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Since the nanogenerator (NG) was invented in 2006, it has been successfully developed and utilized to
harvest various forms of mechanical energy in vivo. The NGs promote the progress of self-powered
biomedical devices. Moreover, NGs can also be used as sensors to detect a variety of important physio-
logical signals, which brings us closer to real-time, high-fidelity monitoring of physical and pathological
information. This paper summarizes the in vivo applications of NGs as biomedical sensors, including in
cardiac sensors, respiration sensors, blood pressure sensors, gastrointestinal sensors and bladder sensors.
However, there are still many challenges in using NGs as sensors in vivo. For example, how can we min-
imize and encapsulate the NGs, how can we increase the stability and reliability during long-term detec-
tion, and how can we establish a corresponding relationship between the NG’s electrical output and the
physiological signals. It is also critical to follow the medical principles more closely in the development of
self-powered sensors in the future. We believe that the self-powered sensors would promote the devel-
opment of the next-generation healthcare monitoring systems.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Implantable electronic medical devices (IEMDs) have experi-
enced rapid development in recent decades, allowing them to more
effectively enhance the quality of patients’ lives, and prolong
patients’ lifespan. With the continuous development of medical
technology, medical devices for the diagnosis and detection of var-
ious diseases are increasing [1–3]. IEMDs, such as cardiac pace-
makers, cerebral pacemakers and nerve stimulators, provide the
functions of disease monitoring and targeted treatment. However,
their development still faces many challenges, such as how to min-
imize size and reduce weight. Another burning problem is the
power supply of IEMDs. For example, the pacemaker invented by
Wilson Greatbach was implanted into human body in 1960, which
had a working life of less than two years. The zinc-oxygen battery
had obvious shortcomings, such as poor sealing and current leak-
age [4,5]. In 1972, Italian scientists applied lithium batteries to
implantable medical devices. With the continuous improvement
of lithium battery technology, the life of the lithium battery inside
a cardiac pacemaker can reach about 10 years. This progress has
been recognized by the medical industry and patients. In addition
to research on lithium batteries, researches on biofuel cells [6,7]
and nuclear batteries [8–10] are also deepening. However, the bat-
tery of the IEMD has a common shortcoming: the battery life is
limited. After the batteries are depleted, they need to be replaced
by surgery, which undoubtedly increases the risk of infection and
death as well as the economic burden to the patients. Replace-
ments take over about 25% of all implantation procedures, due to
battery depletion [11]. Therefore, the self-powered IEMDs have
attracted extensive attention, and have become a research hotspot
[12].

No external power supply is necessary for self-powered IEMDs
during their work and function. Because the battery takes up most
of the size and weight of IEMDs, the self-powered system can
greatly promote the miniaturization and weight reduction of the
IEMDs. There are a variety of energy sources in human body, and
many ways are established to harvest chemical energy, thermal
energy, electrical energy and mechanical energy [13,14]. Among
all these forms of in vivo energy, biological mechanical energy is
regarded as the most sufficient and common energy. The biological
energy produced by human movements (including physical move-
ments, contractions/relaxations of the lung, heart, muscles and
blood circulation, etc.) can be used effectively [15]. Zhong Lin
Wang’s group [16] firstly invented piezoelectric nanogenerator
(PENG) of zinc oxide nanowire arrays in 2006, which could convert
the environmental mechanical energy into electrical energy
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through piezoelectric effect. In 2012, his group firstly invented tri-
boelectric nanogenerator (TENG) [17]. TENG could achieve rapid
conversion of mechanical energy into electric energy via the cou-
pling of the triboelectric effect and the electrostatic induction
between two contacted materials. PENG and TENG have become
the most promising biomechanical energy harvesting devices since
their invention, providing a huge space for the development of self-
powered IEMDs [18].

