sensor system. (e) Output voltage of SUPS due to signals
of different artery regions from a human body. (f) Variations of the heart rate during the activity
of sitting and standing up. (g) Photograph of SUPS, ADC components, and Bluetooth interface
of the wireless health monitoring system. (h) Schematic representation for online monitoring of
cardiovascular signals of patients using the intelligent mobile diagnosis system. Reprinted with
permission from [111]. Copyright ©2017, WILEY-VCH Verlag GMbH & Co. KGaA, Weinheim.

Liu et al. [113] designed a self-powered photodynamic therapy (s-PDT) system for
potential application in cancer treatment. This s-PDT system is composed of a wearable
twinning structure piezoelectric nanogenerator (ts-PENG), a power management unit
(PMU), a miniaturized LED (m-LED), and a photosensitizer (PS) (Figure 25). This nanogen-
erator converts biomechanical energy into electrical energy to power a m-LED. This m-LED
is used to stimulate light over tumor tissues, which inhibits tumor growth. The performance
of this LED is controlled by the PMU with dimensions of 1.7 cm × 4.8 cm × 1.3 cm. This
PMU can drive two irradiation modes: intermittent continuous light stimulation (ICLS)
and pulsed light stimulation (PLS). For the ICLS mode, the tumor tissue can suffer strong
radiation intermittently, which renders it dead. For the PLS case, small residual tumors can
be destroyed by applying continuous low-dose irradiation.

The ts-PENG structure developed by Liu et al. [113] is formed by a Parylene-C/PET
packaging layer, a PET substrate, and a double piezoelectric layer of PVDF and Ag elec-
trodes. The ts-PENG achieves the open-circuit voltage (Voc) and short-circuit transferred
charge (Qsc) close to 200 V and 0.46 µC (Figure 26b). Furthermore, the ts-PENG reaches
340 mW/m2 under load resistances between 10 kΩ and 10 GΩ (Figure 26d). Moreover, the
wearable ts-PENG was tested on human and rat models (Figure 27). First, the ts-PENG
was attached on the knee joint and the elbow joint of a human body. The maximum values
of the Voc and Qsc of the ts-PENG placed on knee joint and the elbow joint achieve 200 V,
220 V, 0.5 µC, and 0.65 µC, respectively. Also, an LED can be lighted using the biomechan-
ical energy harvested by the wearable ts-PENG. In future applications, the PMU of the
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ts-PENG could drive the LED to apply both PLS and ICLS irradiation modes to tumors
of the human body. On the other hand, the ts-PENG was positioned on the leg of a rat
to convert its motion into electrical energy. A linear motor was used to pull the leg and
simulate its mechanical motion. For this rat model, the maximum results of the Voc and
Qsc of the ts-PENG are close to 8 V and 10.5 nC (Figure 27d). On the other hand, the
s-PDT system was used for inhibiting tumors in vivo with intermittent continuous light
stimulation (Figure 28). Finally, the ts-PENG offers advantages such as simple structural
configuration, high flexibility, good stability, light weight, and long service life. These
ts-PENG characteristics are suitable for self-powered wearable medical devices.
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Figure 22. Representation of the sandwich-structure piezoelectret to supply a pulse-sensing system
fabricated by Chu et al. [112]. (a) Schematic representation of the pulse-sensing system for monitoring
pulse signals at the Cun, Guan, and Chi regions of the wrist. These signals could be transmitted to a
smart phone. (b) Structural configuration of the pulse sensor integrated by the FEP/Ecoflex/FEP
piezoelectret layer. (c) Experimental results of the equivalent piezoelectric coefficient (d33) of the
piezoelectret structure of the pulse sensor. (d) Working mechanism of the pulse sensor into its stages
of pressing (I-II) and releasing (III-I), which induces the flow of electrical currents. (e) Experimental
results of the sensitivity of peak short-circuit currents generated by a pulse sensor when an external
pressure range is applied to it with a frequency of 1.5 Hz. Reprinted with permission from [112].
Copyright ©2018, WILEY-VCH Verlag GMbH & Co. KGaA, Weinheim.
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Figure 23. Results of the pulse-sensing system measured from ten volunteers [112]. (a) Statistical
data of the peak-to-peak pulse wave intervals for the ten volunteers. The ninth and tenth volunteers
(V9 and V10) have pulse intervals with larger dispersion compared to the other eight volunteers. It
is due to the ninth and tenth volunteers having arrhythmia that was previously diagnosed using
ECG tests in hospitals. (b) Amplitude of pulse waves and (c) corresponding Poincare plots for the
first volunteer (V1), who was not diagnosed with arrhythmia. (d) Amplitude of pulse waves and
(e) corresponding Poincare plots for the tenth volunteer, who has arrhythmia. Poincare plots for the
(f) first and tenth (g) volunteers. The volunteer V10 has larger dispersion of pulse wave intervals.
Large dispersion of the pulse wave intervals could be related to arrythmia disease. Reprinted with
permission from [112]. Copyright ©2018, WILEY-VCH Verlag GMbH & Co. KGaA, Weinheim.
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Figure 24. Results of the pulse waves at the Cun, Guan, and Chi regions of the radial artery of the
wrist from a human body that were measured employing a three-channel pulse sensing array [112].
(a) Representation of the pulse-sensing array placed at the Cun, Guan, and Chi regions. (b) Signal
processing of the pulse-sensing array. Results of normalized Cun, Guan, and Chi pulse signals for
(c) a 26-year-old female volunteer, and (d) a 28-year-old male volunteer. Reprinted with permission
from [112]. Copyright ©2018, WILEY-VCH Verlag GMbH & Co. KGaA, Weinheim.
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Figure 25. Representation of a self-powered photodynamic therapy system proposed by
Liu et al. [113]. (a) This system includes a ts-PENG, a PMU, an m-LED, and a photosensitizer.
(b) Materials of the different layers of the ts-PENG considering the packaging and substrate. (c) Rep-
resentation of the s-PDT used in the apoptotic process of subcutaneous tumor tissue. (d) SEM image of
the cross section of the st-PENG. (e) Image of the initial state of the ts-PENG. (f) Image of the bending
state of the ts-PENG. (g). Weight of the ts-PENG. (h) Schematic view of the d31 operating mode
of the PVDF film. (i) Operating principle of the PVDF film. Reprinted with permission from [113].
Copyright ©2020, American Chemical Society.
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Figure 26. Performance of the ts-PENG designed by Liu et al. [113]. The open-circuit voltage and
short-circuit transferred charge of the PENG with (a) single and (b) double PVDF film. (c) Voltage
and current and (d) power density of the ts-PENG under different load resistances between 10 kΩ
and 10 GΩ. (e,f) Schematic representation of the irradiation modes of PLS and ICLS. (g) Charging
and discharging voltage of the button cell by the ts-PENG and LED, respectively. (h). Results of the
light intensity of LED as a function of time. Reprinted with permission from [113]. Copyright ©2020,
American Chemical Society.
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Figure 27. Experimental results of the output performance of the ts-PENG tested in human and rat
models [113]. The open-circuit voltage and short-circuit transferred charge of the ts-PENG placed
on (a) the knee joint and (b) elbow joint. (c) Test of the ts-PENG system to light an LED. (d) The
open-circuit voltage and short-circuit transferred charge of the ts-PENG attached to the leg of a rat
model. (e) Average results of the open-circuit voltage and short-circuit transferred charge of the
ts-PENG tested on the human and rat models. (f). Image of the ts-PENG tested on the leg of the rat
model. Reprinted with permission from [113]. Copyright ©2020, American Chemical Society.
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Figure 28. Experimental results of intermittent continuous light stimulation applied to a tumor
in vivo [113]. (a) Electrical diagram of LED array. (b) Different views and states of the LED array
packaging by PDMS. (c) Schematic diagram of the self-powered PDT system. (d) Application of
the self-powered PDT system to inhibit a tumor model on a rat. (e) Variation of the tumor volume
using a control group without any treatment and experimental groups cultured with porphyrin,
LED, and LED + porphyrin. (f). Results of tumor growth multiplication during 12 days of a
control group without any treatment and experimental groups cultured with porphyrin, LED, and
LED + porphyrin. (g,h) Photographs of the tumors and pathological section (50 µm of scale bar)
obtained from different experimental groups. These results were measured after 12 days. Reprinted
with permission from [113]. Copyright ©2020, American Chemical Society.

