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Wearable and Implantable Triboelectric Nanogenerators

Zhuo Liu, Hu Li, Bojing Shi, Yubo Fan,* Zhong Lin Wang,* and Zhou Li*

Triboelectric nanogenerators (TENGs) are a promising technology 
to convert mechanical energy to electrical energy based on coupled 
triboelectrification and electrostatic induction. With the rapid development 
of functional materials and manufacturing techniques, wearable and 
implantable TENGs have evolved into playing important roles in clinic and 
daily life from in vitro to in vivo. These flexible and light membrane-like 
devices have the potential to be a new power supply or sensor element, to  
meet the special requirements for portable electronics, promoting 
innovation in electronic devices. In this review, the recent advances in 
wearable and implantable TENGs as sustainable power sources or self-
powered sensors are reviewed. In addition, the remaining challenges and 
future possible improvements of wearable and implantable TENG-based 
self-powered systems are discussed.
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clinical therapy.[5] However, most current 
practical portable electronics need power 
sources to provide electricity to function.[6] 
The periodic replacement of these power 
sources commonly causes environmental 
concerns,[7] poor user experience,[8] heavy 
financial burden and physical pains to 
patients.[9] Therefore, it is critical to realize 
the self-powered operation of practical 
portable electronics to add convenience to 
daily life and health supervision.

In 2012, Wang et  al. proposed the tri-
boelectric nanogenerator (TENG) as an 
energy harvesting technology.[10] The basic 
working mechanism of TENGs comprises 
the coupling of triboelectrification and 
electrostatic induction during the conver-
sion of mechanical energy to electricity. 

The TENG has many advantages including low cost, structural 
diversity,[11] stable electric output,[12] high energy conversion effi-
ciency,[13] shape-adaptive ability[14] and ecofriendly features.[15] 
Recently, the TENGs have been made to harvest mechanical 
energy from environment, such as water wave,[16] vibration,[17] 
raindrop,[18] and wind.[19] What’s more notable is that the 
unique working mode also allows for applications of TENGs in 
sportive and physiological situations to harvest biomechanical 
energy, including body movement,[20] breathing,[21] and heart 
beating.[22] The electric energy converted by the TENGs can 
be used for enhancing neural differentiation of mesenchymal 
stem cells[23] and promoting osteoblasts’ proliferation and  
differentiation[24] in the field of tissue engineering.

To meet the practical operation requirements for self-
powered portable electronics, various wearable and implant-
able TENGs are designed to harvest relevant biomechanical 
energy,[25] where the wearable TENGs functions outside of 
bodies, and the implantable TENGs have the capability of 
operating in vivo.[26] The advantages of the TENG have led to 
rapid development of wearable and implantable TENGs with 
the joint efforts of researchers, especially in practical portable 
electronics.[27] The electricity converted by these TENGs can 
power low-energy electronics such as watches, calculators, and 
LED arrays.[28] In addition, physiological information of body 
can be obtained from the electrical signals generated by wear-
able and implantable TENGs, including heart rate,[22] pulse,[29] 
cardiac arrhythmias, and respiratory rates.[30] Therefore, wear-
able and implantable TENGs can be utilized as a stabilized 
power source for practical portable electronics and as an active 
sensor. Nevertheless, if the wearable and implantable TENGs 
are truly applied to clinical practice and daily life, it will also 
face challenges in vitro and in vivo, such as efficient energy 
management, biosafety, biocompatibility, longevity of service, 
biodegradability, miniaturization, and integration.
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1. Introduction

In the past ten years, the synergistic development of advanced 
materials/electronics and manufacturing promoted progress in 
the electronic industry.[1] Portable electronics with wearability[2] 
and multifunctionality[3] are becoming increasingly attractive to 
the public. Practical portable electronics require small electronic 
components and integration ability with cloth fabrics and acces-
sories such as watches, eyeglasses, shoes, bracelets, or in vivo 
implants[4] in the human body for healthcare monitoring and 
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In this review, we first describe the recent advances on wear-
able and implantable TENGs as sustainable power sources or 
self-powered sensors. Figure 1 shows the frame of this article. 
In addition, we discuss the remaining challenges of wear-
able and implantable TENGs and TENGs-based self-powered 
system. Finally, we suggest the new research directions to  
alleviate them. This review could promote the future evolution 
of portable electronics in daily life and in clinic.

2. Fundamentals of TENGs

The triboelectric effect is often regarded as annoying or even 
hazardous in daily life because it may give rise to ignition, 
dust absorption and damage to electronics.[31] In comparison, 
the energy harvesting of a TENG from its surroundings relies 
on the coupling effects of triboelectrification and electrostatic 
induction.[10] Therefore, factors influencing these two physical 
processes impact the electric output performance of a TENG, 
especially the materials’ intrinsic properties such as the elec-
tron affinity, work function and friction.

Researchers have studied the polarity of friction materials 
based on their ability to gain electrons (electronegativity) or 
lose electrons (electropositivity) upon contact with other mate-
rials and defined it as the “triboelectric series,” which can be 
used as guidance for selection of materials in TENG fabrica-
tion (Figure  2a).[32] The greater the variation in the triboelec-
tric series, the more transferred charge between the friction 
materials. In addition, according to the configuration structure 
and driving manner, four working modes of TENGs have been  
proposed to achieve the collection for different forms of mechan-
ical energy, including vertical contact–separation mode,[33]  
lateral sliding mode,[34] single-electrode mode,[35] and free-
standing triboelectric-layer mode[17b,36] (Figure 2b).

3. Wearable TENGs

Wearable electronic devices can be directly worn on body or 
integrated into user’s clothing and its accessories. They not only 
exist as hardware equipment, but also rely on software support 
and data interaction to realize their specific functions. Recently, 
TENGs have become wearable and smart as energy power sup-
plies and sensors on different body positions. According to the 
independent degree to realize the specific function, the wear-
able TENGs can be clarified into two types: i) directly wearable 
TENGs as independent work unit; ii) indirectly TENGs 
integrated with cloth fabrics, shoes, and other accessories.

3.1. Directly Wearable TENGs

3.1.1. As Active Sensors

On ears, TENG application scenario on ears was demonstrated 
by Guo et  al.[37] This directly wearable TENG adopted the 
vertical contact–separation working mode (Figure  3a). Based 
on flexible materials and smart structures, the researchers 
designed a wearable TENG-based self-powered triboelectric 

auditory sensor (TAS) with advantages of a circular type, easy 
fabrication and single-channel design. The acrylic, Kapton, 
Au, a fluorinated ethylene propylene (FEP), and a gap-creating 
spacer were utilized to assemble the circular device. A nano-
structure on the FEP surface was created to realize a higher 
surface charge to enhance the sensitivity of the TAS. A TAS 
with ultrahigh sensitivity of ≈110 mV dB−1 was obtained and 
showed a large frequency range (100–5000  Hz) based on the 
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newly developed TENG method. This device can be placed 
directly on the ears for social robotics and hearing aids.

On the neck and other positions, Yang at al. produced the self-
powered bionic membrane sensor (BMS) with the same working 
modes based on the coupling of the contact electrification  

effect (Figure  3b).[38] The TENG-based BMS work with the 
vertical contact–separation mode. Nylon, polyethylene tere-
phthalate (PET), indium tin oxide (ITO), and polytetrafluoro-
ethylene (PTFE) were utilized to design a device with an oval 
shape. The ITO acted as the electrode layer and the nylon and  
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Figure 1.  The frame of this article.

Figure 2.  Fundamentals of TENGs. a) Triboelectric series of commonly used friction materials based on their ability to lose or gain electrons. Reproduced 
with permission.[32] Copyright 2017, Elsevier. b) Working modes of TENGs: vertical contact–separation mode, lateral sliding mode, single-electrode 
mode, freestanding triboelectric-layer mode.
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Figure 3.  Directly wearable TENGs as active sensors for a) Hearing aids and social robotics on the ears. Reproduced with permission.[37] Copyright 
2018, The American Association for the Advancement of Science. b) Monitoring physiological signal on neck and other positions. Reproduced with 
permission.[38] Copyright 2015, Wiley-VCH. c) Diagnosing cardiovascular disease on wrist. Reproduced with permission.[29] Copyright 2017, Wiley-VCH. 
d) Controlling gesture on finger. Reproduced with permission.[40] Copyright 2018, Elsevier. e) Monitoring diaphragm breathing on stomach. Reproduced 
with permission.[41] Copyright 2015, Wiley-VCH.
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PTFE were chosen as triboelectrification layers. To mimic the 
eardrum of a human being, the two ends of PET were tightly 
attached to PTFE and nylon, and an air spacer between the 
PTFE and nylon created the conical cavity which resulted in 
the charge generation and transfer. The surface of the PTFE 
had nanosurface modification to enhance the output perfor-
mance. The working principle of BMS can be outlined as 
follows: The PTFE layer in response to the mechanical vibra-
tion that along with the electricity generation by the contact 
electrification effect. The sensitivity of BMS is ≈51  mV Pa−1 
with an extremely low response time with detection pressures 
below 2.5  Pa. Notably, even after 40 000 working cycles, the 
loading–unloading signal of the BMS remained stable, exhib-
iting its outstanding durability. The authors demonstrated that 
the BMS could be used as a self-powered pulse wave sensor to 
reveal the condition of the cardiovascular system. In addition, 
the device can be attached on the throat as microphone without 
external power to pick up and recover the voice. The BMS is 
eye-catching, wearable, mini, low-cost and self-powered, and 
has great potential for application in the field of wearable health 
care and biometric authentication.

