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Abstract: Along with the continuous aging of the population, various diseases have brought a great
threat to human health and a large economic burden. The development of advanced medical devices
has gained global attention for disease treatment. Electrical stimulation refers to stimulation and
treatment of cells by high output voltage, which is an important rehabilitation and therapeutic strategy
in medical treatment. Triboelectric nanogenerators (TENGs), which are lightweight and feature high-
voltage output and flexible structure, have drawn great attention in the field of disease treatment for
health care. The conversion of the body’s mechanical energy into electrical pulses to stimulate cells
for health treatment through TENG has promising applications. Using uniquely designed TENGs to
convert human mechanical energy into electrical impulses to stimulate cells is considered a promising
health treatment. Here, we review the recent progress of TENG-based electrical stimulation for
disease treatments, focusing on the structure, materials, and performances of the TENGs used in
diverse facets of healthcare. More importantly, we systematically discuss the application of TENG-
based electrical stimulation in wound healing, osteoblast proliferation and differentiation, muscle
stimulation, nerve stimulation, and pacemakers. Finally, several developmental challenges of and
prospective solutions for TENG-based electrical stimulation are discussed and summarized in light
of recent advances.
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1. Introduction

The aging of the population has become a global phenomenon, and healthcare ex-
penditure has put a heavy burden on social and economic development. Effective and
low-cost treatment equipment contributes to the diagnosis and therapy of diseases over
time, which can not only minimize the illness caused by diverse diseases but also reduce
medical expenditures and alleviate the family’s economic situation. Electrical stimulation
therapy [1,2] which stimulates the tissues and organs or innervates their nerves to control
tissues and organs by controlling the parameters of a pulse current to achieve therapeutic
effects, has been applied to clinical practice in the 20th century. Since electrical stimulation
often requires a stable high-voltage output, and traditional therapeutic equipment requires
regular replacement of the power supplies, this process not only incurs additional medical
expenses but also increases the complexity of the treatment process. With the development
of science and technology, the emergence of triboelectric nanogenerators has allowed re-
searchers to explore the possibility of electrical stimulation therapy devices by utilizing
them [3,4]. Compared with the piezoelectric nanogenerator (PENG), the TENG shows
much higher output voltage with smaller size, biocompatibility with selection of diverse
materials, and flexible structural design, and it is considered a potential choice for electrical
stimulation.

Triboelectric nanogenerators have attracted a lot of attention since their invention, and
they are based on the coupling effect of triboelectrification and electrostatic induction. It is
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well known that when two different materials come into contact with each other, a frictional
charge is generated. However, if the materials are dielectric, the frictional charge generated
will be preserved for a long time [5,6]. Driven by external forces, the frictionally charged
interface causes relative movement between each other, leading the periodical change of
the potential difference. The periodical potential difference will drive the electron flow
through the external load, generating an alternating-current output. As demonstrated in
Figure 1, the TENG can work in four different modes, including contact-separation mode,
lateral-sliding mode, single-electrode mode, and free-standing mode, which contribute to
harvesting mechanical energy efficiently in the environments around us, such as human
motions, wind energy [7,8], and wave energy in the ocean [9,10], converting it into electrical
energy to power the electronics. Given this unique principle, the TENG has the advantages
of high-voltage output, flexible structure, light weight, and a wide range of material choices,
which make it possible for researchers to invent high-voltage-source, biocompatible, and
sustainable self-powered electrical stimulation devices based on the TENG [11,12].
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Figure 1. Four TENG modes. (a) Contact-separation mode. (b) Lateral-sliding mode. (c) Single-
electrode mode. (d) Free-standing mode.

In this review, recent advances of TENG-based electrical stimulation devices will be
presented comprehensively. As shown in Figure 2, the progress of wound healing and
osteoblast proliferation and differentiation will be described, and then the application of
muscle stimulation and nerve stimulation is systematically discussed. In addition, the
pacemaker module for cardiovascular disease is presented from the aspects of the materials,
structures, and properties of the TENG components. We also discuss the applications of
ultrasound-driven TENG for antibacterial and wound healing and finally summarize the
challenges and prospects of TENG-based medical devices in the future.