4. Challenges and Perspectives

This section describes various challenges and perspectives of piezoelectric and tri-
boelectric nanogenerators to power future healthcare monitoring devices, including the
topics of design, materials and fabrication processes, signal processing, output performance,
and reliability.

4.1. Design

The nanogenerator design process is key to developing better piezoelectric and tri-
boelectric structural configurations that optimize energy harvesting to power healthcare
monitoring devices. For each potential medical device, the design of a nanogenerator
must examine the main performance requirements and limitations of this device, optimal
materials and manufacturing process, surrounding conditions (e.g., temperature, relative
humidity, pressure, dust, and so on), encapsulated type, signal processing components, and
the characteristics of the original energy sources (e.g., biomechanical, wind, mechanical
vibrations, and so on). For instance, nanogenerators can harvest biomechanical motion to
power medical devices. However, optimal energy harvesting from human body motion has
great challenges. In order to develop efficient and stable nanogenerators attached to the
human body, the design of nanogenerators must consider scalable, wearable, durable, and
stretchable materials. In the coming years, smart textile-based nanogenerators could be
incorporated into clothing using piezoelectric or triboelectric materials with special charac-
teristics such as being wearable, stretchable, durable, and washable. These nanogenerator
types could power smart sensors that monitor real-time signals on the health status of pa-
tients. By using the IoMT, these signals could be transmitted to medical hospitals or doctors.
In addition, future nanogenerators could be attached to different parts of the human body,
which will require designs of electromechanical components composed of materials with
high flexibility, high reproducibility, easy fabrication, and friendly performance. Future
implantable self-powered medical devices will require nanogenerators with biocompatible
packaging materials.
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To achieve optimal designs for the output performance of nanogenerators, multi-
optimization techniques can be implemented, including the various objective functions
and constraints. For instance, the output power density and cost of a nanogenerator can
be the objective functions to be maximized and minimized. The constraints equations of
a nanogenerator can consider its size, service time, reliability parameters, and so on. For
these optimization models, the mechanical and physical properties of the materials of the
nanogenerator must be known.

4.2. Materials and Fabrication Processes

The output performance and reliability of piezoelectric and triboelectric nanogenera-
tors for monitoring healthcare devices depend on the suitable selection of their materials
and manufacturing processes. These materials should have electromechanical properties
that allow for the development of nanogenerators with the benefits of cost-effectiveness,
wearability, flexibility, easy fabrication, stability, and robust performance. Furthermore,
the optimal selection of materials can be useful to fabricate smart nanogenerators with
both functions for energy scavenging and working as active/self-powered sensors, which
reduce their size and weight. Moreover, smart nanogenerators can be eco-friendly to the
environment, eliminating the use of harmful materials from conventional batteries.

Recent investigations of nanogenerators have taken into account organic or waste ma-
terials, including chitin, spider silk, tomato, rice paper, peanut, walnut, pistachio, almond,
fish gelatin, fish bladder, eggshell, sunflower husks, garbage soda cans, silk fibroin, and so
on [114–121]. For these materials, two research challenges are the analytical modeling and
experimental measurement of their piezoelectric and triboelectric transduction mechanisms.
In addition, future investigations must consider standard rules and tests to measure the
performance and reliability of nanogenerators. Another challenge is the development of
scalable manufacturing processes for nanogenerators, which decrease costs and satisfy the
future commercial market.

4.3. Signal Processing

Generally, the output voltage and current of triboelectric nanogenerators are not direct
current (DC) signals. Due to this limitation, triboelectric nanogenerators need rectifier
circuits to convert their AC output signals into DC signals. This DC voltage can be stored
using capacitors or batteries to power the monitoring healthcare devices. A research
challenge in this topic is the development of cost-effective energy storage systems coupled
with nanogenerators.

Recent investigations [122–124] on nanogenerators have included novel electrical inter-
faces of high efficiency and minimum power consumption. The electrical interfaces could be
self-powered and include cold-start circuit architectures [125,126]. In addition, the electrical
interfaces could incorporate a small footprint to decrease the size of the nanogenerators.
For this, the Application-Specific Integrated Circuit (ASIC) could be implemented.

4.4. Reliability

The implementation of reliability standard tests and rules is required to measure the
safe and stable performance of nanogenerators for medical applications. The reliability
analyses of the electromechanical performance of nanogenerators under different environ-
ments and operating conditions are required to study their stability, durability, and working
capability. These reliability tests can provide the main electromechanical failures of the
nanogenerators due to various factors, such as high relative humidity, large temperature
variations, dust, mechanical impact, wear, crack growth, fatigue, and so on. Furthermore,
the different packaging types and signal-processing components of nanogenerators must
be included in the reliability tests. In order to improve the reliability of nanogenerators, the
designers could consider simple operating mechanisms, minimum electrical and structural
components, robust and durable materials, safe packaging, and so on. Figure 29 depicts
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various challenges of the piezoelectric and triboelectric nanogenerators for their application
in IoMT electronic devices.

Nanomaterials 2022, 12, x FOR PEER REVIEW 25 of 31 
 

 

development of scalable manufacturing processes for nanogenerators, which decrease 

costs and satisfy the future commercial market. 

4.3. Signal Processing 

Generally, the output voltage and current of triboelectric nanogenerators are not di-

rect current (DC) signals. Due to this limitation, triboelectric nanogenerators need rectifier 

circuits to convert their AC output signals into DC signals. This DC voltage can be stored 

using capacitors or batteries to power the monitoring healthcare devices. A research chal-

lenge in this topic is the development of cost-effective energy storage systems coupled 

with nanogenerators. 

Recent investigations [122–124] on nanogenerators have included novel electrical in-

terfaces of high efficiency and minimum power consumption. The electrical interfaces 

could be self-powered and include cold-start circuit architectures [125,126]. In addition, 
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4.4. Reliability 
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analyses of the electromechanical performance of nanogenerators under different envi-
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perature variations, dust, mechanical impact, wear, crack growth, fatigue, and so on. Fur-

thermore, the different packaging types and signal-processing components of nanogener-

ators must be included in the reliability tests. In order to improve the reliability of nano-

generators, the designers could consider simple operating mechanisms, minimum electri-

cal and structural components, robust and durable materials, safe packaging, and so on. 
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5. Conclusions

Recent progress on piezoelectric and triboelectric nanogenerators for self-powered
monitoring healthcare devices was reviewed. The descriptions of the working principle,
materials, and fabrication processes of a variety of these nanogenerators were reported.
Discussions on the output electrical performance of piezoelectric and triboelectric nanogen-
erators are included. Furthermore, we presented the signal processing components and
packaging types of different nanogenerators. The design, materials, and electromechani-
cal behavior of different piezoelectric and triboelectric nanogenerators for biomechanical
energy harvesting to power potential medical applications were considered. Also, we
proposed some challenges and perspectives of these nanogenerator types, including the
design, materials and manufacturing processes, signal processing, and reliability.

Author Contributions: E.D.-A., J.M.-C., L.Z.-P., J.A.G.-C., R.L.-E., M.W.A., S.T. and A.L.H.-M. wrote,
coordinated, reviewed, and contributed to the scientific aspects of the article. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: Thanks to Universidad Veracruzana for the support and facilities for the publi-
cation of this article.