On the wrist, Ouyang et  al. fabricated a self-powered pulse 
sensor (SUPS) with high sensitivity based on a wearable TENG 
(Figure  3c).[29] This TENG-based SUPS work with the vertical 
contact–separation mode. The triboelectric layers consisted of 
Kapton and Cu films. The size of the SUPS after encapsula-
tion is 20  mm  ×  10  mm  ×  0.1  mm. The output voltage, cur-
rent, and transferred charge were typically ≈109  V, 2.97  µA, 
and 7.6  nC, respectively. SUPS on the radial arteria can gen-
erate effective output voltage, current and transferred charges 
of 1.52 V, 5.4 nA, and 1.08 nC, respectively. In this work, SUPS 
realized a more accurate Poincare plot with the advantage of 
high linearity of R–R and P–P intervals based on SUPS and 
ECG, respectively. The electric signals of the radial artery pulse 
by SUPS can reflect physiological information regarding coro-
nary heart disease, atrial septal absence, and atrial fibrillation. 
The SUPS was successfully applied to diagnose cardiovascular 
diseases and antidiastole. In addition, the SUPS was able to 
integrate with Bluetooth technology. This device also realized 
the wireless detection of cardiovascular diseases based on the 
pulse signal. Combined with the Bluetooth technology, the 
SUPS realized accurate, wireless, and real-time monitoring 
of physiological information for cardiovascular diseases based 
on the pulse signal. In the future, this wearable TENG-based 
SUPS can act as a wearable self-powered sensor for effective 
diagnosis of cardiovascular disease.

On the fingers, Shi et  al. proposed a wearable TENG with 
free-standing mode as active sensor to monitor finger bending 
in 2016.[39] The device was made of a flexible PET film, polydi-
methylsiloxane (PDMS) layer, multiple copper (Cu) electrodes, 
and deionized (DI) water. The working principle of the sensor 
can be briefly described as follows: the device was fitted on a 
finger, and the finger joint faced the water chamber center. 
When the finger bent to some degree, the bending resulted in 
different pressure. Pressure-induced water flow in the channel 
of water chamber. Then, the electric signals can be obtained 
by multiple Cu electrodes on the bottom of the channel. 
These results indicated that this wearable TENG-based sensor 
has a great application potential for complex body movement 

monitoring with optimized structure design. In 2018, Pu pro-
posed a joint motion triboelectric quantization sensor (jmTQS) 
based on a finger-wearable TENG with advantage of ultrahigh 
sensitivity to detect the finger joint’s flexion-extension degree, 
speed and direction (Figure 3d).[40] Through correlation calcula-
tion, this system can control robotic hand via human gesture. 
This work contributes to propelling the natural, high-precision 
and real-time interface.

On the stomach, Yi et al. proposed a stretchable rubber-based 
TENG with the sliding mode, which can act as an active sensor 
(Figure  3e).[41] A layer of aluminum film and a layer elastic 
rubber were used for the device. The charge density and distri-
bution on the surface of the rubber can be changed by releasing 
and stretching. The device was attached on a human body to 
detect joint moment and diaphragm breathing.

3.1.2. As Power Sources

Yi et  al. developed a stretchable self-charging power system 
(SSCPS) based on a wearable TENG with vertical contact– 
separation mode and supercapacitors (Figure 4a).[42] The wear-
able TENG can convert diverse motions into electricity, which 
was stored in supercapacitors. For the wearable TENG unit, a 
mixture of carbon black and silicone rubber was used as the 
friction layer and back electrode, and silicon was employed 
as another friction layer. To enhance the electric output of the 
wearable TENG, a sandpaper polishing method was utilized 
to form nano/microstructures on the surfaces of the friction 
layers. A stretchable 5 mm ×  5 mm supercapacitor was made 
to store the energy generated by the TENG. The authors dem-
onstrated that the SSCPS showed a stable charging perfor-
mance with or without contact with water, and the charging 
rate remained near 178 mV min−1, showing its waterproofness. 
When the SSCPS is pressed with the hand at a frequency of 
1.3 Hz for −8 min, a wearable electronic watch can be driven by 
the SSCPS for ≈16 s. This finding proved that the SSCPS effec-
tively harvests the biomechanical energy from human motions 
and can power wearable electronics. This work may represent a 
new route to fabricate wearable TENGs for wearable electronics 
with high stretchability.

Lai et  al. reported an electric eel skin-inspired triboelectric 
nanogenerator with the advantages of durability and stretch-
ability to power wearable electronics (Figure  4b).[43] This 
bioinspired TENG has a single electrode mode. Silver (Ag) 
nanowires were used as the electrode layer due to their good 
electrical conductivity and stretchability, and Eco-flex 00-10 
silicone rubber was utilized for the stretchable frictional layer 
and encapsulated material. This device has a single electrode 
structure, and charge transfer occurs when skin contacts the 
triboelectric layer (Eco-flex 00-10 silicone rubber). The open-
circuit voltage and transferred charge density of this device 
(2.5  ×  2.5  cm2) can reach 70  V and 100 µC m−2, respectively, 
under 10 N force. This work demonstrated that the device can 
power a commercial smart watch when worn on the forearm 
by hand tapping. Increasingly, the devices realize body-con-
formable e-skin systems with intuitively visual signals based on 
TENG arrays and LED. These results will promote the devel-
opment of flexible electronic devices and human-computer 

Adv. Funct. Mater. 2019, 1808820
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interaction. In the meantime, Guo et al. developed an all-in-one 
shape-adaptive self-charging system based on a wearable TENG 
with same working mode and supercapacitors (Figure 4c).[44] A 
shape-adaptive silicone rubber and Ag nanowires were utilized 

to fabricate the stretchable TENG with an output of ≈160 nC 
and ≈250 V under a 100% stretching state. Paper was chosen to 
design the supercapacitor with advantages of stretchability and 
durability. The paper-based supercapacitor was constituted into 
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Figure 4.  Directly wearable TENGs as power sources with a) Vertical contact–separation mode based on silica rubber and carbon black. Reproduced 
with permission.[42] Copyright 2016, American Chemical Society. b,c) Single electrode mode based on Ag nanowires and silicon silica gel. b) Reproduced 
with permission.[43] Copyright 2016, Wiley-VCH. c) Reproduced with permission.[44] Copyright 2016, American Chemical Society.
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a TENG with a rectifier that can harvest body motion energy 
to drive wearable electronics. The authors also demonstrated 
that the system enables the collection of biomechanical energy 
to power an electric watch. This work will lead to promising 
improvements in future self-powered wearable electronics.

3.2. Indirectly Wearable TENGs

3.2.1. As Active Sensors

Indirectly wearable TENGs have adopted vertical contact–sepa-
ration mode in most cases. Recently, Pu et al. produced a mech-
nosensational communication system triggered by eye motion 
based on a TENG with high sensitivity (≈750  mV). The mul-
tilayered mechnosensational TENG was mounted on ordinary 
glass with the single-electrode working mode (Figure 5a).[45] The 
substrate of the mechnosensational TENG was designed using 
a tadpole-like PET. The electrification layer was made using an 
FEP, indium tin oxide layer on the PET substrate as the back 
electrode. Natural latex was utilized as another electrification 
layer on the top to contact the skin near the eyes. The authors 
measured the output voltage and corresponding applied pres-
sures at the frequency of 0.5  Hz. With increasing frequency, 
both the load voltage and the open-circuit voltage increased  
significantly, meaning that a faster eye blink can lead to a 
stronger electric signal. Then, the authors designed a smart 
home control system that consisted of a user, mechnosensa-
tional TENG-based smart glass and a signal processing system. 
To broaden the application scenarios, the ms-TENG was com-
bined with a wireless transceiver module, which realized a 
hands-free typing system (i.e., typing with eye blinking). With 
the development of mechnosensational TENGs in different body 
positions, this device will have various potential applications in 
future intelligent robotics and for patients with disabilities.

In addition to the intelligent control, the indirectly wearable 
TENGs can also be integrated with insole and medical mask 
as an active sensor for monitoring human gait and respiration 
patterns in real time. Lin et al. developed a TENG based smart 
insole for monitoring human gait in real time (Figure  5b).[46] 
The sensor integrated with the conventional insole convert 
mechanical triggering/impact into electrical signal, including 
two parts: a TENG part and an elastic air chamber (EAC) part. 
The TENG part consisted of rubber layer and copper layers to  
realize the contact–separation. When the mechanical force was 
released, the EAC part was packaged by latex to accelerate sepa-
ration between two triboelectric layers with a fast response time 
of less than 56 ms. These two sensors were placed in the front 
foot and rear of the insole, respectively. After 1000 cycles, the 
output voltage of the TENG was about 33  V and maintained 
stability under the force of 30 N. By analyzing the signal dif-
ferences of the TENG, gait patterns including jump, step, 
walk, and run could be accurately monitored. Therefore, the 
device may also be employed as a fall-down alert system for 
elder people or patients in the area of health monitoring. In 
the same year, Wang et  al. purposed a self-powered and real-
time respiratory sensor based on the TENG embedded in a 
conventional medical mask (Figure  5c).[47] The device has a 
simple structure with materials of Cu, nanostructured PTFE, 

copper wire and acrylic. When the air flow rate increased from 
85 to 216  L  min−1, the average peak values of output voltage 
and current increased from 1.7 to 11.1  V and 0.9 to 10.2  µA, 
respectively. In addition, the authors also investigated the nega-
tive effect of humidity on the TENG performance. The electric 
signals from TENG driven by human breath could be utilized 
to monitor human respiration patterns in real time. The four 
different breathing patterns such as slow, rapid, shallow, deep 
breathing, were recorded though electric signals by the TENG. 
The low frequency has slower breathing in calm and relaxed 
situation. Compared to slow frequency, rapid frequency has a 
faster breathing. Which is strongly reflected the human respi-
ration patterns on the basis of standard pulmonary function 
test. This work provided a new structure for wearable TENG to 
achieve health monitoring.