Since its inception, the design of PENG has developed from the
original ZnO nanowires, nanocomposite (BaTiO3 or ZnSnO3)
to inorganic films, for example, lead-free NaKNbO3,

(1�x)Pb(Mg1/3Nb2/3)O3�xPbTiO3 (PMN-PT), poly (vinylidenefluoride-
co-trifluoroethylene) (PDFV-TrFE), Pb(ZrxTi1�x)O3 (PZT), and
polyvinylidene fluoride (PVDF) [19–23]. These improvements help
achieve high output power, good stability, and commendable safety
for PENG. In addition, the output power and stability of TENG are
being constantly improved through the innovation of the materials’
type and morphology, new designs of the structure, and the utility
of hybrid devices [24–27]. PENG and TENG have provided tremen-
dous potentials to harvest in vivo biomechanical energy. Our group
[28] developed an implantable PENG based on a single ZnO nano-
wire, which could harvest themechanical energy generated by heart-
beat and breathing in living rats. This is the first time that PENG had
been used to harvest biomechanical energy in vivo. In 2014, Zheng
et al. [29] designed a TENG that could harvest the mechanical energy
from a rat’s normal breathing, convert the harvested energy into elec-
trical energy and successfully drive a pacemaker to regulate a rat’s
heart rate (HR). This group [30] then implanted the encapsulated
TENG into small pigs to harvest the mechanical energy of heartbeat,
achieving the leap from using TENG to harvest biomechanical energy
from small to large animals.

PENG and TENG can not only harvest mechanical energy in liv-
ing bodies, which provides new options for IEMDs driven by self-
powered systems [24,31], but they can also serve as sensors to
detect vital signs, such as HR and breathing [32,33]. NGs with a
sensor function provide a new promising way to diagnose and treat
diseases, and expand the application range of IEMDs. In this
review, we first briefly introduce the principle of NGs and then
focus on the applications of NGs as biomedical sensors in vivo. In
addition, we discuss the remaining challenges of NG-based
self-powered systems. Finally, a summary and a prospect of the
development of NGs in the future are carried out. This review could
promote the future evolution of NGs as in vivo sensors in daily life
and in clinic.
2. Working mechanism of NG

Maxwell’s displacement current theory is the theoretical source
of NGs [34]. Taking TENG as an example, it is usually composed of
two electrodes and at least one pair of triboelectric layers. The dis-
placement current is generated from the horizontal/vertical move-
ment of the layers with opposite triboelectric charges. Under
external force, these charges can lead to a time-varying electric
field. Then a related electric flux changes over time. This will result
in a generation of displacement current between the two elec-
trodes of TENGs [35]. After more than ten years of development,
many types of NGs have been developed to act as biomedical sen-
sors in vivo.
2.1. PENG

PENG contains an insulator piezoelectric material with the top
and bottom electrodes covered on its two surfaces. Its working
mechanism relies on the piezoelectric potential, which occurs
due to the presence of electric dipoles generated in the materials
under straining. The electric dipole can be induced by the separa-
tion of the positive and negative charge centers of the lattice, or
carried by molecular groups (such as sucrose) directly. Increased
stress leads to higher polarization charges. The electrostatic poten-
tial caused by the polarization charges is balanced by the flow of
electrons from one electrode to the other through external load.
For example, in general, the centers of positive ion and negative
ion are matched with each other in wurtzite-structured ZnO nano-
wire. When dynamic force stress is applied, the charge centers are
dislocated and a piezoelectric potential is generated. Once the
deformable ZnO is connected to an external circuit containing a
load, the electrons will flow through it in order to balance the
potential difference (Fig. 1a, b) [36]. Ever since PENG was designed
by Zhong Lin Wang’s group [16] in 2006, the principle of PENG has
been clarified by a large number of following research works and a
wide variety of flexible PENGs have been successfully developed
(Fig. 1c).
2.2. TENG