Electronics 2023, 12, 4477

3of 14

“nder infectea surgical site

Ultrasound
probe

& PET Substrate ) W .:
Q . Eloctryly i

< M. & NIR—
% /"T&Ev PTFE
> Au electrodes
§ ~
R.c"”.' \ Hcu )rQ -

Subdey,
™,
’"'Plantati: d
S
9%,
sy
3
<
= ()
= 23
) © 4
@ @ st
8 z = o":t‘ml:"“’
2 S
2 ‘stimulations
() NSatJeterTace
implanted in muscle
pacemaker
POMS
Teton BSOS 5 Stack
e M- I-TENG 4
\\ Kapion I-TENG 3 3 Stack
Ay ¥ ]
\\—‘_‘_,‘ -l I-TENG 2 )
e TENG 1 1 Stack

Figure 2. Diagram of the four application modules of electrical stimulation discussed.

2. Wound Healing, Osteoblast Proliferation and Differentiation

Bruises, cuts, and other phenomena often occur in life, and for the general population,
slow wound healing only affects the quality of life of patients. However, for some special
groups, such as patients with diabetes and rheumatoid arthritis, a little carelessness will
lead to serious health problems [13,14]. The slow healing or nonhealing of the wound
increases the risk of wound infection, and the infection can even spread to the surrounding
tissues or other parts of the body, resulting in chronic diseases, even fatal in some cases.
Many years of research have shown that electrical stimulation can promote the recovery
of skin wounds [15-17]. However, due to the limitation of bulky electrical equipment,
electrical stimulation has not been put into large-scale treatment. Since 2012, the TENG's
invention [18] has provided new ideas for wound healing. Because of its lightweight,
flexible structure and low-cost self-generating characteristics, the TENG has become an
important candidate for preparing wound-healing devices [19-21].

In 2018, Wang et al. demonstrated that a TENG-based wearable electronic bandage can
achieve effective wound recovery [22]. The device can locally convert the mechanical energy
generated by rat respiration into discrete AC voltage signals and directly apply the electric
field to the wound to promote fibroblast migration, proliferation, and transdifferentiation
to enhance skin regeneration. The electronic bandage consists of two parts: the TENG
part and the dressing electrode. As demonstrated in Figure 3a, the TENG is designed as
a multilayer structure consisting of a polyethylene terephthalate (PET) layer, a Cu foil,
and a PTFE layer with Au electrodes, respectively. The multilayer structure allows the
device to have better flexibility and to fit better on the skin’s surface. The amplitude of
the peak-to-peak voltage generated by the normal activity of the rat’s respiration was able
to reach a maximum level of 102.2 V at a rate of 110/min when the electronic bandage
was implanted in the rat. By stimulating the dorsal wounds of the rats with the electronic
bandage, the recovery period of the wounds in the experimental group was shortened
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from the normal 12 days to 3 days, and the present study was proven to be an effective
therapeutic strategy in the treatment of wound healing.

In 2018, Wang et al. fabricated a tunable biodegradable (BD) implantable TENG
(BD-iTENG) responding to near-infrared (NIR) photothermal manipulation [23]. The peak
output voltage of the BD-iTENG is about 2V in the implanted rat, and the output of the
BD-iTENG can accelerate the process of narrowing the wound by carving the L929 cells
to accelerate the wound-healing process. As demonstrated in Figure 3b, BD-iTENG uses
a hemispherical array structure deposited with Au as the friction layer, which increases
the contact area between the two friction layers and increases the output effect. This is
one of the highlights of this TENG. In addition, BD-iTENG demonstrated a controlled
biodegradation process by using Au nanorods in response to NIR treatment, where the
output voltage of BD-iTENG was reduced to 0 V within 24 h, and the device was able to
degrade substantially within 14 days. For short-term therapeutic devices, the controlled
biodegradation of the device avoids the need for another surgical removal step after the
device has completed its work cycle, which not only reduces medical expenses but also
alleviates patient pain.