3.2.2. As Power Sources

Integrated with clothes, Seung et al. reported a nanopatterned, 
flexible and wearable TENG (Figure  6a).[48] Ag-coated textile 
and PDMS were used as triboelectric materials, and the output 
voltage and current reached 120  V and 65  µA, respectively. 
The TENG remained stable after 12  000 cycles with excellent 
mechanical durability. The authors also demonstrated the self-
powered operation of light-emitting diodes (LEDs) based on the 
device without external power sources. This work also provided 
a feasible energy management strategy for smart clothing using 
wearable TENGs. Kim et  al. developed a stretchable 2D fabric 
for wearable TENGs (Figure  6b).[49] Aluminum (Al) wires and 
PDMS tubes serve as the fibers. The output voltage and current 
of the fabricated wearable TENG reached ≈40  V and 210  µA, 
respectively. The device can be used in smart clothing applica-
tions based on its high robustness, even to 25% stretchability. 
Pu et  al. reported a TENG cloth integrated with an all-solid-
state flexible yarn supercapacitor for self-charging power textile 
(Figure  6c).[50] Straps of Ni-coated polyester and parylene-Ni-
coated polyester were employed as longitudes and latitudes to 
weave the TENG cloth. The A and B electrodes were composed 
of parylene-Ni-coated and Ni-coated polyester straps, respec-
tively. An open voltage and short circuit of 40  V and 5  µA, 
respectively, were obtained under at a frequency of 5 Hz. The 
output performance of the TENG remained almost unchanged 
with the frequency increase. The reduced graphene oxide (rGO) 
layer served as an active material. Two rGO-Ni-yarns were con-
nected in parallel as a symmetric yarn supercapacitor, and 
poly(vinyl alcohol) (PVA)/H3PO4 gel was used as a separator 
and solid electrolyte. The capacitance of the symmetric yarn 
supercapacitor reached 13.0 and 2.1 mF cm−2. It also achieved 
a high capacitance retention of ≈96% after 10 000 cycles. This 
new approach for conductive fabrics and energy storage tech-
nology greatly promoted the progress of TENG-based wearable 
electronics.

Integrated with shoe insole, Zhu et  al. developed a self- 
powered shoe insole using a multilayered wearable TENG with 
a zigzag structure for consumer electronics (Figure  6d).[51] 
The TENG consisted of nanoporous aluminum foil, Kapton 
film, and PTFE film. This TENG device was fully packaged 
in a shoe insole for energy harvesting from human walking. 

Adv. Funct. Mater. 2019, 1808820
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Figure 5.  Indirectly wearable TENGs as active sensors for a) A mechnosensational communication system, Reproduced with permission.[45] Copyright 
2017, The American Association for the Advancement of Science. b) Monitoring human gait. Reproduced with permission.[46] Copyright 2017, 
Wiley-VCH. c) Monitoring respiration patterns in real time. Reproduced with permission.[47] Copyright 2018, American Chemical Society.
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Figure 6.  Indirectly wearable TENGs integrated with a–c) cloth fabric. a) Reproduced with permission.[48] Copyright 2015, American Chemical Society. 
b) Reproduced with permission.[49] Copyright 2015, American Chemical Society. c) Reproduced with permission.[50] Copyright 2016, Wiley-VCH. 
d,e) Shoes. d) Reproduced with permission.[51] Copyright 2013, Elsevier. e) Reproduced with permission.[52] Copyright 2015, The Nature Publishing 
Group. f) Hat as a power source. Reproduced with permission.[53] Copyright 2016, American Chemical Society.
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Under walking pressure, the developed TENG can produce a 
high open-circuit voltage of 220 V and a short-circuit current of 
≈600 µA. During human walking, the generated electricity can 
power commercial LED bulbs. In addition, when a person walks 
with the shoe insole, the insole can serve as a power source to 
charge a cellphone. The self-charging system was composed of 
a shoe insole, a cellphone pocket and a plug as connecting line. 
This work provided a convenient method for energy harvesting 
and powering of electronic gadgets during normal walking 
without any limitations of time and place. In 2015, Niu et  al. 
developed a universal self-charging system based on a wearable 
TENG (Figure  6e).[52] The multilayered contact-mode TENGs 
had a small volume and light weight ((5.7 × 5.2 × 1.6 cm/29.9 g 
for a 10-layer TENG and 5.7 × 5.2 × 2.4 cm/43.6 g for a 15-layer 
TENG)) and were used to effectively harvest biomechanical 
energy, such as from walking and running. The nanostructure 
layer was engineered on fluorinated ethylene propylene and 
Al foil to improve the electric output of the TENG. When the 
TENG was embedded into shoe insoles, the transferred charge 
and voltage reached 2.2 µC and 700  V, respectively. In addi-
tion, this system can convert AC energy to DC electricity with a 
high efficiency of 60%. In the demo, when the system was con-
nected to a commercial temperature sensor, ECG system and 
mechanical sensor, the integrated device functioned normally. 
This work overcame a shortcoming of self-powered systems, 
contributing to future wearable TENG-based electronics.

Integrated with helmet, Jin et  al. developed a self-powered 
helmet by hybridizing a wearable TENG and an electromag-
netic generator (EMG) for emergency warning (Figure  6f).[53] 
The commercial helmet adopted a polymer framework with a 
light weight. The TENG has a multilayered sandwiched struc-
ture of wavy Al–Kapton–Al layers and PTFE films. Two coils 
were placed face-to-face on the top and bottom substrates, and 
a magnet was anchored in a movable acrylic plate. The variable 
distance of the magnet and coil induced electric output as an 
EMG. The TENG and EMG were structurally hybridized on the 
acrylic as a framework. The hybridized generator was installed 
on both the sides of a safety helmet to function as the power 
source to drive the transmitter and LEDs. The generated AC 
was rectified into DC and stored in a commercial capacitor for 
light emission and distress signal transmission. The hybrid-
ized nanogenerator produced a maximum power density of 
≈167.22 W m−3, which was sufficient to power 1000 red com-
mercial LEDs. Furthermore, the converted electricity from 
human motion can provide energy for a wireless pedometer, 
which can transmit walking data to a personal mobile. This 
developed hybridized self-powered helmet can provide sustain-
able energy for both lighting and positioning. This work created 
great potential for applications in mine operation, exploration 
and engineering.

The abovementioned research on wearable TENGs proved 
the feasibility of using wearable TENGs as energy harvesters 
to convert biomechanical energy to electricity. After several 
years of development, the wearable TENGs were fabricated 
with diverse working modes and increased electric output. The 
electric output performance of wearable TENGs is increasingly 
enhanced from 750 mV to 700 V for voltage and 65–600 µA for 
current. According to their usage and components, the TENGs 
were clarified and summarized in detail in Table 1. The directly 

wearable TENGs have commonly designed with working 
modes of vertical contact–separation, freestanding triboelectric-
layer, and single electrode. For the indirectly wearable TENGs, 
the vertical contact–separation is mostly adopted. To meet the 
specific requirement, the sizes of wearable TENGs can be as 
small as 0.6 cm × 0.4 cm or as large as 14.0 cm × 14.0 cm. The 
friction materials are diverse from metals to synthetic/natural 
polymers and carbon materials. The application scenarios of 
wearable TENGs covered the healthcare monitoring, smart 
electronics, and communication system. For most wearable 
TENGs, the devices have good flexibility and stretchability.

However, the application scenarios of these wearable TENGs 
were limited in body surface. To achieve in vivo energy har-
vesting and healthcare monitoring, researchers developed 
implantable TENGs, which can work in subcutaneous regions, 
on organ surfaces and in heart chamber (Figure  7). In the 
following section, we overview the fabrication strategy, struc-
ture design, electric performance, and application potential of 
implantable TENGs.

4. Implantable TENGs

Implantable electronic devices can timely monitor the physi-
ological signals or play an assistant role for some organs. With 
the development of electronic technology, implantable elec-
tronic devices are widely accepted by people and used in clinic 
study. TENG has both sensing and powering functions with 
advantage of biosafety, which make it suitable for biomedical 
applications in vivo to realize healthcare monitoring and treat-
ment. According to the operation time in vivo, these TENGs can 
be clarified as robust implantable TENGs with stable structure 
and biodegradable implantable TENGs with transient structure.

4.1. Robust Implantable TENGs

A power source with a long life is very important for the 
safe operation of implantable medical devices such as pace-
makers,[54] deep brain stimulators,[55] and medical sensors.[56] 
Once their batteries are exhausted, these devices need to be 
replaced, which results in tremendous pain and heavy financial 
burden to patients.[57] Hence, it is necessary to design robust 
implantable TENGs as a long-term energy provider. With 
proper configuration structure design and materials selection, 
the TENG can also be used for harvesting biomechanical energy 
and physiological signal sensing in vivo. The feasibility of in 
vivo implantation were demonstrated successfully in physiolog-
ical systems of the respiratory, cardiovascular and digestive.