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

References
1. Silva, A.F.; Tavakoli, M. Domiciliary hospitalization through wearable biomonitoring patches: Recent advances, technical

challenges, and the relation to COVID-19. Sensors 2020, 20, 6835. [CrossRef] [PubMed]
2. Remuzzi, A.; Remuzzi, G. COVID-19 and Italy: What next? Lancet 2020, 395, 1225–1228. [CrossRef] [PubMed]
3. Moes, S.L.; Depmann, M.; Lely, T.A.; Bekker, M.N. Telemonitoring for COVID-19 positive pregnant women; feasibility and user

experience of SAFE@home Corona: Prospective pilot study. BMC Pregnancy Childbirth 2022, 22, 556. [CrossRef] [PubMed]
4. Chavda, E.; Guedon-Moreau, L.; Williatte, L.; Cordova, E. Post-emergency teleconsultations during COVID crisis: TELE-SCOPE

tool’s feedback and epidemiological analysis. Digit. Health 2022, 8, 2055–2076. [CrossRef] [PubMed]

http://doi.org/10.3390/s20236835
http://www.ncbi.nlm.nih.gov/pubmed/33260466
http://doi.org/10.1016/S0140-6736(20)30627-9
http://www.ncbi.nlm.nih.gov/pubmed/32178769
http://doi.org/10.1186/s12884-022-04878-7
http://www.ncbi.nlm.nih.gov/pubmed/35818039
http://doi.org/10.1177/20552076221081689
http://www.ncbi.nlm.nih.gov/pubmed/35251680


Nanomaterials 2022, 12, 4403 31 of 35

5. Scherrenberg, M.; Storms, V.; Van der Velde, A.E.; Boyne, J.; Bruins, W.; Vranken, J.; Leenen, J.P.L.; Brunner-La Rocca, H.-P.; De
Kluiver, E.P.; Dendale, P. A Home hospitalisation strategy for patients with an acute episode of heart failure using a digital
health-supported platform: A multicentre feasibility study—A rationale and study design. Cardiology 2021, 146, 793–800.
[CrossRef]

6. Tang, M.; Reddy, A. Telemedicine and its past, present, and future roles in providing palliative care to advanced cancer patients.
Cancers 2022, 14, 1884. [CrossRef]

7. Disalvo, D.; Agar, M.; Caplan, G.; Murtagh, F.E.M.; Luckett, T.; Heneka, N.; Hickman, L.; Kinchin, I.; Trethewie, S.; Sheehan,
C.; et al. Virtual models of care for people with palliative care needs living in their own home: A systematic meta-review and
narrative synthesis. Palliat. Med. 2021, 35, 1385–1406. [CrossRef]

8. International Programs Center at the U.S., Census Bureau, Population Division, International Programs Center at the U.S.
2019. Available online: https://www.census.gov/data-tools/demo/idb/#/country?COUNTRY_YEAR=2022&COUNTRY_YR_
ANIM=2022 (accessed on 6 June 2022).

9. Gelbman, B.; Reed, C. An integrated, multimodal, digital health solution for chronic obstructive pulmonary disease: Prospective
observational pilot study. JMIR Form Res 2022, 6, e34758. Available online: https://formative.jmir.org/2022/3/e34758 (accessed
on 6 June 2022). [CrossRef]

10. Nagase, F.I.; Stafinski, T.; Avdagovska, M.; Stickland, M.K.; Etruw, E.M.; Menon, D. Effectiveness of remote home monitoring for
patients with chronic obstructive pulmonary disease (COPD): Systematic review. BMC Health Serv. Res. 2022, 22, 646. [CrossRef]

11. Mangla, C.; Rani, S.; Herencsar, N. An energy-efficient and secure framework for IoMT: An application of smart cities.
Sustain. Energy Technol. Assess. 2022, 53, 102335. [CrossRef]

12. Sharma, G.; Joshi, A.M.; Pilli, E.S. DepML: An efficient machine learning-based MDD detection system in IoMT framework.
SN Comput. Sci. 2022, 3, 394. [CrossRef]

13. Ahmed, S.T.; Kumar, V.V.; Singh, K.K.; Singh, A.; Muthukumaran, V.; Gupta, D. 6G enabled federated learning for secure IoMT
resource recommendation and propagation analysis. Comput. Electr. Eng. 2022, 102, 108210. [CrossRef]

14. Idrees, A.K.; Idrees, S.K.; Couturier, R.; Ali-Yahiya, T. An edge-fog computing-enabled lossless EEG data compression with
epileptic seizure detection in IoMT networks. IEEE Internet Things J. 2022, 9, 13327–13337. [CrossRef]

15. Demirel, B.U.; Bayoumy, I.A.; Faruque, M.A.A. Energy-efficient real-time heart monitoring on edge–fog–cloud internet of medical
things. IEEE Internet Things J. 2022, 9, 12472–12481. [CrossRef]

16. Alzahrani, F.A.; Ahmad, M.; Ansari, M.T.J. Towards design and development of security assessment framework for internet of
medical things. Appl. Sci. 2022, 12, 8148. [CrossRef]

17. Sadhu, P.K.; Yanambaka, V.P.; Abdelgawad, A.; Yelamarthi, K. Prospect of internet of medical things: A review on security
requirements and solutions. Sensors 2022, 22, 5517. [CrossRef]

18. Chen, C.-M.; Chen, Z.; Kumari, S.; Lin, M.-C. LAP-IoHT: A lightweight authentication protocol for the internet of health things.
Sensors 2022, 22, 5401. [CrossRef]

19. Kakhi, K.; Alizadehsani, R.; Kabir, H.M.D.; Khosravi, A.; Nahavandi, S.; Acharya, U.R. The internet of medical things and artificial
intelligence: Trends, challenges, and opportunities. Biocybern. Biomed. Eng. 2022, 42, 749–771. [CrossRef]

20. Phan, D.T.; Nguyen, C.H.; Nguyen, T.D.P.; Tran, L.H.; Park, S.; Choi, J.; Lee, B.-I.; Oh, J. A Flexible, wearable, and wireless
biosensor patch with internet of medical things applications. Biosensors 2022, 12, 139. [CrossRef]

21. Rizi, K.S. The smartphone biosensors for point-of-care detection of human infectious diseases: Overview and perspectives—A
systematic review. Curr. Opin. Electrochem. 2022, 32, 100925. [CrossRef]

22. Scrugli, M.A.; Loi, D.; Raffo, L.; Meloni, P. An adaptive cognitive sensor node for ECG monitoring in the internet of medical
things. IEEE Access 2022, 10, 1688–1705. [CrossRef]

23. Verma, D.; Singh, K.R.B.; Yadav, A.K.; Nayak, V.; Singh, J.; Pratima, R.; Solanki, P.R.; Singh, R.P. Internet of things (IoT) in
nano-integrated wearable biosensor devices for healthcare applications. Biosens. Bioelectron. X 2022, 11, 100153. [CrossRef]

24. Hasan, M.K.; Ghazal, T.M.; Saeed, R.A.; Pandey, B.; Gohel, H.; Eshmawi, A.A.; Abdel-Khalek, S.; Alkhassawneh, H.M. A review
on security threats, vulnerabilities, and counter measures of 5G enabled Internet-of-Medical-Things. IET Commun. 2022, 16,
421–432. [CrossRef]

25. Taimoor, N.; Rehman, S. Reliable and resilient AI and IoT-based personalised healthcare services: A survey. IEEE Access 2022, 10,
535–563. [CrossRef]

26. Vankdothu, R.; Hameed, M.A.; Ameen, A.; Unnisa, R. Brain image identification and classification on internet of medical things
in healthcare system using support value based deep neural network. Comput. Electr. Eng. 2022, 102, 108196. [CrossRef]

27. Kwarteng, E.; Cebe, M. A survey on security issues in modern implantable devices: Solutions and future issues. Smart Health
2022, 25, 100295. [CrossRef]