In 2019, Wen et al. [24] designed a TENG-driven electrical stimulation system to
achieve proliferative behavior on fibroblasts and thus promote wound healing. The TENG
was designed as a rotatory disc-shaped TENG (RD-TENG) and consists of a rotor and a
stator mounted coaxially. As depicted in Figure 3c, the rotor consists of a disc-shaped
printed circuit board (PCB) deposited with radial copper, while the stator consists of the
same PCB coated with cross-finger copper electrodes with a piece of PTFE film adhered.
Due to the different output currents at different speeds, a rheostat was connected externally
in the circuit to obtain different currents at the same frequency for experimental studies.
The experimental data showed that when the peak current of RD-TENG was greater than
10 pA, it had an obvious promotion effect on cell proliferation, and its relative promotion
rate could reach more than 50% when the current was 50 pA, which had the best promotion
effect. Moreover, the expression of Fgf 2 (fibroblast growth factor 2) and Dlk 1 (delta-
like non-canonical Notch ligand 1), which play an important role in promoting wound
healing, was significantly upregulated after RD-TENG stimulation of L929 cells. This also
demonstrated the promising application of the device in wound healing.

Osteoporosis has now become a major health problem for people over 50 years of age,
especially for middle-aged and elderly women [25]. It is a chronic disease that seriously
endangers bone health, and most people may lack sufficient understanding and attention
to it. Once it develops seriously, not only will it make the patients suffer, but its follow-
up medical and nursing care requires a large amount of human, material, and economic
resources, which will result in a heavy burden on the family and society [26,27]. As
one of the most common orthopedic diseases, osteoporosis is mainly caused by bone
resorption by osteoclasts being greater than bone formation by osteoblasts, resulting in a
state of low bone mass, impaired bone tissue microstructure, increased bone fragility, and
susceptibility to fracture. Numerous studies have shown that physical electrical stimulation,
such as direct current, pulsed current, electric field, and electromagnetic field, can promote
bone formation of osteoblasts [28,29], thus providing a certain alleviation and therapeutic
effect on osteoporosis, and treatment through electrical stimulation has become a popular
research topic.

After Wang et al. invented the TENG in 2012, they combined the TENG with an
infrared laser excitation unit to develop a self-powered low-level laser therapy (SPLC) [30]
system for osteogenesis in 2015. In the TENG, polydimethylsiloxane (PDMS) and indium
tin oxide (ITO) were used as friction materials, and the PDMS layer was patterned with
pyramidal arrays to increase its current output. Tests revealed that this TENG outputs
a short-circuit current of about 30 pA and an open-circuit voltage of 115 V. As shown
in Figure 3d, a series of comparative experiments demonstrated that the TENG-driven
laser therapy group showed a significant increase in the number of MC3T3-E1 cells after
two days of irradiation and a 15% increase in their cell proliferation rate compared to the
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reference group without laser therapy. Moreover, the system can be driven by human
walking or mouse breathing, which is convenient compared with traditional battery laser
devices, and thus has great potential for development in the field of portable or implantable
therapeutic devices.

In 2019, Li et al. [31] proposed a self-powered flexible implantable electrical stimulator,
which consists of a TENG, a rectifier, and flexible forked-finger electrodes. The TENG
converts mechanical energy from the daily movements of rats into electrical energy and
connects the energy to the electrodes through the rectifier to stimulate the MC3T3-E1
cells to up-regulate intracellular calcium ions and promote adhesion, proliferation, and
differentiation of osteoblasts. The rectified TENG has an output open-circuit voltage of
100 V and a short-circuit current of 1.6 p A. As illustrated in Figure 3e, the TENG uses Al
and PTEFE films as friction layers, where the PTFE films are treated with inductively coupled
plasma reaction ion etching (ICP) to form nanostructure arrays to increase the friction area,
and springs are used between the friction layers to ensure contact and separation of the
friction layers. The results showed that the number of MC3T3-E1 cells attached to the
cell wall increased by 72.76% after 3 h of electrical stimulation compared with the group
without stimulation, and the cell proliferation rate increased by 23.82% after 3 days of
stimulation. The flexible TENG was prepared by adjusting the TENG material and was
implanted on the femoral surface of rats; it successfully converted the mechanical energy
of the rats” daily movement into electrical energy.
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Figure 3. Wound healing and osteoblast module after TENG chart and related data. (a) Structural
diagram of TENG-based wearable electronic bandage and data comparison with other wound healing
devices in comparative experiments. Reproduced with permission from ref. [22]. (b) The structural
diagram of BD-iTENG and the changes of cell proliferation degree after electrical stimulation of
fibroblasts L929 by DC, AC, and BD-iTENG. Reproduced with permission from ref. [23]. (c) RD-
TENG schematic diagram and output performance: The effect of the peak current value of RD-
TENG on the promotion rate of 1.929 cells is the best at 50 pA. Reproduced with permission from
ref. [24]. (d) Structural design and characterization of TENG. Reproduced with permission from
ref. [30]. (e) Schematic diagram of self-powered electrical stimulation device and structure of TENG.
Reproduced with permission from ref. [31].
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3. Muscle Stimulation and Nerve Stimulation