4.1.1. Respiratory System

In 2014, Zheng et al. developed an in vivo self-powered cardiac  
pacemaker using a breath-driven TENG in SD rats.[58] The 
TENG device had a small size of 1.2  cm  ×  1.2  cm  ×  0.2  cm, 
with a 0.8  cm  ×  0.8  cm friction area (Figure  8a). The TENG 
device was implanted beneath the left chest skin in an SD rat 
(Figure 8b). A PDMS film (100 µm thick) with pyramid arrays 
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and nanostructured Al foil acted as the friction layers. Kapton 
and gold (Au) film acted as the supporting substrate and back 
electrode, respectively. The PET spacer was 400 µm. The inha-
lation and exhalation of the SD rat caused compression and 
relaxation of the chest, which made the PDMS film and Al foil 
contact and separate from each other. The generated output 
voltage and current reached 3.73  V and 0.14 µA, respectively. 
The converted electricity powered a cardiac pacemaker for  
regulation of heartbeats (Figure 8c). Li et al. developed a micro-
power supply in vivo based on breath-driven implantable TENG 
with in-plane sliding mode in 2018. This device can convert 
slow biomedical motions into continues electric signals with 
advantages of frequency transforming based on grating elec-
trodes (Figure  8d).[59] A multilayered structure of the device 
consisted top and bottom Cu/Cr electrode layers (microscale 
interdigital electrodes (IDEs)), middle layer (mobile layer for 
electrification) and flexible packaging layer (silicone elastomer, 
Ecoflex 00-30). PET was utilized as the substrate for IDEs. The 
whole device has good biocompatibility and flexibility. This 
device (≈1.5  cm  ×  3  cm) was implanted inside the abdominal 
cavity of SD rats, converting the diaphragm movement during 
normal respiration into a continuous ≈2.2 V direct-current (dc) 
output though a basic electrical circuit. The LED can be pow-
ered by the output of the implantable TENG without attenu-
ation. This improved structure of implantable TENG may 

promote the development of self-powered biomechanical har-
vester for driving implantable medical devices.

4.1.2. Cardiovascular System

In clinical therapy, the physiological and pathological signals 
are necessary for patient monitoring, including heart rhythm, 
respiratory rate and blood pressure.[60] Life threat and mor-
tality often occur when data on the vital signs of the body are 
absent. In 2016, Ma et al. developed a self-powered, flexible and 
one-stop implantable active sensor based on an implantable 
TENG (3 cm × 2 cm × 1 mm) (Figure 8e).[30] The electric output 
reached a voltage and current of ≈75 V and 12 µA, respectively. 
After implanting the TENG in an adult Yorkshire pig, the heart 
rates, respiratory rates and phases, blood pressure and velocity 
of blood flow were successfully monitored. The monitoring 
functionality remained stable for 72 h after closure of the 
chest. As a multifunctional self-powered biomedical monitor, 
the proposed TENG holds great application potential in the 
healthcare industry. Based on the same structure, Zheng et al. 
fabricated an implantable TENG (6  cm  ×  4  cm  ×  1  mm) for 
self-powered wireless cardiac monitoring in vivo (Figure 8f).[22] 
Compared with the previous work,[58] the output voltage (14 V) 
and current (5 µA) of the developed TENG were improved by  
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Table 1.  The summarization of wearable TENGs.

Type  
Futures

Wearable TENGs

Directly wearable TENGs Indirectly wearable TENGs

Sensor Power source Sensor Power source

Working modes Contact–separation,[29,37,38] 

freestanding triboelectric-layer,[39,40] 

lateral sliding[41]

Contact–separation,[42] 

single-electrode,[43,44]

Contact–separation[45–47] Contact–separation[48–53]

Size [cm2] 1.5 × 1.5,[37] 0.6 × 0.4,[38] 

2.0 × 1.0,[29] ≈2.5 × 7,[39] 

≈2.0 × 4.0,[40] 4.0 × 5.0[41]

7.0 × 3.8,[42] 4.5 × 10.5,[43] 

≈5.0 × 10.0,[44]

≈2.5 × 2.5,[45] 2.0 × 2.0,[46] 

2.0–1.5[47]

≈5.0 × 5.0,[48] 14.0 × 14.0,[49] 

10.0 × 10.0,[50] ≈4.0 × 4.0,[51] 

5.7 × 5.2,[52] 6.0 × 6.0[53]

Position/accessories Ears,[37] carotid artery,[29,38] chest,[38] 

wrist,[29,38] brachial artery,[29] radial 

artery,[29] finger,[29,39,40] ankle 

artery,[29] stomach[41]

Shoulder,[42] wrist,[42] arm,[42–44] Glasses,[45] insole,[46] 

medical mask[47]

Cloth,[48–50] insole,[51,52] hat[53]

Materials FEP,[37,40] Au,[37] acrylic,[37,40] 

Kapton,[29,37] PTFE,[38] ITO,[38] 

nylon,[38]

PET,[38,39] PDMS,[29,39] Cu,[29,39,40] 

liquid,[39] rubber,[41] Al[41]

Carbon black,[42] silicone  

rubber,[42–44] AgNW[43,44]

Nature latex,[45] acrylic,[45,47] 

PET,[45,46] FEP,[45] ITO,[45] Rubber,[46] 

Cu,[47] PTFE[47]

ZnO nanowires,[48,49] Ag,[48] 

PDMS,[48,49] cotton,[50] polyester,[50] 

Au nano particles,[49] Al,[49–52] 

Ni,[50] Parylene,[50] Kapton,[51,52] 

PTFE,[51,53] Cu,[52] FEP[53]

Electric output/sensitivity 110 mV dB−1,[37] 51 mV Pa−1,[38] 

1.52 V,[29] 4 nA,[39] 0.5 V[40] ≈6 V[41]

≈400 V (97 µC m−2),[42]

70 V (100 µC m−2),[43]

≈250 V (150 nC)[44]

≈750 mV,[45] 35 V,[46] ≈1.8V[47] 120 V(65 µA),[48] 40 V ( 210 µA),[49] 

40 V,[50] 220 V(600 µA),[51] 700 V  

(2 µC),[52] 147 V (70 µA)[53]

Biomechanical energy Sound,[37] pulse,[29,38] finger,[39,40] 

respiration[41]

Joint,[42] flap [43,44] Blink,[45] walk,[46] respiration[47] Body movement,[48–50,53] walk[51,52]

Applications Hearing aids,[37] monitor arterial 

pulse wave,[29,38] acquire and 

recover throatsound,[38] monitor 

finger motion,[39] human–robot 

interface,[40] monitor respiration[41]

Drive an electronic watch,[42,44] 

electronic-skin[43]

Mechnosensational 

communication system,[45] 

monitor gait,[46] monitor 

respiration[47]

Drive wearable electronics[48–53]

Flexibility Yes,[29,38–40] none[37] Yes[42–44] None[45–47] Yes,[48–52] none[53]

Stretchability Yes,[41] none[29,37–40] Yes[42–44] None[45–47] Yes,[49] none[48,50–53]
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3.5 and 25 times, respectively. The developed implantable TENG 
was connected to an implantable wireless transmitter, and the 
obtained experimental data was transmitted for real-time car-
diac monitoring. The real-time heartbeat of an adult Yorkshire 
porcine was successfully monitored through the wireless trans-
mitted signal. This work demonstrated the great potential of 
using implantable TENGs for self-powered, wireless healthcare 
monitoring systems. Compared with large size TENG in vivo, 
smaller size will broaden the application scenarios, which puts 
new demands on the sensitivity of the device.

In 2018, Liu et  al. proposed a novel technology for moni-
toring endocardial pressure based on implantable TENG with 
the size of 1.0 cm × 1.5 cm × 0.1 cm (Figure 8g).[61] In this work, 
PTFE film as triboelectric layers was treated by inductively cou-
pled plasma (ICP) and corona discharge, which enhanced the 
output performance of the self-powered endocardial pressure 
sensor (SEPS) from 1.2 to 6.2 V. Al foil was another triboelectric  

layer. A flexible PDMS with advantages of biocompatibility 
and blood compatibility was chosen to encapsulate the device. 
In a swine model, the SEPS was integrated with a surgical 
for minimally invasive implantation duo to its microdimen-
sion, and implanted into ventricle and atrium. The experi-
ment results showed that the SEPS had good response both 
in low- and high-pressure environment and achieved excellent 
linearity (R2 =  0.997) with a sensitivity of 1.195 mV mmHg−1. 
In addition, the cardiovascular disease, such as ventricular pre-
mature contraction and ventricular fibrillation were observed 
by detecting the EP of a swine. Here, the SEPS realized the 
implanting position of implantable TENG from subcutaneous 
region and surface of the heart to cardiac chambers, which 
expanded the application scenario of the implantable TENG. 
This work may provide a good idea for self-powered miniature 
implantable sensor to monitor and prevent the cardiovascular 
diseases.

Adv. Funct. Mater. 2019, 1808820

Figure 7.  Diverse in vitro and in vivo applications of wearable and implantable TENGs. The figures (clockwise from top): Reproduced with permission.[42] 
Copyright 2016, American Chemical Society. Reproduced with permission.[43] Copyright 2016, Wiley-VCH. Reproduced with permission.[61] Copyright 
2019, Wiley-VCH. Reproduced with permission.[59] Copyright 2018, American Chemical Society. Reproduced with permission.[30] Copyright 2016, 
American Chemical Society. Reproduced with permission.[69] Copyright 2018, Wiley-VCH. Reproduced with permission.[64] Copyright 2016, The 
American Association for the Advancement of Science. Reproduced with permission.[65] Copyright 2016, Wiley-VCH. Reproduced with permission.[53] 
Copyright 2016, American Chemical Society. Reproduced with permission.[45] Copyright 2017, The American Association for the Advancement of 
Science. Reproduced with permission.[52] Copyright 2015, The Nature Publishing Group. Reproduced with permission.[50] Copyright 2016, Wiley-VCH. 
Reproduced with permission.[37] Copyright 2018, The American Association for the Advancement of Science. Reproduced with permission.[38] Copyright 
2015, Wiley-VCH. Reproduced with permission.[40] Copyright 2018, Elsevier. Reproduced with permission.[29] Copyright 2017, Wiley-VCH.
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Figure 8.  Implantable TENGs with robust structure harvesting biomechanical energy from a–d) respiratory system. a–c) Reproduced with permission.[58] 
Copyright 2014, Wiley-VCH. d) Reproduced with permission.[59] Copyright 2018, American Chemical Society. e–g) Cardiovascular system. e) Reproduced with 
permission.[30] Copyright 2016, American Chemical Society. f) Reproduced with permission.[22] Copyright 2016, American Chemical Society. g) Reproduced 
with permission.[61] Copyright 2019, Wiley-VCH. and h) Digestive system. Reproduced with permission.[62] Copyright 2018, The Nature Publishing Group.
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4.1.3. Digestive System

In 2018, Yao et al. presented a vagus nerve stimulation (VNS) 
system with characteristic of spontaneously responsive to 
stomach movement and battery-free based on the implantable 
TENG (Figure  8h), which realized effective weight control.[62] 
The VNS device was attached on the surface of the stomach with 
the size of ≈1.2 cm × 3 cm, harvesting the biomechanical from 
gastric peristalsis and generating electric pulses via contact sep-
aration of triboelectric layers (PTFE and Au) and electrode layer 
(Au). A bilateral VNS at the proximity of the gastroesophageal 
junction was wrapped by the Au leads. The Cu wire electrodes 
connected with Au lead for transmitting electrical signal. The 
PDMS and ecoflex were utilized as encapsulated layer with 
advantages of good biocompatibility, mechanical robustness, 
and flexibility. The output voltage of this VNS device can reach 
to ≈60 mV by continues stomach peristalsis at the frequency of 
0.05 Hz. The average body weight of rat in experiment group 
was controlled at 350 g, 38% less than the control group. This 
work may provide a therapeutic strategy for obesity.