28. Zhao, J.; Zhang, S.; Sun, Y.; Zhou, N.; Yu, H.; Zhang, H.; Jia, D. Wearable optical sensing in the medical internet of things (MIoT)
for pervasive medicine: Opportunities and challenges. ACS Photonics 2022, 9, 2579–2599. [CrossRef]

29. Dwivedi, R.; Mehrotra, D.; Chandra, S. Potential of internet of medical things (IoMT) applications in building a smart healthcare
system: A systematic review. J. Oral Biol. Craniofac. Res. 2022, 12, 302–318. [CrossRef]

30. Li, S.; Guo, H.; He, S.; Yang, H.; Liu, K.; Gaigai Duan, G.; Jiang, S. Advanced electrospun nanofibers as bifunctional electrocatalysts
for flexible metal-air (O2) batteries: Opportunities and challenges. Mater. Des. 2022, 214, 110406. [CrossRef]

http://doi.org/10.1159/000519085
http://doi.org/10.3390/cancers14081884
http://doi.org/10.1177/02692163211024451
https://www.census.gov/data-tools/demo/idb/#/country?COUNTRY_YEAR=2022&COUNTRY_YR_ANIM=2022
https://www.census.gov/data-tools/demo/idb/#/country?COUNTRY_YEAR=2022&COUNTRY_YR_ANIM=2022
https://formative.jmir.org/2022/3/e34758
http://doi.org/10.2196/34758
http://doi.org/10.1186/s12913-022-07938-y
http://doi.org/10.1016/j.seta.2022.102335
http://doi.org/10.1007/s42979-022-01250-6
http://doi.org/10.1016/j.compeleceng.2022.108210
http://doi.org/10.1109/JIOT.2022.3143704
http://doi.org/10.1109/JIOT.2021.3138516
http://doi.org/10.3390/app12168148
http://doi.org/10.3390/s22155517
http://doi.org/10.3390/s22145401
http://doi.org/10.1016/j.bbe.2022.05.008
http://doi.org/10.3390/bios12030139
http://doi.org/10.1016/j.coelec.2021.100925
http://doi.org/10.1109/ACCESS.2021.3136793
http://doi.org/10.1016/j.biosx.2022.100153
http://doi.org/10.1049/cmu2.12301
http://doi.org/10.1109/ACCESS.2021.3137364
http://doi.org/10.1016/j.compeleceng.2022.108196
http://doi.org/10.1016/j.smhl.2022.100295
http://doi.org/10.1021/acsphotonics.2c00898
http://doi.org/10.1016/j.jobcr.2021.11.010
http://doi.org/10.1016/j.matdes.2022.110406


Nanomaterials 2022, 12, 4403 32 of 35

31. Yang, H.; Lee, J.; Cheng, J.Y.; Wang, Y.; Duan, G.; Hou, H.; Jiang, S.; Kim, I.-D. Molecular engineering of carbonyl organic
electrodes for rechargeable metal-ion batteries: Fundamentals, recent advances, and challenges. Energy Environ. Sci. 2021, 14,
4228–4267. [CrossRef]

32. Mainar, A.R.; Leonet, O.; Bengoechea, M.; Boyano, I.; Meatza, I.D.; Kvasha, A.; Guerfi, A.; Blázquez, J.A. Alkaline aqueous
electrolytes for secondary zinc–air batteries: An overview. Int. J. Energy Res. 2016, 40, 1032–1049. [CrossRef]

33. Yang, L.; Guo, X.; Jin, Z.; Guo, W.; Duan, G.; Liu, X.; Li, Y. Emergence of melanin-inspired supercapacitors. Nano Today 2021,
37, 101075. [CrossRef]

34. Wang, Y.; Zhang, L.; Hou, H.; Xu, W.; Duan, G.; He, S.; Liu, K.; Jian, S. Recent progress in carbon-based materials for supercapacitor
electrodes: A review. J. Mater. Sci. 2021, 56, 173–200. [CrossRef]

35. Poonam; Sharma, K.; Arora, A.; Tripathi, S.K. Review of supercapacitors: Materials and devices. J. Energy Storage 2019, 21,
801–825. [CrossRef]

36. Delgado-Alvarado, E.; Elvira-Hernández, E.A.; Hernández-Hernández, J.; Huerta-Chua, J.; Vázquez-Leal, H.; Martínez-Castillo, J.;
García-Ramírez, P.J.; Herrera-May, A.L. Recent progress of nanogenerators for green energy harvesting: Performance, applications,
and challenges. Nanomaterials 2022, 12, 2549. [CrossRef]

37. Mariello, M. Recent Advances on hybrid piezo-triboelectric bio-nanogenerators: Materials, architectures and circuitry. Nanoenergy
Adv. 2022, 2, 64–109. [CrossRef]

38. Zhang, J.; He, Y.; Boyer, C.; Kalantar-Zadeh, K.; Peng, S.; Chu, D.; Wang, C.H. Recent developments of hybrid piezo–triboelectric
nanogenerators for flexible sensors and energy harvesters. Nanoscale Adv. 2021, 3, 5465–5486. [CrossRef]

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

40. Mariello, M.; Fachechi, L.; Guido, F.; De, M. Conformal, ultra-thin skin-contact-actuated hybrid piezo/triboelectric wearable
sensor based on AlN and parylene-encapsulated elastomeric blend. Adv. Funct. Mater. 2021, 31, 2101047. [CrossRef]

41. Zhou, L.; Zhu, L.; Yang, T.; Hou, X.; Du, Z.; Cao, S.; Wang, H.; Chou, K.-C.; Wang, Z.L. Ultra-stable and durable piezoelectric
nanogenerator with all-weather service capability based on N doped 4H-SiC nanohole arrays. Nano-Micro Lett. 2022, 14, 30.
[CrossRef]

42. Nguyen, Q.H.; Ta, Q.T.H.; Tran, N. Review on the transformation of biomechanical energy to green energy using triboelectric and
piezoelectric based smart materials. J. Clean. Prod. 2022, 371, 133702. [CrossRef]

43. Hou, X.; Zhong, J.; Yang, C.; Yang, Y.; He, J.; Mu, J.; Geng, W.; Chou, X. A high-performance, single-electrode and stretchable
piezo-triboelectric hybrid patch for omnidirectional biomechanical energy harvesting and motion monitoring. J. Mater. 2022, 8,
958–966. [CrossRef]

44. Park, G.G.; Lee, E.J.; Jung, S.; Jeong, S.; Kim, H.-S.; Choi, Y.; Lee, S.Y. Double nanocomposites-based piezoelectric nanogenerators
for high-performance energy harvester. ACS Appl. Energy Mater. 2022, 5, 8835–8843. [CrossRef]

45. Fu, H.; Long, Z.; Lai, M.; Cao, J.; Zhou, R.; Gong, J.; Chen, Y. Quantum dot hybridization of piezoelectric polymer films for
non-transfer integration of flexible biomechanical energy harvesters. ACS Appl. Mater. Interfaces 2022, 14, 29934–29944. [CrossRef]

46. Bouhamed, A.; Jöhrmann, N.; Naifar, S.; Böhm, B.; Hellwig, O.; Wunderle, B.; Kanoun, O. Collaborative filler network for
enhancing the performance of BaTiO3/PDMS flexible piezoelectric polymer composite nanogenerators. Sensors 2022, 22, 4181.
[CrossRef]

47. Chen, L.; He, M.; Li, L.; Yuan, S.; Chen, A.; Chen, M.; Wang, Y.; Sun, L.; Wei, L.; Zhang, T.; et al. Hydrochromic CsPbBr3-KBr
microcrystals for flexible anti-counterfeiting and wearable self-powered biomechanical monitoring. Chem. Eng. J. 2022, 450,
138279. [CrossRef]

48. Li, M.; Xu, B.; Li, Z.; Gao, Y.; Yang, Y.; Huang, X. Toward 3D double-electrode textile triboelectric nanogenerators for wearable
biomechanical energy harvesting and sensing. Chem. Eng. J. 2022, 450, 137491. [CrossRef]