TENG is based on the coupling of triboelectric effect and electro-
static induction between two contacted materials. The triboelectric
effect is a charging effect caused by contact. It states that when two
materials come into contact, chemical bonds are formed between
the surfaces of these two materials, and charge moves from one
material to the other due to their different abilities to capture elec-
trons. The transferred charge may be electrons, ions or molecules.
When the two materials are separated, some of the bonding atoms
tend to retain excess electrons, and some tend to lose electrons,
thus a potential difference induced by triboelectric charges drives
electrons to flow between the top and bottom electrodes on the
two materials’ surfaces [37]. Based on this principle, TENG can be
divided into four types: single-electrode mode, freestanding
triboelectric-layer mode, lateral sliding mode and vertical
contact-separation mode (Fig. 2) [13]. The single electrode mode
is designed for harvesting energy from a free object without con-
necting lead. The freestanding triboelectric-layer mode is intro-
duced for generating power between two electrodes. The lateral
sliding mode utilizes lateral direction polarization of two dielec-
trics. The vertical contact-separation mode employs the vertical
polarization. Due to the movement pattern of organs and optimal
fitting mode between devices and organs, the vertical contact-
separation mode is most commonly used in the present in vivo sen-
sors. Any two materials with different electron releasing and
donating abilities can be used in the manufacture of TENG, which
allows more materials to be used as TENG’s friction materials, thus
expanding the application field of TENG [38].

With the continuous development of PENG and TENG, NGs have
been successfully used to harvest various types of biomechanical
energy from living bodies, such as the breathing of the mouse
[28], heartbeat of the mouse/pig/bovine/ovine [28,33,39], the
movement of diaphragm and lung of the bovine and ovine [39],
the pulsation of the pig [19], the gastrointestinal movement of
the pig [40] and so on. The output power generated by NGs is high
enough to drive small-sized, low-power electronic devices such as
LEDs and wireless transmitters [24,33]. This provides huge poten-
tial for the development of self-powered IEMDs and the applica-
tions of using NGs as biomedical sensors.
3. NG as biomedical sensors

As a new power generation technology, NGs are able to convert
biomechanical energy into electrical energy. Based on this, NGs can
also be used as sensors to obtain information on the biomechanical
input by analyzing the output electrical signals. Herein, we focus



Fig. 1. (Color online) Working principle of PENG. (a) Atomic model of ZnO with wurtzite-structure and the principle of the piezoelectric effect. (b) Numerical calculation of
the piezoelectric potential distribution in a ZnO nanowire under axial strain. (c) Atomic force microscope (AFM) drives a single nanowire to generate an electrical output.

Fig. 2. (Color online) The four fundamental modes of TENGs. (a) Single-electrode mode. (b) Freestanding triboelectric-layer mode. (c) Lateral-sliding mode. (d) Single-
electrode mode.
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on a review of NG-based in vivo sensors, which include the mate-
rial, structure and performance of the sensors, in-vitro simulation,
and in-vivo application.

3.1. Cardiac sensor

Liu et al. [41] developed a self-powered endocardial pressure
sensor (SEPS). The SEPS was based on an implantable TENG
(iTENG), and consisted of the triboelectric layers, electrode layers,
spacer layers and encapsulation layers. A nano-
polytetrafluoroethylene (PTFE) film (25 lm) was employed as
one triboelectric layer. An ultrathin Au layer (50 nm) on the back
of the nano-PTFE film was used as an electrode. The other tribo-
electric layer and electrode was an Al foil with the thickness of
100 lm (Fig. 3a). Corona discharge process was carried out in the
preparation of PTFE triboelectric layer. After a regular external
mechanical force was applied in vitro, the open circuit voltage
(Voc) was up to about 6.2 V. By mimicking the change of endocar-
dial pressure (EP) by modulating the pressure in a confined cham-
ber with a gas control unit, the voltage generated by SEPS in the
chamber increased correspondingly when the pressure varied from
70 to 350 mmHg. Specifically, the values of voltage peaks showed
excellent linearity with the external pressures (R2 > 0.99), with a
high sensitivity of 1.2 mV/mmHg (Fig. 3b). The miniaturized device
(1 cm � 1.5 cm � 0.1 cm) was implanted into the left ventricle of a
male adult Yorkshire pig (40 kg). The voltage outputs of SEPS were
highly synchronous to the femoral arterial pressure (FAP). The Voc