4.2. Biodegradable Implantable TENGs

Transient electronics usually consist of degradable organic or 
inorganic materials, which is an area of great interest for in 
vivo sensors and therapeutic devices.[63] Their physical struc-
tures can be degraded in a controlled manner in PBS or body 
fluid. Along with the development of transient electronics,  
biodegradable power sources have become urgent for applica-
tions such as environmentally friendly electronics and transient 
in vivo physiological monitoring and therapy. As an energy 
converting device, biodegradable implantable TENGs provide a 
feasible solution of energy supply for transient electronics and 
physiological monitoring. The component materials of these 
TENGs evolved from synthetic polymers to natural polymers. 
In this part, the presented TENGs have adopted the vertical 
contact–separation mode in most cases.

4.2.1. Synthetic Polymers

In 2016, Zheng et  al. proposed a fully biodegradable TENG 
(2  cm  ×  3  cm) in vitro and in vivo consisting of synthetic 
polymers (poly(lactic-co-glycolic acid) (PLGA), poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV), and polycaprolactone 
(PCL)) (Figure 9a).[64] A tunable output voltage from 10 to 40 V 
in vitro was achieved by modulating the constituent materials. 
The degradation of the implantable TENG can be controlled 
by changing the encapsulation materials. The output perfor-
mance of the PLGA-coated biodegradable TENG decreased  
significantly from 4 to 1 V in SD rats over 2 weeks. Integrating 
the biodegradable TENG with interdigital electrodes, neuron 
cells cultured on the surface of the interdigital electrode  
significantly aligned along the direction of the electric field  
generated by the biodegradable TENG. Neuron cell alignment 
is crucial for neural repair in the biomedical field. In the same 
year, Liang et  al. developed a green and recyclable TENG that 
consisted of PVA and microstructure sodium alginate film as 

the friction materials and lithium (Li) and Al as the current  
collectors (Figure 9b).[65] When the device was soaked in water, 
the encasement rapidly dissolved. The device was completely 
dissolved in water within 10  min. In addition, the recyclable 
and green TENG generated a power density of 3.8  mW  m−2 
under the stimulation of finger motion. This device has poten-
tial transient applications as a power solution for biomedical 
implants. In 2018, Li et al. reported the photothermally tunable 
biodegradation of a TENG in SD rats (Figure 9c).[66] The biode-
gradable process of these TENGs was tuned using a mixture of 
Au nanorods, which was sensitive to near-infrared (NIR) light. 
The implanted TENG achieved normal function in vivo for ≈28 
days without NIR illumination. After illuminating the TENG 
with NIR light, the electric output of the TENG decreased to 
0 after 24 h. The TENG device can be mostly degraded in two 
weeks. These results indicated that NIR light can quickly trigger 
the in vivo degradation of a TENG. The maximum output of 
the TENG in vitro and in vivo reached 28 and 2 V, respectively.  
The researchers demonstrated the biological effect of the in 
vivo output voltage on fibroblast cells. The results showed that 
the electric output can significantly accelerate the cell migra-
tion across prefabricated scratches, which contributes to wound 
healing. This work demonstrated the feasibility of developing a 
photothermally tunable TENG as a transient power source for 
biomedical healthcare electronics.

4.2.2. Synthetic Polymers and Natural Polymers

In 2017, Pan et al. fabricated a fully biodegradable TENG using 
electrospun polylactic acid nanofiber and nanostructured gelatin 
films.[67] The gelatin and PLA polymer films were optimized to 
improve the output performance. The TENG was 4 cm × 4 cm. 
The output voltage, short circuit current, and maximum power 
density reached 500 V, 10.6 mA m−2, and 5 W m−2, respectively. 
The authors demonstrated that the TENG could be completely 
degraded in water after 40 days. The TENG has potential as a 
short-term power source for biomedical device.

4.2.3. Natural Polymers

In 2018, Wang et al. fabricated a triboelectric power generator 
based on engineered and laser-processed chitosan biopolymers 
(Figure 9d).[68] The authors found the chitosan nanocomposite 
treated with 10% showed the best output performance. The 
voltage and current were about 13.5 V and 42 nA, respectively, 
which suggested the tendency of the composite films to donate 
electrons. This chitosan-based TENG demonstrated here shows 
the feasibility of self-powered biomedical devices. In 2018, Jiang 
et  al. proposed fully biodegradable implantable TENGs using 
natural materials (rice paper (RP), chitin, silk fibroin (SF), 
and egg white (EW), cellulose) (Figure  9e).[69] The biodegrad-
able natural materials are biodegradable and easily processable, 
which make these materials suitable for implantable TENGs. 
The peak voltage, current, and power density reached 55  V,  
0.6 µA, and 21.6 mW m−2 in vitro, respectively. The biocompat-
ibility of these five natural materials have been demonstrated 
using L929 cells and hematoxylin and eosin (H&E)-stained 
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Figure  9.  Implantable TENGs with biodegradable material include a–c) synthetic polymers. a) Reproduced with permission.[64] Copyright 2016, 
The American Association for the Advancement of Science. b) Reproduced with permission.[65] Copyright 2016, Wiley-VCH. c) Reproduced with 
permission.[66] Copyright 2018, Elsevier. d,e) Natural polymers for a variety of applications. d) Reproduced with permission.[68] Copyright 2018, 
Wiley-VCH. e) Reproduced with permission.[69] Copyright 2018, Wiley-VCH.
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histologic section. After implanting the bioresorbable natural 
material-based TENG in vivo, the operation time of the BN-
TENG can be tuned from days to weeks by methanol-treated 
silk fibroin (SF) encapsulation. The methanol can transform 
the molecular structure of silk fibroin from a random coil 
into a β-sheet conformation, which can strengthen the resist-
ance of the natural material-based TENGs to interstitial fluid. 
The untreated SF-encapsulated natural material-based TENGs 
showed a short-term work time in PBS and in SD rats. The 
natural material-based TENGs encapsulated with untreated SF 
exhibited rapid degradation characteristics. A sharp decrease 
of output voltage occurred from 3 to 0.6  V after implantation 
for 24 h in SD rats. After 72 h, the output performance com-
pletely disappeared. Compared with untreated SF-encapsulated 
natural material-based TENGs, the output voltage of natural 
material-based TENGs with methanol-treated SF encapsula-
tions decreased from 4.5 to 1.2 V at 11 days. After completing 
its purpose, the TENG was fully degraded and resorbed by SD 
rats. In this work, the authors demonstrated that the generated 
electricity of natural material-based TENGs can be used to reg-
ulate the beating rates of dysfunctional cardiomyocyte clusters, 
providing a new way to treat heart diseases such as bradycardia 
and arrhythmia.

The development of typical implantable TENGs in the last 
5 years is summarized in Table  2. The feasibility of TENGs 
with the contact–separation mode and lateral sliding mode in 
vivo was proved in small animals (i.e., rat) in July 2014 and 
large animals (i.e., swine) in June 2016. The electric output 
of TENGs in vivo was significantly increased from 3.73  V by 

breathing in July 2014 to 14  V by heart beating in June 2016 
for the output voltage, and 0.14 µA by breathing in July 2014 
to 5 µA by heart beating in June 16 for the output current. The 
physical structure of TENGs changed from nondegradable in 
vitro in July 2014 to fully biodegradable in vivo in June 2016. 
The degradation manner of implantable TENGs changed from 
natural degradation in March 2016 to photothermally tunable 
biodegradation in October 2018. The constituent materials of 
TENGs became more and more diversified, from synthetic  
polymers (PDMS, PEFE, Parylene, PLGA, and PCL) in July 
2014 to natural polymers (alginate sodium, chitosan, EW, RP, 
SF) in August 2018. The electric output from implantable 
TENG can generate different biological effects such as the  
orientated growth of nerve cells, beating rate regulation of  
cardiomyocyte clusters, healthcare monitoring and effective 
weight control. The fast development of implantable TENGs 
shows its great application potential in future biomedical elec-
tronics and healthcare monitoring.

5. Summary and Perspectives

TENG-based self-powered wearable and implantable electronics 
were rapidly developed in recent years due to their unique and 
effective energy harvesting from biomechanical motions. The 
application scenarios of wearable and implantable TENGs were 
extended from in vitro to in vivo. The operation functions of 
wearable and implantable TENGs changed from independent 
units to integrated systems. Additionally, the developed 
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Table 2.  The summarization for the development of typical implantable TENGs in the last 5 years.