49. Qu, M.; Shen, L.; Wang, J.; Zhang, N.; Pang, Y.; Wu, Y.; Ge, J.; Peng, L.; Yang, J.; He, J. Superhydrophobic, humidity-resistant, and
flexible triboelectric nanogenerators for biomechanical energy harvesting and wearable self-powered sensing. ACS Appl. Nano
Mater. 2022, 5, 9840–9851. [CrossRef]

50. Yang, M.; Liu, J.; Liu, D.; Jiao, J.; Cui, N.; Liu, S.; Xu, Q.; Gu, L.; Qin, Y. A fully self-healing piezoelectric nanogenerator for
self-powered pressure sensing electronic skin. Research 2021, 2021, 9793458. [CrossRef]

51. Wan, X.; Wang, Z.; Zhao, X.; Hu, Q.; Li, Z.; Wang, Z.L.; Li, L. Flexible and highly piezoelectric nanofibers with organic–inorganic
coaxial structure for self-powered physiological multimodal sensing. Chem. Eng. J. 2022, 451, 139077. [CrossRef]

52. Zhou, J.; Gou, X.; Fan, D.; Wang, J.; Wan, Z. Polydimethylsiloxane/BaTiO3 nanogenerators with a surface-assembled mosaic
structure for enhanced piezoelectric sensing. ACS Appl. Mater. Interfaces 2022, 14, 38105–38115. [CrossRef]

53. Li, H.; Chang, T.; Gai, Y.; Liang, K.; Jiao, Y.; Li, D.; Jiang, X.; Wang, Y.; Huang, X.; Wu, H.; et al. Human joint enabled flexible
self-sustainable sweat sensors. Nano Energy 2022, 92, 106786. [CrossRef]

54. Xu, Z.; Zhang, D.; Cai, H.; Yang, Y.; Zhang, H.; Du, C. Performance enhancement of triboelectric nanogenerators using contact-
separation mode in conjunction with the sliding mode and multifunctional application for motion monitoring. Nano Energy 2022,
102, 107719. [CrossRef]

55. Liu, Y.; Wong, T.H.; Huang, X.; Yiu, C.K.; Gao, Y.; Zhao, L.; Zhou, J.; Park, W.; Zhao, Z.; Yao, K.; et al. Skin-integrated, stretchable,
transparent triboelectric nanogenerators based on ion-conducting hydrogel for energy harvesting and tactile sensing. Nano Energy
2022, 99, 107442. [CrossRef]

http://doi.org/10.1039/D1EE00419K
http://doi.org/10.1002/er.3499
http://doi.org/10.1016/j.nantod.2020.101075
http://doi.org/10.1007/s10853-020-05157-6
http://doi.org/10.1016/j.est.2019.01.010
http://doi.org/10.3390/nano12152549
http://doi.org/10.3390/nanoenergyadv2010004
http://doi.org/10.1039/D1NA00501D
http://doi.org/10.1016/j.nanoen.2018.12.081
http://doi.org/10.1002/adfm.202101047
http://doi.org/10.1007/s40820-021-00779-0
http://doi.org/10.1016/j.jclepro.2022.133702
http://doi.org/10.1016/j.jmat.2022.04.003
http://doi.org/10.1021/acsaem.2c01314
http://doi.org/10.1021/acsami.2c07297
http://doi.org/10.3390/s22114181
http://doi.org/10.1016/j.cej.2022.138279
http://doi.org/10.1016/j.cej.2022.137491
http://doi.org/10.1021/acsanm.2c02026
http://doi.org/10.34133/2021/9793458
http://doi.org/10.1016/j.cej.2022.139077
http://doi.org/10.1021/acsami.2c04196
http://doi.org/10.1016/j.nanoen.2021.106786
http://doi.org/10.1016/j.nanoen.2022.107719
http://doi.org/10.1016/j.nanoen.2022.107442


Nanomaterials 2022, 12, 4403 33 of 35

56. Sahu, M.; Hajra, S.; Panda, S.; Rajaitha, M.; Panigrahi, B.K.; Rubahn, H.-G.; Mishra, Y.K.; Kim, H.J. Waste textiles as the versatile
triboelectric energy-harvesting platform for self-powered applications in sports and athletics. Nano Energy 2022, 97, 107208.
[CrossRef]

57. Yang, J.; An, J.; Sun, Y.; Zhang, J.; Zu, L.; Li, H.; Jiang, T.; Chen, B.; Wang, Z.L. Transparent self-powered triboelectric sensor based
on PVA/PA hydrogel for promoting human-machine interaction in nursing and patient safety. Nano Energy 2022, 97, 107199.
[CrossRef]

58. Sengupta, A.; Das, S.; Dasgupta, S.; Sengupta, P.; Datta, P. Flexible nanogenerator from electrospun PVDF–polycarbazole nanofiber
membranes for human motion energy-harvesting device applications. ACS Biomater. Sci. Eng. 2021, 7, 1673–1685. [CrossRef]
[PubMed]

59. Cao, S.; Zou, H.; Jiang, B.; Li, M.; Yuan, Q. Incorporation of ZnO encapsulated MoS2 to fabricate flexible piezoelectric nanogenera-
tor and sensor. Nano Energy 2022, 102, 107635. [CrossRef]

60. Li, Y.; Tan, J.; Liang, K.; Li, Y.; Sun, J.; Zhang, H.; Luo, C.; Li, P.; Xu, J.; Jiang, H.; et al. Enhanced piezoelectric performance of
multi-layered flexible polyvinylidene fluoride–BaTiO3–rGO films for monitoring human body motions. J. Mater. Sci. Mater.
Electron. 2022, 33, 4291–4304. [CrossRef]

61. Bairagi, S.; Ghosh, S.; Ali, S.W. A fully sustainable, self-poled, bio-waste based piezoelectric nanogenerator: Electricity generation
from pomelo fruit membrane. Sci. Rep. 2022, 10, 12121. [CrossRef] [PubMed]

62. Zhang, J.; Zhao, X.; Wang, Z.; Liu, Z.; Yao, S.; Li, L. Antibacterial, antifreezing, stretchable, and self-healing organohydrogel
electrode based triboelectric nanogenerator for self-powered biomechanical sensing. Adv. Mater. Interfaces 2022, 9, 2200290.
[CrossRef]

63. Yang, Y.; Hou, X.; Geng, W.; Mu, J.; Zhang, L.; Wang, X.; He, J.; Xiong, J.J.; Chou, X. Human movement monitoring and behavior
recognition for intelligent sports using customizable and flexible triboelectric nanogenerator. Sci. China Technol. Sci. 2022, 65,
826–836. [CrossRef]

64. Wang, J.; Zhao, Z.; Zeng, X.; Liu, X.; Hu, Y. A Tubular flexible triboelectric nanogenerator with a superhydrophobic surface for
human motion Detecting. Sensors 2021, 21, 3634. [CrossRef]

65. Li, R.; Wei, X.; Xu, J.; Chen, J.; Li, B.; Wu, Z.; Wang, Z.L. Smart wearable sensors based on triboelectric nanogenerator for personal
healthcare monitoring. Micromachines 2021, 12, 352. [CrossRef]

66. Liu, J.; Cui, N.; Du, T.; Li, G.; Liu, S.; Xu, Q.; Wang, Z.; Gu, L.; Qin, Y. Coaxial double helix structured fiber-based triboelectric
nanogenerator for effectively harvesting mechanical energy. Nanoscale Adv. 2020, 2, 4482–4490. [CrossRef]

67. Kaur, G.; Meena, J.S.; Jassal, M.; Agrawal, A.K. Synergistic Effect of Polyurethane in Polyurethane–Poly(vinylidene fluoride)
Nanofiber-Based Stretchable Piezoelectric Nanogenerators (S-PENGs). ACS Appl. Polym. Mater. 2022, 4, 4751–4764. [CrossRef]