Muscle atrophy is very harmful to the body. It will lead to muscle weakness or loss
of motor function. At present, the main treatment for this symptom is neuromuscular
electrical stimulation [32-35]. Its basic principle is to use the electrical excitability of nerve
cells to stimulate the nerves that dominate the muscle to make the muscle contract through
pulse current. In recent years, commercial neuromuscular electrical stimulators have been
developed, but for the implantable electrical muscle stimulation system, the power supply
problem has been a huge challenge that has not been solved. The continuous development
of TENG technology makes it possible to maintain the self-sustainable power supply of
implanted equipment through mechanical energy collection equipment.

Chengkuo Lee at the National University of Singapore presented a treatment for
muscle stimulation via stacked TENG with multichannel intramuscular electrodes in
2019 [36]. The ability of the multichannel intramuscular electrodes to localize motor
neurons sparsely distributed in muscle tissue allows the device to achieve efficient TENG
muscle electrical stimulation at a short-circuit current of 35 pA. As depicted in Figure 4a,
the use of a PET sheet folded into a serrated structure as a support for the TENG ensures
that the TENG can be restored to its original position after being pressed. The PTFE film
and Al layer are then attached to the PET sheet separately as a friction layer. Intramuscular
electrodes were implanted into the anterior tibial (TA) muscle belly of the rat, and the
electrodes were connected to the TENG via FPC connectors. It was found that the use of
site-specific electrodes activated muscle contraction. The possibility of electrical stimulation
of the muscle using a direct power supply from the TENG was demonstrated.

Li et al. proposed the use of diode-amplified TENG (D-TENG) [37] for muscle stim-
ulation in 2017. Not only does D-TENG amplify the current generated by the TENG, the
exponential current pulses it generates are the optimal waveform for muscle stimulation,
and thus the stimulation efficiency can be greatly improved. As demonstrated in Figure 4b,
D-TENG is also designed as a sawtooth-shaped layer, using an Al layer and a PTFE layer
as the friction layer, and requires an additional mechanical switch to control the diode in
parallel. It was found that the electrical pulses generated by the D-TENG were more effec-
tive for muscle stimulation than commercial stimulators, overcoming the high threshold
barrier for direct muscle stimulation and making the TENG an effective muscle stimulator.
In addition, the device is a versatile configuration that can be applied to TENGs of other
materials and structures to further improve output.

In fact, there are nerves distributed in every part of the human body, and all kinds of
physiological behaviors are controlled by nerves. Neuromodulation, as a non-destructive
and reversible treatment method, has attracted extensive attention [36—40]. Unlike drug
therapy, it may have side effects. Only the corresponding nerve cells need to be electrically
stimulated to control or treat the human body. The combination of TENG device and
stimulator or neural interface can achieve more convenient, safe, and effective treatment in
the future.