Features  
Date

Positions Sizes [cm2] Materials Working modes Energy sources Electric outputs Applications Degradability

July 2014[58] Left chest, rat 1.2 × 1.2 PDMS, Al Contact–separation Breath 3.73 V

0.14 µA

Power pacemaker None

March 2016[64] Left chest, rat 2.0 × 3.0 PLGA, PCL

PVA

Contact–separation Breath 4 V Stimulate Nerve cells Yes

June 2016[22] Heart, swine 4.0 × 6.0 PTFE, Al

PDMS, Parylene

Contact–separation Heart beating 14 V

5 µA

Wireless monitoring None

August 2016[30] Heart, swine 2.0 × 3.0 PTFE, Al

PDMS, Parylene

Contact–separation Heart beating 10 V

4 µA

Biomedical monitoring None

February 2017[65] None (in vitro) 10–30 PVA, Alginate 

sodium

Contact–separation None 1.47 V

3.9 nA

None Yes

March 2018[67] None (in vitro) 4.0 × 4.0 Gelatin PLA Contact–separation None 500 V 10.6 mA m−2 None Yes

March 2018[68] None (in vitro) 1.0 × 2.0 Kapton, Chitosan Contact–separation None 13.5 V

42 nA

None Yes

August 2018[69] Subcutaneous, rat 1.0 × 2.0 Cellulose, Chitin 

EW, RP, SF

Contact–separation Body Movement 4.5 V Stimulate 

cardiomyocytes

Yes

October 2018[66] Subcutaneous, rat 2.0 × 2.0 PLGA, Au Contact–separation None 2 V

30 nA

Wound healing Yes

November 2018[59] Abdominal, rat ≈4.5 PET, PTFE, Cu

Ecofle

Lateral sliding Breath 2.2 V Micropower supply None

November 2018[61] Heat chamber, 

swine
1.0 × 1.5 Al, PTFE

PDMS

Contact–separation Heart beating 6.2 V EP monitoring None

December 2018[62] Stomach, rat 1.2 × 3.0 PTFE, Au

PDMS Ecofle

Contact–separation Peristole 60 mV Stimulate vagus nerve None
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wearable and implantable TENGs successfully powered low 
energy consumption electronics such as smartwatches, smart 
glasses, pacemakers, nerve stimulators, and health monitoring 
devices. The broad applications of wearable and implantable 
TENGs can significantly impact future public life, from intel-
ligent electronics to health supervision.

Nevertheless, considering that TENGs is a newly emerging 
technique for energy converting, therefore, extensive and in-
depth studies are still needed to meet the requirements of 
diverse applications in future. The wearable and implantable 
TENGs as portable electronics have the same challenges as 
follows:

1)	 Efficient energy storage: Although the wearable and 
implantable TENGs have high output voltage, they are still 
insufficient to meet the real-time energy consumption for 
portable electronic. Therefore, the optimization of the output 
performance of wearable and implantable TENGs and the 
power management of the systems are required in further 
research. A novel universal power management of TENG has 
been demonstrated,[70] which is expected to solve the prob-
lems about efficient energy management for wearable and 
implantable TENG.

2)	 Miniaturization and integration: To meet the demands of 
dressing on body and implanting in vivo, wearable and  
implantable TENGs with smaller size are required. Therefore, 
it is important to find some methods to keep excellent output 
performance of the TENG after minimization. The potential 
solutions rely on the development of new material science 
and advanced manufacturing technologies. Furthermore, 
solving the challenge of miniaturization and integration of 
different units for multifunction is one tendency in future.

3)	 Longevity: Wearable and implantable TENG are still chal-
lenged by the longevity, including the stability and durability, 
due to the inherent limitations of recent materials used for 
fabricating these devices such as metallic organic polymers. 
More studies are required to improve the material perfor-
mance and encapsulation technology to solve these issues.

Obviously, wearable and implantable TENGs have their own 
unique challenges for particular application scenario. The chal-
lenges of wearable TENG are as follows:

1)	 Antijamming capability: The wearable TENG can be dressed 
directly or indirectly on body as an active sensor. The jam-
ming signal may be generated during complex sports  
patterns (e.g., walk, run, jump), disturbing the capture of tar-
get signals. How to solve the impact of jamming signal on 
the target signal is a challenge.

2)	 Adapting for the hard environment: The output of the wear-
able TENG is severely affected by the hard environment, such 
as humidity, chilliness, and high temperature. Therefore, it 
is of urgency to develop robust materials and encapsulation 
methods for wearable TENG.

The challenges of implantable TENG are as follows:

1)	 Biosafety: Biosafety is the most important criteria for im-
plantable devices in vivo. At present, researchers just stud-
ied the biosafety and biocompatibility of implantable TENG 
within a short time (no more than one month) at the cellular 

and tissue level. Therefore, long-term biosafety of implant-
able TENG requires further evaluation. In addition, we need 
to further improve the biocompatibility and biosafety of  
materials used in implantable TENG, including friction  
layers, electrode layers and wires.

2)	 Efficient fixation: Efficient fixation between implantable  
devices and biological tissue is expected to further enhance 
the stability of long-term output and reduce the difficulty of 
anchoring operations. The fixation between devices and wet 
surfaces like biological tissues, is one of the key issues and 
challenges for the implantable TENG. Fortunately, some con-
structive research achievements will hopefully solve this fixa-
tion problem. For example, surfaces modified with micro/
nano structures[71] and biocompatible tissue adhesives[72] can 
be used to improve the fixation ability of implantable devices 
to biological tissues. For implantable TENG, these technolo-
gies may also be introduced to improve the fixation ability 
between encapsulation material (PDMS) and organs.

3)	 Minimally invasive surgery: Minimally invasive surgery for 
implantable TENG can reduce the incidence of infection, 
which has great significance in clinic. In future, the direction 
for the miniaturization of implantable TENG, and the meth-
ods of combining it with a medical device, need to be studied 
in depth.

With the development of materials science, engineering 
technology, textile science, and biomedical techniques, TENG-
based self-powered wearable and implantable electronic devices 
will add convenience and progress to modern life.

Acknowledgements
The authors thank the support of National Key R&D Project from 
Minister of Science and Technology, China (2016YFA0202703), National 
Natural Science Foundation of China (Nos. 61875015, 31571006, 
81601629, 21801019, 61501039, 11421202, and 11827803), the Beijing 
Natural Science Foundation (2182091), China Postdoctoral Science 
Foundation (2018M641148), Beijing Council of Science and Technology 
(Z181100004418004), and the National Youth Talent Support Program.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
implantable, portable electronics, self-powered, triboelectric 
nanogenerator, wearable

Received: December 12, 2018
Revised: February 1, 2019

Published online: 

[1]	 a) N.  Liu, A.  Chortos, T.  Lei, L.  Jin, T. R.  Kim, W. G.  Bae, C.  Zhu, 
S.  Wang, R.  Pfattner, X.  Chen, Sci. Adv. 2017, 3, e1700159; 
b)  A.  Chortos, G. I.  Koleilat, R.  Pfattner, D.  Kong, P.  Lin, R.  Nur, 
T.  Lei, H.  Wang, N.  Liu, Y. C.  Lai, Adv. Mater. 2016, 28, 4441; 

Adv. Funct. Mater. 2019, 1808820



www.afm-journal.dewww.advancedsciencenews.com

1808820  (18 of 19) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

c)  J.  A.  Rogers, J. Am. Med. Assoc. 2015, 313, 561; d) A.  Chortos, 
Z. Bao, Mater. Today 2014, 17, 321.

[2]	 a) M. Stoppa, A. Chiolerio, Sensors 2014, 14, 11957; b) K. Cherenack, 
C.  Zysset, T.  Kinkeldei, N.  Münzenrieder, G.  Tröster, Adv. Mater. 
2010, 22, 5071; c) D. Y. Park, D. J. Joe, D. H. Kim, H. Park, J. H. Han, 
C. K. Jeong, H. Park, J. G. Park, B. Joung, K. J. Lee, Adv. Mater. 2017, 
29, 1702308; d) H. E. Lee, J. H. Park, T. J. Kim, D.  Im, J. H. Shin, 
D. H. Kim, B. Mohammad, I. S. Kang, K. J. Lee, Adv. Funct. Mater. 
2018, 28, 1801690.

[3]	 a) Z. L. Wang, G. Zhu, Y. Yang, S. Wang, C. Pan, Mater. Today 2012, 
15, 532; b) S. Wang, L. Lin, Z. L. Wang, Nano Lett. 2012, 12, 6339.

[4]	 a) H. K. Dong, J. S. Hong, H. Lee, K. J. Chang, H. Park, G. T. Hwang, 
H. Y. Lee, D. J. Joe, J. H. Han, S. H. Lee, Adv. Funct. Mater. 2017, 27, 
1700341; b) T. Quan, X. Wang, Z. L. Wang, Y. Yang, ACS Nano 2015, 
9, 12301.

[5]	 a) G. T.  Hwang, Y.  Kim, J. H.  Lee, S.  Oh, C. K.  Jeong, D. Y.  Park, 
J.  Ryu, H.  Kwon, S. G.  Lee, B.  Joung, D.  Kim, K. J.  Lee, Energy 
Environ. Sci. 2015, 8, 2677; b) X. X.  Chen, Y.  Song, Z. M.  Su, 
H.  T.  Chen, X. L.  Cheng, J. X.  Zhang, M. D.  Han, H. X.  Zhang, 
Nano Energy 2017, 38, 43; c) B.  Meng, W.  Tang, Z. H.  Too, 
X. S. Zhang, M. D. Han, W. Liu, H. X. Zhang, Energy Environ. Sci. 
2013, 6, 3235; d)  M. Y.  Shi, J. X.  Zhang, H. T.  Chen, M. D.  Han, 
S. A. Shankaregowda, Z. M. Su, B. Meng, X. L. Cheng, H. X. Zhang, 
ACS Nano 2016, 10, 4083; e) C.  Dagdeviren, F.  Javid, P.  Joe, 
T. von Erlach, T. Bensel, Z. J. Wei, S. Saxton, C. Cleveland, L. Booth, 
S. McDonnell, J. Collins, A. Hayward, R.  Langer, G. Traverso, Nat. 
Biomed. Eng. 2017, 1, 807.