68. Waseem, A.; Bagal, I.V.; Abdullah, A.; Kulkarni, M.A.; Thaalbi, H.; Ha, J.-S.; Lee, J.K.; Ryu, S.-W. High performance, stable,
and flexible piezoelectric nanogenerator based on GaN:Mg nanowires directly grown on tungsten foil. Small 2022, 18, 2200952.
[CrossRef]

69. Yu, J.; Hou, X.; Cui, M.; Zhang, N.; Zhang, S.; He, J.; Chou, X. Skin-conformal BaTiO3/ecoflex-based piezoelectric nanogenerator
for self-powered human motion monitoring. Mater. Lett. 2020, 269, 127686. [CrossRef]

70. Ponnamma, D.; Parangusan, H.; Tanvir, A.; AlMa’adeed, M.A.A. Smart and robust electrospun fabrics of piezoelectric polymer
nanocomposite for self-powering electronic textiles. Mater. Des. 2019, 184, 108176. [CrossRef]

71. Zhu, Y.; Xia, Y.; Wu, M.; Guo, W.; Jia, C.; Wang, X. Wearable, freezing-tolerant, and self-powered electroluminescence system for
long-term cold-resistant displays. Nano Energy 2022, 98, 107309. [CrossRef]

72. Liu, J.; Li, S.; Yang, M.; Wang, Y.; Cui, N.; Gu, L. Coaxial spring-like stretchable triboelectric nanogenerator toward personal
healthcare monitoring. Front. Bioeng. Biotechnol. 2022, 10, 889364. [CrossRef] [PubMed]

73. Yang, Y.; Chen, L.; He, J.; Hou, X.; Qiao, X.; Xiong, J.; Chou, X. Flexible and extendable honeycomb-shaped triboelectric
nanogenerator for effective human motion energy harvesting and biomechanical sensing. Adv. Mater. Technol. 2022, 7, 2100702.
[CrossRef]

74. Bai, Z.; Xu, Y.; Li, J.; Zhu, J.; Gao, C.; Zhang, Y.; Wang, J.; Guo, J. An eco-friendly porous nanocomposite fabric-based triboelectric
nanogenerator for efficient energy harvesting and motion sensing. ACS Appl. Mater. Interfaces 2020, 12, 42880–42890. [CrossRef]
[PubMed]

75. Venkatesan, M.; Chen, W.-H.; Cho, C.-H.; Veeramuthu, L.; Chen, L.-G.; Li, K.-Y.; Tsai, M.-L.; Lai, Y.-C.; Lee, W.-Y.; Chen, W.-C.; et al.
Enhanced piezoelectric and photocatalytic performance of flexible energy harvester based on CsZn0.75Pb0.25I3/CNC–PVDF
composite nanofibers. Chem. Eng. J. 2022, 433, 133620. [CrossRef]

76. Lo, W.C.; Chen, C.C.; Fuh, Y.K. 3D Stacked Near-Field Electrospun Nanoporous PVDF-TrFE Nanofibers as Self-Powered Smart
Sensing in Gait Big Data Analytics. Adv. Mater. Technol. 2021, 6, 2000779. [CrossRef]

77. Lee, D.W.; Jeong, D.G.; Kim, J.H.; Kim, H.S.; Murillo, G.; Lee, G.-H.; Song, H.-C.; Jung, J.H. Polarization-controlled PVDF-based
hybrid nanogenerator for an effective vibrational energy harvesting from human foot. Nano Energy 2020, 76, 105066. [CrossRef]

78. Deng, C.; Tang, W.; Liu, L.; Chen, B.; Li, M.C.; Wang, Z.L. Self-powered insole plantar pressure mapping system. Adv. Funct.
Mater. 2018, 28, 1801606. [CrossRef]

79. Gulahmadov, O.; Muradov, M.B.; Kim, J. Gait analysis by using electric signals from a triboelectric nanogenerator. Eng. Res.
Express 2022, 4, 035027. [CrossRef]

http://doi.org/10.1016/j.nanoen.2022.107208
http://doi.org/10.1016/j.nanoen.2022.107199
http://doi.org/10.1021/acsbiomaterials.0c01730
http://www.ncbi.nlm.nih.gov/pubmed/33683096
http://doi.org/10.1016/j.nanoen.2022.107635
http://doi.org/10.1007/s10854-021-07622-7
http://doi.org/10.1038/s41598-020-68751-3
http://www.ncbi.nlm.nih.gov/pubmed/32694668
http://doi.org/10.1002/admi.202200290
http://doi.org/10.1007/s11431-021-1984-9
http://doi.org/10.3390/s21113634
http://doi.org/10.3390/mi12040352
http://doi.org/10.1039/D0NA00536C
http://doi.org/10.1021/acsapm.2c00330
http://doi.org/10.1002/smll.202200952
http://doi.org/10.1016/j.matlet.2020.127686
http://doi.org/10.1016/j.matdes.2019.108176
http://doi.org/10.1016/j.nanoen.2022.107309
http://doi.org/10.3389/fbioe.2022.889364
http://www.ncbi.nlm.nih.gov/pubmed/35497352
http://doi.org/10.1002/admt.202100702
http://doi.org/10.1021/acsami.0c12709
http://www.ncbi.nlm.nih.gov/pubmed/32847347
http://doi.org/10.1016/j.cej.2021.133620
http://doi.org/10.1002/admt.202000779
http://doi.org/10.1016/j.nanoen.2020.105066
http://doi.org/10.1002/adfm.201801606
http://doi.org/10.1088/2631-8695/ac8529


Nanomaterials 2022, 12, 4403 34 of 35

80. Rahman, M.T.; Rana, S.M.S.; Salauddin, M.; Zahed, M.A.; Lee, S.; Yoon, E.-S.; Park, J.Y. Silicone-incorporated nanoporous cobalt
oxide and MXene nanocomposite-coated stretchable fabric for wearable triboelectric nanogenerator and self-powered sensing
applications. Nano Energy 2022, 100, 107454. [CrossRef]

81. Shao, Y.; Zhou, F.; Wang, F. A Triboelectric sensor with a dual working unit for race walking motion monitoring. J. Electron. Mater.
2022, 51, 3569–3578. [CrossRef]

82. Park, D.; Hong, J.-H.; Choi, D.; Kim, D.; Jung, W.H.; Yoon, S.S.; Kim, K.H.; An, S. Biocompatible and mechanically-reinforced
tribopositive nanofiber mat for wearable and antifungal human kinetic-energy harvester based on wood-derived natural product.
Nano Energy 2022, 96, 107091. [CrossRef]

83. Kim, Y.W.; Lee, H.B.; Yoon, J.; Park, S.-H. 3D customized triboelectric nanogenerator with high performance achieved via
charge-trapping effect and strain-mismatching friction. Nano Energy 2022, 95, 107051. [CrossRef]

84. Yang, P.; Shi, Y.; Li, S.; Tao, X.; Liu, Z.; Wang, X.; Wang, Z.L.; Chen, X. Monitoring the degree of comfort of shoes in-motion using
triboelectric pressure sensors with an ultrawide detection range. ACS Nano 2022, 16, 4654–4665. [CrossRef]

85. Lackermair, K.; Fischer, F.; Manhart, J.; Scheurer, E.; Graw, M.; Boy, D.; Lenz, C.; Hartrampf, B.; Kellnar, A.; Sams, L.; et al.
Determination of time of death by blinded post-mortem interrogation of cardiac implantable electrical devices. Sci. Rep. 2022,
12, 8199. [CrossRef]

86. Yang, E.; Suzuki, M.; Nazarian, S.; Halperin, H.R. Magnetic resonance imaging safety in patients with cardiac implantable
electronic devices. Trends Cardiovasc. Med. 2022, 32, 440–447. [CrossRef]