In 2017, Lee et al. proposed a stacked TENG as a neural interface for neural stimula-
tion [41]. The TENG has an output voltage of 160 V and a short-circuit current of 6.7 p A.
The TENG was designed as a zigzag-shaped structure, and PET material was chosen as
the mechanical support for this structure, using Cu and PDMS layers as friction electric
layers. As depicted in Figure 4c, it is driven by human muscle movement to generate
electrical energy, and the common peroneal nerve (CP) is then stimulated through the nerve
interface to activate the tibialis anterior (TA) muscle. The experiments have demonstrated
that the TENG can generate enough electrical charge to directly stimulate the CP to con-
trol the TA muscle. The TENG with an integrated flexible neural interface has important
developmental value for future battery-free neuromodulation.
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Figure 4. Muscle stimulation and nerve stimulation module TENG structure and related data.
(a) Structural diagram of the TA muscle stimulated by TENG with electrodes. Reproduced with
permission from ref. [36]. (b) Structure, constituent materials, and operation process of D-TENG.
Reproduced with permission from ref. [37]. (c) Schematic diagram of the TENG in the compressed
and released state and the output data diagram of the 5-layer structure of the TENG. Reproduced
with permission from ref. [41]. (d) A rendering of bladder nerve stimulation using a stacked TENG
combined with a flexible nerve clip (FNC) interface. Reproduced with permission from ref. [42].
(e) Schematic diagram of the operating principle of the VNS system and comparison of body weight
changes in mice stimulated by the device. Reproduced with permission from ref. [43].

Similarly, the regulation of bladder function can also rely on neural stimulation, and
in 2019, Lee et al. proposed a way to control bladder function using a stacked TENG
interfaced with a flexible nerve clip (FNC) [42]. As illustrated in Figure 4d, a four-layer
zigzag PET sheet was used as the body of the TENG, and PTFE and Al layers were used
as frictional and electrical layers, respectively. The TENG was connected to the FNC,
which was implanted in the pelvic nerve next to the bladder in rats, and the effects of
different factors on the experimental results were investigated by monitoring bladder
pressure changes and urination. The research team investigated not only the frequency
stimulation parameters but also the effects of different numbers of stimulation pulses on
bladder regulation. The results of the experiments showed that when pulses of 50 BPM
and above were applied to the pelvic nerves of rats, or when two or more numbers of
pulses were applied, significant changes in bladder pressure and micturition occurred. This
work demonstrates the possibility of controlling bladder contraction and voiding through
this device.

In 2018, Wang et al. successfully developed an implantable vagus nerve stimulation
(VNS) device for weight control [43]. As shown in Figure 4e, the flexible TENG is attached
to the surface of the stomach to reduce food intake by stimulating the vagus nerve with
electrical pulses generated by the peristaltic movement of the stomach, ultimately achieving
weight control. A series of controlled experiments using rats with an initial body weight of
250 g found that under the same feeding conditions, rats implanted with VNS consumed
only about 2/3 of the daily food consumption of control rats, and weighed about 350 g
after 100 days, which was 63% of the final body weight of the control group. When the
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implanted VNS device was removed, the rats were also able to return to their normal
weight status immediately. This work demonstrated that an implantable VNS device has a
significant effect on neurostimulation for weight control and that the weight control effect
is reversible.

4. Pacemaker

A pacemaker is a special medical electronic device that stimulates the heart by sending
out some form of electrical pulse to make it excited and contract. That is, it simulates the
impulse formation and conduction of the normal heart in order to treat heart dysfunction
due to certain heart rate disorders. With the rapid development of pacemaker manufactur-
ing technology and techniques, and after the first pacemaker was implanted in the human
body in 1958, the functions of pacemakers became increasingly sophisticated and began to
be applied to diseases such as slow arrhythmias and tachyarrhythmias [44,45]. The battery
life of conventional pacemakers is only about 5 years, which means that patients need to
undergo several major surgeries to replace the battery regularly, which not only increases
the patient’s treatment expenses but also aggravates the risks of the surgery and causes
more pain to the patient. Self-powered pacemakers that combine TENG with pacemakers
have become a popular direction for researchers.

In 2014, Wang et al. proposed an implantable triboelectric nanogenerator iTENG)
powered by collected respiratory energy to power a pacemaker that successfully regulated
the heart rate of a rat [46]. Specially treated PDMS and aluminum foil were used as friction
layers in the preparation of iTENG, and a flexible PET material of 400 um thickness was
used as a spacer between the two friction layers. Since the environment in which the
iTENG was used was in vivo, the entire device was covered with flexible polymer to
protect its internal structure from the environment. Since PDMS is flexible, leak-proof,
and biocompatible, the entire device was encapsulated with a 50 um layer of PDMS to
ensure that the device could work properly in the in vivo environment. Meanwhile, the
overall size of the iTENG was also controlled to be 1.2 cm X 1.2 cm to fit in the in vivo
environment. In the experiment, the iTENG was implanted under the skin of the left chest
of a rat, and the rat’s breath was generated through the respirator at a frequency of about
50 times per minute. As shown in Figure 5a, the measured voltage and current values of the
iTENG were 3.73 V and 0.14 pA. The iTENG-generated current was stored in a capacitor
that successfully drove the pacemaker prototype to regulate the heart rate of rats. Since
the experimental subjects were rats, the size of the iTENG was limited, which affected the
output performance. When used in humans, the structure and size of the iTENG can be
redesigned to achieve greater power output.