[6]	 a) B. J. Shi, Z. Li, Y. B. Fan, Adv. Mater. 2018, 30, 1801511; b) L. Kou, 
T.  Huang, B.  Zheng, Y.  Han, X.  Zhao, K.  Gopalsamy, H.  Sun, 
C.  Gao, Nat. Commun. 2014, 5, 3754; c) Z.  Wei, S.  Lin, L.  Qiao, 
C. Song, W. Fei, T. Xiao-Ming, Adv. Mater. 2014, 26, 5310.

[7]	 C.  Collivignarelli, V.  Riganti, G.  Urbini, Conserv. Recycl. 1986, 9,  
111.

[8]	 a) K.  Liu, Y. Y.  Liu, D. C.  Lin, A.  Pei, Y.  Cui, Sci. Adv. 2018, 4, 
eaas9820; b) H.  Wu, D.  Zhuo, D.  Kong, Y.  Cui, Nat. Commun. 
2014, 5, 5193; c) G. Park, H. Nakamura, Y. Lee, M. Yoshio, J. Power 
Sources 2009, 189, 602.

[9]	 M. J.  Wilhelm, C.  Schmid, D.  Hammel, S.  Kerber, H. M.  Loick, 
M. Herrmann, H. H. Scheld, Ann. Thoracic Surge 1997, 64, 1707.

[10]	 F. R. Fan, Z. Q. Tian, L. W. Zhong, Nano Energy 2012, 1, 328.
[11]	 a) C. Tao, Q. Shi, K. Li, Y. Zhan, H. Liu, L. Sun, J. Dziuban, C. Lee, 

Nanomaterials 2018, 8, 613; b) W. Hao, Z. Xiang, P. Giorgia, X. Mu, 
Y. Yang, L. W. Zhong, C. Lee, Nano Energy 2016, 23, 80.

[12]	 a) Q.  Zheng, Y.  Jin, Z.  Liu, H.  Ouyang, H.  Li, B.  Shi, W.  Jiang, 
H.  Zhang, Z.  Li, Z. L.  Wang, ACS Appl. Mater. Interfaces 2016, 8, 
26697; b) Y. C.  Wu, Y. S.  Hu, Z. Y.  Huang, C.  Lee, F.  Wang, Sens. 
Actuators, A 2018, 271, 364.

[13]	 a) L. Zhao, Z. Qiang, O. Han, L. Hu, Y. Ling, B. Shi, L. Zhou, Nano 
Energy 2016, 28, 172; b) W. S.  Jung, M. G.  Kang, H. G.  Moon, 
S. H. Baek, S. J. Yoon, Z. L. Wang, S. W. Kim, C. Y. Kang, Sci. Rep. 
2015, 5, 9309; c) G. Hengyu, C. Jun, Y. Min-Hsin, F. Xing, W. Zhen, 
L.  Zhaoling, H.  Chenguo, W.  Zhong Lin, ACS Nano 2015, 9,  
5577.

[14]	 S. W. Chen, X. Cao, N. Wang, L. Ma, H. R. Zhu, M. Willander, Y. Jie, 
Z. L. Wang, Adv. Energy Mater. 2017, 7, 1601255.

[15]	 a) B. Shi, Q. Zheng, W. Jiang, L. Yan, X. Wang, H. Liu, Y. Yao, Z. Li, 
Z. L. Wang, Adv. Mater. 2016, 28, 846; b) T. Chen, Q. F. Shi, Z. Yang, 
J. C. Liu, H. C. Liu, L. N. Sun, C. Lee, Nanomaterials 2018, 8, 85.

[16]	 a) J. Tao, M. Z. Li, X. Chen, B. H. Chang, T. Wei, Z. Chi, X. Liang, 
L. W. Zhong, ACS Nano 2015, 9, 11362; b) X. Liang, Y. Pang, Z. Chi, 
J.  Tao, X.  Chen, J.  Luo, T.  Wei, C.  Xia, L. W.  Zhong, Nano Energy 
2017, 31, 351.

[17]	 a) W. Xiaonan, Y. Weiqing, J. Qingshen, W. Z. Lin, ACS Nano 2014, 
8, 7405; b) S. Wang, S. Niu, J. Yang, L. Lin, Z. L. Wang, ACS Nano 
2014, 8, 12004.

[18]	 a) R. Z. Hua, T. Wei, Z. G. Cai, H. Yu, L. Tao, C. Xia, L. W. Zhong, 
Nano Energy 2015, 14, 193; b) L. Zong-Hong, C. Gang, L. Sangmin, 
K. C. Pradel, W. Z. Lin, Adv. Mater. 2014, 26, 4690.

[19]	 a) L. Zhang, B. Zhang, J. Chen, L. Jin, W. Deng, J. Tang, H. Zhang, 
H. Pan, M. Zhu, W. Yang, Adv. Mater. 2016, 28, 1650; b) Z. Quan, 
B.  H.  Chang, J.  Tao, L. W.  Zhong, Adv. Energy Mater. 2016, 6, 
1501799.

[20]	 a) C.  He, W.  Zhu, B.  Chen, L.  Xu, T.  Jiang, C. B.  Han, G. Q.  Gu, 
D.  Li, Z. L.  Wang, ACS Appl. Mater. Interfaces 2017, 9, 26126; 
b) B. D.  Chen, W.  Tang, T.  Jiang, L. P.  Zhu, X. Y.  Chen, C.  He, 
L. Xu, H. Y. Guo, P. Lin, D. Li, J. J. Shao, Z. L. Wang, Nano Energy 
2018, 45, 380; c) Y. Weiqing, Z. Guang, Y.  Jin, B. Peng, S. Yuanjie, 
J. Qingsheng, C. Xia, W. Zhong Lin, ACS Nano 2013, 7, 11317.

[21]	 Z.  Qiang, S.  Bojing, F.  Fengru, W.  Xinxin, Y.  Ling, Y.  Weiwei, 
W. Sihong, L. Hong, L. Zhou, W. Z. Lin, Adv. Mater. 2015, 26, 5851.

[22]	 Q.  Zheng, H.  Zhang, B.  Shi, X.  Xue, Z.  Liu, Y.  Jin, Y.  Ma, Y.  Zou, 
X. Wang, Z. An, ACS Nano 2016, 10, 6510.

[23]	 W.  Guo, X.  Zhang, X.  Yu, S.  Wang, J.  Qiu, W.  Tang, L.  Li, H.  Liu, 
Z. L. Wang, ACS Nano 2016, 10, 5086.

[24]	 T.  Wei, T.  Jingjing, Z.  Qiang, Y.  Lin, W.  Jiangxue, L.  Zhou, 
W. Zhong Lin, ACS Nano 2015, 9, 164.

[25]	 a) H. Xu, Y. Zi, H. Guo, H. Zheng, X. Yi, C. Wu, W. Jie, Z. Wei, C. Lu, 
L. W. Zhong, Adv. Funct. Mater. 2017, 27, 1604378; b) J. Chen, H. Yi, 
N. Zhang, H. Zou, R. Liu, C. Tao, F. Xing, L. W. Zhong, Nat. Energy 
2016, 1, 16138.

[26]	 a) F. R.  Fan, W.  Tang, Z. L.  Wang, Adv. Mater. 2016, 28, 4283; 
b) K.  Dong, Y. C.  Wang, J.  Deng, Y.  Dai, S. L.  Zhang, H.  Zou, 
B.  Gu, B.  Sun, Z. L.  Wang, ACS Nano 2017, 11, 9490; c) Y.  Jin, 
C.  Jun, S.  Yuanjie, J.  Qingshen, L.  Zhaoling, Y.  Fang, W.  Xiaonan, 
W. Zhaona, W. Z. Lin, Adv. Mater. 2015, 27, 5534.

[27]	 M. Li, A. L. Porter, L. W. Zhong, Nano Energy 2017, 34, 93.
[28]	 X.  Pu, L.  Li, H.  Song, C.  Du, Z.  Zhao, C.  Jiang, G.  Cao, W.  Hu, 

Z. L. Wang, Adv. Mater. 2015, 27, 2472.
[29]	 H. Ouyang, J.  Tian, G. Sun, Y. Zou, Z.  Liu, H.  Li, L. Zhao, B. Shi, 

Y. Fan, Y. Fan, Adv. Mater. 2017, 29, 1703456.
[30]	 Y. Ma, Q. Zheng, Y. Liu, B. Shi, X. Xue, W. Ji, Z. Liu, Y.  Jin, Y. Zou, 

Z. An, Nano Lett. 2016, 16, 6042.
[31]	 M.  Murtomaa, V.  Mellin, P.  Harjunen, T.  Lankinen, E.  Laine, 

V. P. Lehto, Int. J. Pharm. 2004, 282, 107.
[32]	 J. Chen, Z. L. Wang, Joule 2017, 1, 480.
[33]	 S.  Niu, S.  Wang, L.  Long, L.  Ying, S. Z.  Yu, Y.  Hu, L. W.  Zhong, 

Energy Environ. Sci. 2013, 6, 3576.
[34]	 a) S.  Wang, L.  Lin, Y.  Xie, Q.  Jing, S.  Niu, Z. L.  Wang, Nano Lett. 