87. Krucoff, M.O.; Wozny, T.A.; Lee, A.T.; Rao, V.R.; Chang, E.F. Operative technique and lessons learned from surgical implantation of
the NeuroPace responsive Neurostimulation® System in 57 consecutive patients. Oper. Neurosurg. 2021, 20, E98–E109. [CrossRef]

88. Barri, K.; Zhang, Q.; Swink, I.; Aucie, Y.; Holmberg, K.; Sauber, R.; Altman, D.T.; Cheng, B.C.; Wang, Z.L.; Alavi, A.H. Patient-
specific self-powered metamaterial implants for detecting bone healing progress. Adv. Funct. Mater. 2022, 32, 2203533. [CrossRef]

89. Lone, S.A.; Lim, K.C.; Kaswan, K.; Chatterjee, S.; Fan, K.-P.; Choi, D.; Lee, S.; Zhang, H.; Cheng, J.; Lin, Z.-H. Recent advancements
for improving the performance of triboelectric nanogenerator devices. Nano Energy 2022, 99, 107318. [CrossRef]

90. Kabir, H.; Dehghan, H.K.; Mashayekhan, S.; Bagherzadeh, R.; Sorayani Bafqi, M.S. Hybrid fibrous (PVDF-BaTiO3)/ PA-11
piezoelectric patch as an energy harvester for pacemakers. J. Ind. Text. 2022, 51, 4698S–4719S. [CrossRef]

91. Al-Suhaimi, E.A.; Aljafary, M.A.; Alfareed, T.M.; Alshuyeh, H.A.; Alhamid, G.M.; Sonbol, B.; Almofleh, A.; Alkulaifi, F.M.;
Altwayan, R.K.; Alharbi, J.N.; et al. Nanogenerator-Based Sensors for Energy Harvesting from Cardiac Contraction. Front. Energy
Res. 2022, 10, 900534. [CrossRef]

92. Torres, F.G.; Troncoso, O.P.; De-la-Torre, G.E. Hydrogel-based triboelectric nanogenerators: Properties, performance, and
applications. Int. J. Energy Res. 2022, 46, 5603–5624. [CrossRef]

93. Ryu, H.; Park, H.m.; Kim, M.K.; Kim, B.; Myoung, H.S.; Kim, T.Y.; Yoon, H.-J.; Kwak, S.S.; Kim, J.; Hwang, T.H.; et al. Self-
rechargeable cardiac pacemaker system with triboelectric nanogenerators. Nat. Commun. 2021, 12, 4374. [CrossRef] [PubMed]

94. Parandeh, S.; Etemadi, N.; Kharaziha, M.; Chen, G.; Nashalian, A.; Xiao, X.; Chen, J. Advances in triboelectric nanogenerators for
self-powered regenerative medicine. Adv. Funct. Mater. 2021, 31, 2105169. [CrossRef]

95. Chen, P.; Wu, P.; Wan, X.; Wang, Q.; Xu, C.; Yang, M.; Feng, J.; Hu, B.; Luo, Z. Ultrasound-driven electrical stimulation of
peripheral nerves based on implantable piezoelectric thin film nanogenerators. Nano Energy 2021, 86, 106123. [CrossRef]

96. Long, Y.; Li, J.; Yang, F.; Wang, J.; Wang, X. Wearable and Implantable Electroceuticals for Therapeutic Electrostimulations.
Adv. Sci. 2021, 8, 2004023. [CrossRef]

97. Zhang, S.; Bick, M.; Xiao, X.; Chen, G.; Nashalian, A.; Chen, J. Leveraging triboelectric nanogenerators for bioengineering. Matter
2021, 4, 845–887. [CrossRef]

98. Mathew, A.A.; Chandrasekhar, A.; Vivekanandan, S. A review on real-time implantable and wearable health monitoring sensors
based on triboelectric nanogenerator approach. Nano Energy 2021, 80, 105566. [CrossRef]

99. Owida, H.A.; Al-Nabulsi, J.I.; Turab, N.M.; Alnaimat, F.; Rababah, H.; Shakour, M.I. Autocharging Techniques for Implantable
Medical Applications. Int. J. Biomater. 2021, 2021, 6074657. [CrossRef]

100. Khandelwal, G.; Joseph Raj, N.P.M.; Kim, S.-J. Triboelectric nanogenerator for healthcare and biomedical applications. Nano Today
2020, 33, 100882. [CrossRef]

101. Yoon, H.-J.; Kim, S.-W. Nanogenerators to Power Implantable Medical Systems. Joule 2020, 4, 1398–1407. [CrossRef]
102. Sun, J.; Yang, A.; Zhao, C.; Liu, F.; Li, Z. Recent progress of nanogenerators acting as biomedical sensors in vivo. Sci. Bull. 2019,

64, 1336–1347. [CrossRef]
103. Chen, X.; Song, Y.; Su, Z.; Chen, H.; Cheng, X.; Zhang, J.; Han, M.; Zhang, H. Flexible fiber-based hybrid nanogenerator for

biomechanical energy harvesting and physiological monitoring. Nano Energy 2017, 38, 43–50. [CrossRef]
104. Sun, J.-G.; Yang, T.-N.; Wang, C.-Y.; Chen, L.-J. A flexible transparent one-structure tribo-piezo-pyroelectric hybrid energy

generator based on bio-inspired silver nanowires network for biomechanical energy harvesting and physiological monitoring.
Nano Energy 2018, 48, 383–390. [CrossRef]

105. Zhu, M.; Shi, Q.; He, T.; Yi, Z.; Ma, Y.; Yang, B.; Chen, T.; Lee, C. Self-powered and self-functional cotton sock using piezoelectric
and triboelectric hybrid mechanism for healthcare and sports monitoring. ACS Nano 2019, 13, 1940–1952. [CrossRef]

106. Li, M.; Jie, Y.; Shao, L.H.; Guo, Y.; Cao, X.; Wang, N.; Wang, Z.L. All-in-one cellulose based hybrid tribo/piezoelectric nanogenera-
tor. Nano Res. 2019, 12, 1831–1835. [CrossRef]

http://doi.org/10.1016/j.nanoen.2022.107454
http://doi.org/10.1007/s11664-022-09597-5
http://doi.org/10.1016/j.nanoen.2022.107091
http://doi.org/10.1016/j.nanoen.2022.107051
http://doi.org/10.1021/acsnano.1c11321
http://doi.org/10.1038/s41598-022-12390-3
http://doi.org/10.1016/j.tcm.2021.08.001
http://doi.org/10.1093/ons/opaa300
http://doi.org/10.1002/adfm.202203533
http://doi.org/10.1016/j.nanoen.2022.107318
http://doi.org/10.1177/15280837211057575
http://doi.org/10.3389/fenrg.2022.900534
http://doi.org/10.1002/er.7585
http://doi.org/10.1038/s41467-021-24417-w
http://www.ncbi.nlm.nih.gov/pubmed/34272375
http://doi.org/10.1002/adfm.202105169
http://doi.org/10.1016/j.nanoen.2021.106123
http://doi.org/10.1002/advs.202004023
http://doi.org/10.1016/j.matt.2021.01.006
http://doi.org/10.1016/j.nanoen.2020.105566
http://doi.org/10.1155/2021/6074657
http://doi.org/10.1016/j.nantod.2020.100882
http://doi.org/10.1016/j.joule.2020.05.003
http://doi.org/10.1016/j.scib.2019.07.001
http://doi.org/10.1016/j.nanoen.2017.05.047
http://doi.org/10.1016/j.nanoen.2018.03.071
http://doi.org/10.1021/acsnano.8b08329
http://doi.org/10.1007/s12274-019-2443-3


Nanomaterials 2022, 12, 4403 35 of 35

107. Syu, M.H.; Guan, Y.J.; Lo, W.C.; Fuh, Y.K. Biomimetic and porous nanofiber-based hybrid sensor for multifunctional pressure
sensing and human gesture identification via deep learning method. Nano Energy 2020, 76, 105029. [CrossRef]