In 2019, Wang et al. successfully demonstrated another symbiotic pacemaker (SPM)
based on an implantable TENG [47]. As depicted in Figure 5b, the SPM consists of three com-
ponents: an energy harvesting unit iTENG), a power management unit (PMU), and a
pacemaker unit. Energy is harvested from cardiac motion through the iTENG module,
which stores the collected energy in the capacitor of the PMU and drives the pacemaker
to generate electrical pulses to control cardiac contraction. The iTENG was designed as a
core-shell structure consisting of two triboelectric layers, a support structure, and encapsu-
lated shells. PTFE and Al were chosen as the triboelectric materials, and the entire device
was encapsulated using flexible PTFE and PDMS materials to ensure its structural stability.
Meanwhile, in order to ensure the safety of the experiment, the encapsulation materials
were attached to mouse fibroblasts to test their cytotoxicity, and the experimental data
showed that PTFE and PDMS had good cytocompatibility and did not adversely affect the
cells. When iTENG was implanted between the heart and pericardium of adult Yorkshire
porcine, the open circuit voltage of iTENG was measured to reach 65.2 V. At the same
time, the iTENG collected energy of 0.495 uJ in one cardiac exercise cycle, which was much
larger than the pacing threshold energy of the pig (0.262 pJ), and successfully achieved
cardiac pacing.
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Figure 5. Pacemaker module TENG structure and related data. (a) Respiration-driven TENG structure
and the composition diagram of the self-powered pacemaker. Reproduced with permission from
ref. [46]. (b) Radio-triggered symbiotic pacemaker system illustration with I-TENG performance test
data in vitro including open circuit voltage, short circuit current, transferred charge, etc. Reproduced
with permission from ref. [47]. (c) Diagram of the structure of the five-layer TENG and the amount of

energy that the TENG can harvest in a day in the experiment. Reproduced with permission from
ref. [48].

In 2021, Sang-woo Kim et al. [48] proposed a high-performance inertia-driven in vivo
triboelectric nanogenerator (I-TENG) based on human motion and gravity. I-TENG was
designed as a cylindrical shape with a radius of 1.5 cm and a height of 2.4 mm, using PVA-
NH2 and PFA as triboelectric materials, and was stacked in five layers to increase its output
effect. As illustrated in Figure 5c, compared with a single-layer I-TENG, the output voltage
of a five-layer stacked I-TENG increases from 36 V to 136 V, and the current packing density
increases from 0.4 pA/cm3 to 2 uA/cm3. The biocompatibility of the device was tested,
and it was implanted into the back of the animal in contact with the muscle layer. During
the observation period, there were no signs of infection, and all the subjects’ behavior was
normal. By integrating the I-TENG with the pacemaker and the battery management device
into a system, an adult mongrel was selected as the experimental object and implanted in
the body. The system was able to receive and analyze the ECG data of the subjects, and
the energy collected by the I-TENG successfully drove the 150 bpm VVI mode and 90 bpm
VOO mode of the pacemaker, realizing the therapeutic effect of bradycardia.