2013, 13, 2226; b) G. Zhu, J. Chen, Y. Liu, P. Bai, Y. S. Zhou, Q. Jing, 
C. Pan, Z. L. Wang, Nano Lett. 2013, 13, 2282.

[35]	 a) Y. Ya, Z. Hulin, J. Qingshen, Z. Yu Sheng, W. Xiaonan, W. Zhong Lin, 
ACS Nano 2013, 7, 7342; b) S. Niu, L. Ying, S. Wang, L. Long, S. Z. Yu, 
Y. Hu, L. W. Zhong, Adv. Funct. Mater. 2014, 24, 3332.

[36]	 X.  Yannan, W.  Sihong, N.  Simiao, L.  Long, J.  Qingshen, Y.  Jin, 
W. Zhengyun, W. Z. Lin, Adv. Mater. 2014, 26, 6599.

[37]	 H. Guo, X. Pu, C. Jie, M. Yan, M. H. Yeh, G. Liu, T. Qian, B. Chen, 
L. Di, Q. Song, Sci. Rob. 2018, 3, eaat2516.

[38]	 J.  Yang, J.  Chen, Y.  Su, Q.  Jing, Z.  Li, F.  Yi, X.  Wen, Z.  Wang, 
Z. L. Wang, Adv. Mater. 2015, 27, 1316.

[39]	 Q. Shi, W. Hao, W. Tao, C. Lee, Nano Energy 2016, 30, 450.
[40]	 X. J. Pu, H. Y. Guo, Q. Tang, J. Chen, L. Feng, G. L. Liu, X. Wang, 

Y. Xi, C. G. Hu, Z. L. Wang, Nano Energy 2018, 54, 453.
[41]	 F.  Yi, L.  Lin, S.  Niu, P. K.  Yang, Z.  Wang, J.  Chen, Y.  Zhou, Y.  Zi, 

J. Wang, Q. Liao, Adv. Funct. Mater. 2015, 25, 3688.
[42]	 F.  Yi, J.  Wang, X.  Wang, S.  Niu, S.  Li, Q.  Liao, Y.  Xu, Z.  You, 

Y. Zhang, Z. L. Wang, ACS Nano 2016, 10, 6519.
[43]	 Y. C.  Lai, J.  Deng, S.  Niu, W.  Peng, C.  Wu, R.  Liu, Z.  Wen, 

Z. L. Wang, Adv. Mater. 2016, 28, 10024.
[44]	 H.  Guo, M. H.  Yeh, Y. C.  Lai, Y.  Zi, C.  Wu, Z.  Wen, C.  Hu, 

Z. L. Wang, ACS Nano  2016, 10, 10580.

Adv. Funct. Mater. 2019, 1808820



www.afm-journal.dewww.advancedsciencenews.com

1808820  (19 of 19) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[45]	 X. Pu, H. Guo, J. Chen, X. Wang, Y. Xi, C. Hu, Z. L. Wang, Sci. Adv. 
2017, 3, e1700694.

[46]	 Z.  Lin, Z.  Wu, B.  Zhang, Y. C.  Wang, H.  Guo, G.  Liu, C.  Chen, 
Y. Chen, J. Yang, Z. L. Wang, Adv. Mater. Technol. 2019, 4, 1800360.

[47]	 M.  Wang, J.  Zhang, Y.  Tang, J.  Li, B.  Zhang, E.  Liang, Y.  Mao, 
X. Wang, ACS Nano 2018, 12, 6156.

[48]	 S.  Wanchul, G.  Manoj Kumar, L.  Keun Young, S.  Kyung-Sik, 
L.  Ju-Hyuck, K.  Tae Yun, K.  Sanghyun, L.  Jianjian, K.  Jung Ho, 
K. Sang-Woo, ACS Nano 2015, 9, 3501.

[49]	 K.  Kyeong Nam, C.  Jinsung, K. J.  Woong, L.  Keun Young, 
P. Jang-Ung, K. Sang-Woo, W. Z. Lin, B. Jeong Min, ACS Nano 2015, 
9, 6394.

[50]	 X.  Pu, L.  Li, M.  Liu, C.  Jiang, C.  Du, Z.  Zhao, W.  Hu, Z. L.  Wang, 
Adv. Mater. 2016, 28, 98.

[51]	 G. Zhu, B. Peng, J. Chen, L. W. Zhong, Nano Energy 2013, 2, 688.
[52]	 S.  Niu, X.  Wang, Y.  Fang, S. Z.  Yu, L. W.  Zhong, Nat. Commun. 

2015, 6, 8975.
[53]	 L. Jin, J. Chen, B. Zhang, W. Deng, L. Zhang, H. Zhang, X. Huang, 

M. Zhu, W. Yang, Z. L. Wang, ACS Nano 2016, 10, 7874.
[54]	 W.  Greatbatch, T. S.  Bustard, IEEE Trans. Biomed. Eng. 1973, 

BME-20, 332.
[55]	 J. Volkmann, J. Herzog, F. Kopper, G. Deuschl, Mov. Disord. 2002, 

17, S181.
[56]	 F.  Albano, M. D.  Chung, D.  Blaauw, D. M.  Sylvester, K. D.  Wise, 

A. M. Sastry, J. Power Sources 2007, 170, 216.
[57]	 a) A. J. Greenspon, J. D. Patel, L. Edmund, J. A. Ochoa, D. R. Frisch, 

R. T.  Ho, B. B.  Pavri, S. M.  Kurtz, J. Am. Coll. Cardiol. 2012, 60, 
1540; b) C.  Romain, P.  Sylvain, R.  Philippe, J.  Emilie, B.  Laurent, 
D.  Antoine, C.  Jacques, H. S.  Michel, B.  Pierre, Pacing Clin. 
Electrophysiol. 2011, 34, 150.

[58]	 Z.  Qiang, S.  Bojing, F.  Fengru, W.  Xinxin, Y.  Ling, Y.  Weiwei, 
W.  Sihong, L.  Hong, L.  Zhou, W. Z.  Lin, Adv. Mater. 2014, 26,  
5851.

[59]	 J. Li, L. Kang, Y. Long, H. Wei, Y. H. Yu, Y. H. Wang, C. A. Ferreira, 
G.  Yao, Z. Y.  Zhang, C.  Carlos, L.  German, X. L.  Lan, W. B.  Cai, 
X. D. Wang, ACS Appl. Mater. Interfaces 2018, 10, 42030.

[60]	 V.  Novak, P.  Novak, J.  de  Champlain, A.  Le  Blanc, R.  Martin, 
R. Nadeau, J. Appl. Physiol. 1993, 74, 617.

[61]	 Z.  Liu, Y.  Ma, H.  Ouyang, B.  Shi, N.  Li, D.  Jiang, F.  Xie, D.  Dan, 
Y. Zou, Y. Huang, H. Li, C. Zhao, P. Tan, M. Yu, Y. Fan, H. Zhang, 
Z. L. Wang, Z. Li, Adv. Mater. 2019, 29, 1807560.

[62]	 G.  Yao, L.  Kang, J.  Li, Y.  Long, H.  Wei, C. A.  Ferreira, J. J.  Jeffery, 
Y. Lin, W. B. Cai, X. D. Wang, Nat. Commun. 2018, 9, 5349.

[63]	 a) M.  Irimia-Vladu, P. A.  Troshin, M.  Reisinger, L.  Shmygleva, 
P. N. S. Sariciftci, Adv. Funct. Mater. 2010, 20, 4069; b) C. J. Bettinger, 
B. Zhenan, Adv. Mater. 2010, 22, 651.

[64]	 Q.  Zheng, Y.  Zou, Y.  Zhang, Z.  Liu, B.  Shi, X.  Wang, Y.  Jin, 
H. Ouyang, Z. Li, Z. L. Wang, Sci. Adv. 2016, 2, e1501478.

[65]	 Q. Liang, Q. Zhang, X. Yan, X. Liao, L. Han, F. Yi, M. Ma, Y. Zhang, 
Adv. Mater. 2017, 29, 1604961.

[66]	 Z.  Li, H. Q.  Feng, Q.  Zheng, H.  Li, C. C.  Zhao, H.  Ouyang, 
S. Noreen, M. Yu, F. Su, R. P. Liu, L. L. Li, Z. L. Wang, Z. Li, Nano 
Energy 2018, 54, 390.

[67]	 R. Pan, W. Xuan, J. Chen, S. Dong, J. Hao, X. Wang, H. Li, J. Luo, 
Nano Energy 2018, 45, 193.

[68]	 R. X. Wang, S. J. Gao, Z. Yang, Y. L. Li, W. N. Chen, B. X. Wu, W. Wu, 
Adv. Mater. 2018, 30, 1706267.

[69]	 W. Jiang, H. Li, Z. Liu, Z. Li, J. J. Tian, B. J. Shi, Y. Zou, H. Ouyang, 
C. C. Zhao, L. M. Zhao, R. Sun, H. R. Zheng, Y. B. Fan, Z. L. Wang, 
Z. Li, Adv. Mater. 2018, 30, 1801895.

[70]	 F.  Xi, Y.  Pang, L.  Wei, J.  Tao, L.  Zhang, G.  Tong, G.  Liu, Z.  Chi, 
L. W. Zhong, Nano Energy 2017, 37, 168.

[71]	 S.  Baik, W. K.  Da, Y.  Park, T. J.  Lee, S. H.  Bhang, C.  Pang, Nature 
2017, 546, 396.

[72]	 J. Li, A. D. Celiz, J. Yang, Q. Yang, I. Wamala, W. Whyte, B. R. Seo, 
N. V. Vasilyev, J. J. Vlassak, Z. Suo, Science 2017, 357, 378.

Adv. Funct. Mater. 2019, 1808820