was about 80 mV at rest (systolic FAP < 100 mmHg), and increased
simultaneously along with augment of FAP from 90 to 180 mmHg
at the arousing stage (Fig. 3c). What’s more, there was a remark-
able linearity between SEPS voltage peaks and FAP (R2 = 0.974)
(Fig. 3d). Based on the simulation results in vitro, pressure inside
Fig. 3. (Color online) The TENG as a cardiac sensor. (a) Photograph and schematic diagram
results and linear fits of the peak Voc of the SEPS with corresponding pressure peaks. (c) E
correlation between peak Voc of the SEPS and peak FAP. Reprinted with permission from
left ventricular (PLVP) could be obtained: PLVP (mmHg) = 1.195U
(mV). This calculated PLVP kept pace with FAP modulated by epi-
nephrine. Besides, the left atrial pressure (LAP) could also be mon-
itored by implanting SEPS into the left atrial. The Voc peak was
about 8 mV when HR was 114 bpm and FAP was 92/70 mmHg.
When FAP arose from 110 to 176 mmHg after epinephrine injec-
tion, the Voc peak synchronously decreased from 8 to 5.5 mV.
When ventricular premature contraction was modeled, a remark-
able increase appeared in Voc at the left atrial, which temporally
coincided with the abnormal R wave in ECG. The rhythm and
amplitude of output voltage could give indication for arrhythmias
together. The encapsulated device showed excellent blood compat-
ibility and outstanding long-term reliability, which met the appli-
cation requirements in vivo.

Kim et al. [33] developed a flexible 0.5 mol% Mn doped single-
crystalline 0.4 Pb(Mg1/3Nb2/3)O3-0.6 Pb(Zr0.42Ti0.58)O3 (PMN-PZT-
Mn) based PENG. The packaged device was sutured onto the epi-
cardium in a male adult Yorkshire porcine model (40 kg). The har-
vesting device produced a Voc of 40 V and a short-circuit current
(Isc) of 4.5 lA through mechanical bending and unbending defor-
mations on a linear stage at a frequency of 0.4 Hz. In addition,
the PENG could work at various frequencies (1.7, 2.7, 5.3 Hz). The
PENG generated a Voc of 17.8 V and an Isc of 1.75 lA from the
in vivo contraction and relaxation motion of the porcine heart. It
was important to emphasize that the generated electrical signals
were well consistent with the electrocardiogram (ECG) (Fig. 4a).
All clear characteristic waves in ECG (T, QRS and P waves) could
be revealed in generated current signal of PENG (Fig. 4b). The cell
viability test showed that this PMN-PZT-Mn NG had no detectable
cytotoxicity to mouse cardiac muscle cell line (HL-1), human
embryonic kidney cells (HEK293), and rat cardiomyoblasts
(H9C2) after 5 days of culture. Moreover, the device led to little
of the SEPS. (b) Voc of the SEPS under different pressure levels. Inset: the measured
lectrocardiogram (ECG), FAP and SEPS signals at different physical status. (d) Linear
Ref. [41], Copyright � 2018 John Wiley and Sons.



Fig. 4. (Color online) The PENG based cardiac sensor. (a) Photographs of the cardiac sensor. Corresponding output of the device and ECG recorded from porcine heartbeat
simultaneously in vivo. (b) Magnified view of the ECG, current, and voltage peak. Reprinted with permission from Ref. [33], Copyright � 2017 John Wiley and Sons.
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inflammatory reaction through histological effects analysis after
implantation for a week. These results indicated the potential
application of PENG as a heart monitoring sensor, which could
detect cardiac information.