5. Ultrasound-Driven TENG for Electrical Stimulation

The use of ultrasound in medical imaging and treatment has a history of more than
50 years, is used in the treatment of various diseases, and shows high security. The
ultrasound-powered TENG is also an important energy solution for the battery life of
implantable medical devices. After the combination of ultrasound-driven TENG and
implantable medical devices, the most critical problem is how to transmit ultrasonic energy
to the implantable power generation device with the minimum energy loss while ensuring
its biocompatibility in vivo. As shown in Figure 6a, Sang-Woo Kim et al. [49] proposed
the use of biocompatible poly(2-hydroxyethyl methacrylate) (HEMA) as the friction layer
and packaging layer of TENG, and compared with the traditional Ti layer, the ultrasonic
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transmission coefficient of HEMA is ten times greater. Use of HEMA materials made of a
novel implantable, modulus-tunable, ultrasound-driven TENG (IMU-TENG) implanted
in the rat dorsal skin tested the output performance, and it was found, under 40 MQ)
impedance, to produce 8.16 V peak voltage. It can make 100 uF capacitor charging 3.7 times
faster than a Ti plate; because it transmits more ultrasonic waves, it produces higher energy.
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Figure 6. The structure and performance data of the electrostimulation module of the ultrasonic-
driven TENG. (a) The operating process diagram of IMU-TENG, its structure, and its material
composition. Reproduced with permission from ref. [49]. (b) Composition and structure diagram
of IBV-TENG, experimental diagram, and data diagram of bacteriostatic effect using IBV-TENG.
Reproduced with permission from ref. [50]. (c) The structure and composition of BA-TENG, the treat-
ment of acute skin injury by BA-TENG, and the voltage output of BA-TENG in a water experiment.
Reproduced with permission from ref. [51].

In 2023, Sang-Woo Kim et al. [50] proposed an implantable, biodegradable, and vibrant
triboelectric nanogenerator (IBV-TENG) using electrical stimulation for the elimination
of microorganisms in deep tissues, and the IBV-TENG was able to successfully inactivate
bacteria such as Staphylococcus aureus and Escherichia coli, which promises to be an effective
solution for combating surgical-site infections. As illustrated in Figure 6b, the dimensions of
the IBV-TENG are approximately 1 cm X 2 cm, and its thickness is roughly 170 um. It was
designed as a single-electrode model using poly(3-hydroxybutyric acid-co-3-hydroxyvaleric
acid) (PHBV) and poly(vinyl alcohol) (PVA) as the two friction layer materials, respectively,
and Mg foil, which has a fast hydrolysis rate and is biocompatible, was used as the electrode.
The IBV-TENG was implanted into porcine tissues, and the voltage output of the device
was measured and found to produce a voltage of ~2.2 V at 40 megohm impedance and
a current of ~11.7 pA at 1 ohm impedance. To test its bacterial inhibitory ability in vitro,
the IBV-TENG was attached to a petri dish and placed under an ultrasonic probe, and
the bacterial solution was placed in the electrical stimulation portion of the device to be
processed, to study the relationship between the ultrasonic strength at different ultrasonic
intensities and electrical stimulation voltages and bacterial solutions at different electrical
stimulation voltages. The survival rates of Staphylococcus aureus and Escherichia coli under
different ultrasonic intensities and stimulation voltages were investigated. It was found
that the IBV-TENG was able to kill 99% of E. coli and 100% of S. aureus after 1 h of IBV-
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TENG induction at an electrical stimulation intensity of 4 V. This proves that the use of the
IBV-TENG device is a new strategy for microbial inhibition.

In addition, electrical stimulation of the TENG driven by ultrasound also shows its
own advantages in wound healing. In 2023, Sang-Woo Kim et al. [51] proposed a novel
bioadhesive TENG (BA-TENG), which can seal a wound and stop bleeding through the
adhesion of the bioadhesive layer. Driven by ultrasound, BA-TENG can generate a stable
electric field to accelerate the migration and proliferation of cells, thus accelerating the
healing effect of the wound. As depicted in Figure 6¢, the single electrode mode of BA-
TENG selects polycaprolactone-based polyurethane (PCL-r-PU) material as the triboelectric
layer and poly (3,4-ethylene dioxythiophene) polystyrene sulfonate (PEDOT:PSS) as the
triboelectrode material, uses poly (vinyl alcohol) copolymer (PAV) to prepare the biological
adhesive, and the Mo electrode to provide an electric field to the wound. BA-TENG
uses biocompatible and biodegradable materials and does not require a second surgical
resection after completing the corresponding work. The electrical output performance of
BA-TENG was tested experimentally, and it was found that the BA-TENG with a size of
1.5 cm x 1.5 cm could stably produce a voltage output of 1.5 V and a current output of
242 p A under ultrasound at 20 kHz, which was sufficient to accelerate cell migration and
proliferation. A Sprague-Dawley rat liver incision model was established to evaluate the
hemostatic performance of BA-TENG in vivo. It was found that BA-TENG could induce
rapid wound healing after 5 s and reduce blood loss by 82% compared with the control
group, which proved its rapid and effective wound sealing and hemostatic effect.