108. Huang, T.; Zhang, Y.; He, P.; Wang, G.; Xia, X.; Ding, G.Q.; Tao, T.H. Self-matched tribo/piezoelectric nanogenerators using
vapor-induced phase-separated poly (vinylidene fluoride) and recombinant spider silk. Adv. Mater. 2020, 32, 1907336. [CrossRef]

109. Du, M.; Cao, Y.; Qu, X.; Xue, J.; Zhang, W.; Pu, X.; Shi, B.; Li, Z. Hybrid nanogenerator for biomechanical energy harvesting,
motion state detection, and pulse sensing. Adv. Mater. Technol. 2022, 7, 2101332. [CrossRef]

110. Ouyang, H.; Liu, Z.; Li, N.; Shi, B.; Zou, Y.; Xie, F.; Ma, Y.; Li, Z.; Li, H.; Zheng, Q.; et al. Symbiotic cardiac pacemaker.
Nat. Commun. 2019, 10, 1821. [CrossRef]

111. Ouyang, H.; Tian, J.J.; Sun, G.L.; Zou, Y.; Liu, Z.; Li, H.; Zhao, L.M.; Shi, B.J.; Fan, Y.B.; Fan, Y.F.; et al. Self-powered pulse sensor
for antidiastole of cardiovascular disease. Adv. Mater. 2017, 29, 1703456. [CrossRef]

112. Chu, Y.; Zhong, J.; Liu, H.; Ma, Y.; Liu, N.; Song, Y.; Liang, J.; Shao, Z.; Sun, Y.; Dong, Y.; et al. Human pulse diagnosis for medical
assessments using a wearable piezoelectret sensing system. Adv. Funct. Mater. 2018, 28, 1803413. [CrossRef]

113. Liu, Z.; Xu, L.; Zheng, Q.; Kang, Y.; Shi, B.; Jiang, D.; Li, H.; Qu, X.; Fan, Y.; Wang, Z.L.; et al. Human motion driven self-powered
photodynamic system for long-term autonomous cancer therapy. ACS Nano 2020, 14, 8074–8083. [CrossRef] [PubMed]

114. Zhang, J.; Hu, Y.; Lin, X.; Qian, X.; Zhang, L.; Zhou, J.; Lu, A. High-performance triboelectric nanogenerator based on chitin for
mechanical-energy harvesting and self-powered sensing. Carbohydr. Polym. 2022, 291, 119586. [CrossRef] [PubMed]

115. Zhang, Y.; Zhou, Z.; Sun, L.; Liu, Z.; Xia, X.; Tao, T.H. Genetically engineered biofunctional triboelectric nanogenerators using
recombinant spider silk. Adv. Mater. 2018, 30, 1805722. [CrossRef] [PubMed]

116. Saqib, Q.M.; Chougale, M.Y.; Khan, M.U.; Shaukat, R.A.; Kim, J.; Bhat, K.S.; Bae, J. Triboelectric nanogenerator based on
lignocellulosic waste fruit shell tribopositive material: Comparative analysis. Mater. Today Sustain. 2022, 18, 100146. [CrossRef]

117. Khandelwal, G.; Minocha, T.; Yadav, S.K.; Chandrasekhar, A.; Joseph Raj, N.P.M.; Gupta, S.C.; Kim, S.-J. All edible materials
derived biocompatible and biodegradable triboelectric nanogenerator. Nano Energy 2019, 65, 104016. [CrossRef]

118. Chi, Y.; Xia, K.; Zhu, Z.; Fu, J.; Zhang, H.; Du, C.; Xu, Z. Rice paper-based biodegradable triboelectric nanogenerator.
Microelectron. Eng. 2019, 216, 111059. [CrossRef]

119. Han, Y.; Han, Y.; Zhang, X.; Lin, L.; Zhang, C.; Liu, J.; Lu, G.; Yu, H.-D.; Huang, W. Fish gelatin based triboelectric nanogenerator
for harvesting biomechanical energy and self-powered sensing of human physiological signals. ACS Appl. Mater. Interfaces 2020,
12, 16442–16450. [CrossRef]

120. Oliveira, G.S.; Candido, I.C.M.; Lima, R.M.A.P.; Oliveira, H.P. All-in-one energy harvesting/storage integrated systems based on
eggshell membranes. ACS Appl. Electron. Mater. 2022, 4, 4708–4718. [CrossRef]

121. Yan, S.; Zhang, Z.; Shi, X.; Xu, Y.; Li, Y.; Wang, X.; Li, Q.; Turng, L.-S. Eggshell membrane and expanded polytetrafluoroethylene
piezoelectric-enhanced triboelectric bio-nanogenerators for energy harvesting. Int. J. Energy Res. 2021, 45, 11053–11064. [CrossRef]

122. Ghaffarinejad, A.; Hasani, J.Y.; Hinchet, R.; Lu, Y.; Zhang, H.; Karami, A.; Galayko, D.; Kim, S.-W.; Basset, P. Aconditioning circuit
with exponential enhancement of output energy for triboelectric nanogenerator. Nano Energy 2018, 51, 173–184. [CrossRef]

123. Morel, A.; Brenes, A.; Gibus, D.; Lefeuvre, E.; Gasnier, P.; Pillonnet, G.; Badel, A. A comparative study of electrical interfaces for
tunable piezoelectric vibration energy harvesting. Smart Mater. Struct. 2022, 31, 045016. [CrossRef]

124. Rincón-Mora, G.A.; Yang, S. Tiny piezoelectric harvesters: Principles, constraints, and power conversion. IEEE Trans. Circuits Syst.
I Regul. Pap. 2016, 63, 639–649. [CrossRef]

125. Long, Z.; Li, P.; Chen, J.; Chung, H.S.-H.; Yang, Z. Self-Powered Single-Inductor Rectifier-Less SSHI Array Interface with the
MPPT Technique for Piezoelectric Energy Harvesting. IEEE Trans. Ind. Electron. 2022, 69, 10172–10181. [CrossRef]

126. Wang, J.; Chen, Z.; Li, Z.; Jiang, J.; Liang, J.; Zeng, X. Piezoelectric energy harvesters: An overview on design strategies and
topologies. IEEE Trans. Circuits Syst. II Express Briefs 2022, 69, 3057–3063. [CrossRef]

http://doi.org/10.1016/j.nanoen.2020.105029
http://doi.org/10.1002/adma.201907336
http://doi.org/10.1002/admt.202101332
http://doi.org/10.1038/s41467-019-09851-1
http://doi.org/10.1002/adma.201703456
http://doi.org/10.1002/adfm.201803413
http://doi.org/10.1021/acsnano.0c00675
http://www.ncbi.nlm.nih.gov/pubmed/32551540
http://doi.org/10.1016/j.carbpol.2022.119586
http://www.ncbi.nlm.nih.gov/pubmed/35698402
http://doi.org/10.1002/adma.201805722
http://www.ncbi.nlm.nih.gov/pubmed/30306646
http://doi.org/10.1016/j.mtsust.2022.100146
http://doi.org/10.1016/j.nanoen.2019.104016
http://doi.org/10.1016/j.mee.2019.111059
http://doi.org/10.1021/acsami.0c01061
http://doi.org/10.1021/acsaelm.2c00909
http://doi.org/10.1002/er.6589
http://doi.org/10.1016/j.nanoen.2018.06.034
http://doi.org/10.1088/1361-665X/ac54e8
http://doi.org/10.1109/TCSI.2016.2555249
http://doi.org/10.1109/TIE.2021.3139175
http://doi.org/10.1109/TCSII.2022.3173966

	Introduction 
	Operating Principle, Materials, and Fabrication 
	Potential Applications 
	Challenges and Perspectives 
	Design 
	Materials and Fabrication Processes 
	Signal Processing 
	Reliability 

	Conclusions 
	References