6. Summary and Challenges

TENG is widely investigated in the field of medical therapy, especially in implantable
medical devices, due to its advantage of harvesting other mechanical energy and converting
it into electrical energy. It can be used not only as an energy harvesting device but also as an
alternative therapeutic tool through its electrical stimulation directly acting on the cells in
the body to achieve therapeutic effects. In this review, recent advances in different medical
devices with electrical stimulation based on TENG are reviewed, and the performance and
applications of the TENG-based electrical stimulation devices introduced in this paper are
listed in Table 1.

Table 1. The performance and applications of electrical stimulation devices based on TENGs are listed.

Application Voltage (V) Current (nA) Power Ref
Cell stimulation 2.2 [22]
Cell stimulation 2 0.02 [23]
Cell stimulation 160 50 [24]
Cell stimulation 115 30 [30]

Energy supply 100 1.6 [31]
Cell stimulation 47 35 [36]
Cell stimulation 33.4 500 uW [37]

Energy supply 160 6.7 [41]

Energy supply 6 [42]
Cell stimulation 0.1 [43]

Energy supply 3.73 0.14 [46]

Energy supply 65.2 0.5 0.495 yJ [47]

Energy supply 136 4.9 uW/cm3 [48]

. Eliminat? 4 » [50]
microorganisms
Cell stimulation 1.5 24.2 [51]

Although the TENG-based electrical stimulation application showed satisfactory
therapeutic effect in the experiment, there is a certain distance between the experimental
data and the actual applications, and some biological mechanisms are still unknown. Its
existing challenges are briefly described below.
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(a) For implantable TENG, because the amplitude of motion in vivo is relatively small,
how to respond to small movements and use them to produce large electrical output is the
focus. In addition, the size of electrical stimulation medical devices is limited in the body, so
reducing the size while ensuring their therapeutic effect is another challenge. This requires
not only developing more suitable TENG structures but also exploring more advanced
materials and improving their production process.

(b) Electrical stimulation used for medical devices must have the reliability and long-
term stability of the output power to ensure that it can output the corresponding electrical
signals in various environments. However, the performance and structure of TENG devices
may be modified by the environment, especially for implantable devices, where the influ-
ence factors in the body will be greater. How to select the appropriate packaging material
to protect the equipment is also a serious issue.

(c) When using electrical stimulation, improving the precise positioning of the target
cells and grasping the degree of electrical stimulation are the keys to realize effective
treatments. Firstly, the mislocalization of the target cells or the insufficient sensitivity of the
device will be damaged by the electrical stimulation of other cells. Secondly, for the cells in
the body, the electrical output of the device has a small controllable range: too much output
will cause damage to the cells, and too little output will not achieve the therapeutic effect.

(d) Inappropriate equipment implanted into the body will not only cause mechanical
stimulation or wear but also may lead to human allergic reactions, tissue inflammation,
infection, and other complications, which will seriously harm the health and safety of
patients. Therefore, the device needs to undergo strict biocompatibility tests and safety
assessment to ensure that it can be placed in the body for a long time without causing
negative effects and that it can safely play a therapeutic role.

(e) Since the performance of TENG is different in different modes, materials, and sizes,
in medical applications integrated with TENG and other devices, appropriate TENG should
be selected according to different research purposes and application scenarios. It is a hot
topic for research to combine TENG with more medical devices and components to form
self-powered medical products. In addition, the ultimate goal of researching successful
medical devices is to commercialize them, and the research process should also consider the
cost and whether the materials or fabrications can be put into large-scale production. The
preparation process of some TENG materials is complicated and dependent on advanced
instruments, which will bring certain difficulties to large-scale production. At the same
time, since most medical devices work in biological bodies, the biocompatibility and
water resistance of materials need to be paid more attention. The emergence of materials
with better biocompatibility effect and the continuous progress of waterproof packaging
materials will promote the final commercialization of TENG-based medical devices.
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