Zheng et al. [30] developed an innovative in vivo cardiac sensor
which is based on an iTENG. Al film with the thickness of 100 lm
was employed as one triboelectric layer, and a nanostructured
polytetrafluoroethylene (n-PTFE, 50 lm) thin film, fixed on a flex-
ible Kapton (polyimide) film (150 lm), was used as another tribo-
electric layer. An ultrathin Au layer (50 nm) on the back side of the
Kapton film and Al film formed the electrodes. The iTENG had a
keel structure which consisted of a vigorously resilient titanium
sheet. A core/shell/shell encapsulating method was used in prepa-
ration of the device. PTFE, polydimethylsiloxane (PDMS) and Pary-
lene were sequentially used to achieve the biocompatible, flexible
and hermetic packaging (Fig. 5a). The Voc could reach about 90 V
and the Isc was about 12 lA before encapsulation. And the Isc and
Voc were about 7.5 lA and 45 V after encapsulation, respectively.
The iTENG was located between the pericardium and heart in a
male adult Yorkshire porcine model (30 kg). The lateral wall of
the left ventricular produced the highest output compared to the
other implantation sites (Fig. 5b), and the Voc was up to about
14 V in vivo, and the Isc was about 5 lA. The Voc and Isc signals kept
pace with ECG. How HR and the cardiac contraction influenced the
sensor outputs was also investigated. When HR varied from 60 to
120 bpm, the amplitudes of sensor output voltage showed no obvi-
ous change. The cardiac contractility of the heart, represented by
the systolic blood pressure (sBP), was enhanced by injecting epi-
nephrine. When sBP rose from 105 to 250 mmHg, the sensor volt-
age increased synchronously from 2 to 6 V. Different heart rates
(60, 80, and 120 bpm) modulated by an electronic pacemaker were
precisely monitored (R2 = 0.983) by using a wireless transmission
system to transmit and process signals produced by iTENG. The
whole system worked well after 72 h of implantation, and the
long-term reliability of iTENG was significantly promoted. This
study successfully presented a self-powered, wireless cardiac mon-
itoring system.

Ma et al. [32] adopted the design of TENG in the study of Zheng
et al., and investigated the real-time biomedical monitoring ability
with the self-powered, one-stop and flexible implantable triboelec-
tric active sensor (iTEAS). With a total size of
30 mm � 20 mm � 1 mm, the iTEAS was inserted into the space
between pericardium and epicardium of an adult Yorkshire pig
(30 kg), and fixed onto the pericardium. The Voc and Isc of iTEAS
could reach to 10 V and 4 lA in vivo. Thereinto, the voltage signals
were highly synchronous to corresponding ECGs. HRiTEAS (HR mea-
sured by the iTEAS) was highly consistent with HRECG (HR mea-
sured by ECG), with an accuracy of about 99%. The synchronicity
between R waves and peak voltages of iTEAS persisted under rest-
ing, active and stressed states. Cardiac arrhythmias, such as ven-
tricular premature contraction and atrial fibrillation, could be
monitored in real-time. The same stable periodical fluctuations
were observed between the respiration and the peak output volt-
ages of the iTEAS at lateral walls (right lateral wall and left lateral
wall) of heart (Fig. 5c). The respiratory rate calculated based on
maximal peak to maximal peak interval of iTEAS voltage output



Fig. 5. (Color online) The iTENG based cardiac sensor. (a) The photograph and schematic diagram of the cardiac sensor. (b) ECG and corresponding electric output of the
iTENG in vivo along with the output of the iTENG at different implant sites (IWL, the inferior wall of the left ventricular; ALA, the auricle of the left atrium; OTR, the right
ventricular; CB, the cardiac base; LWL, the lateral wall of the left ventricular). Reprinted with permission from Ref. [30], Copyright � 2016 American Chemical Society. (c) The
voltage peaks fluctuated stably and periodically as the iTEAS was anchored over the left lateral wall (LLW) [32]. Reprinted with permission from Ref. [32], Copyright � 2016
American Chemical Society.
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was coordinated with the ventilating rate controlled by an artificial
respirator. In addition, the sBP had a correlation with the output
voltage of iTEAS, and the pressure and velocity of blood flow could
be estimated. Two weeks after implantation, the encapsulated
device was intact, with no corrosion or rupture in the complicated
in vivo environment. Infiltration of lymphocytes was not detected
at the implantation site in the myocardium tissues. These results
presented the promising application of iTEAS to monitor real-
time various physiological signals in vivo.

3.2. Respiration sensor

Zheng et al. [29] developed an iTENG which could harvest the
periodic breathing energy in vivo for the first time, and then power
a pacemaker prototype. A PDMS film (100 lm) with pyramid
arrays on the surface and an Al foil acted as the two triboelectric
layers. Two flexible spacers (400 lm) were set to separate the tri-
boelectric layers. The PDMS was fixed on a Kapton film with a
thickness of 30 lm which served as the substrate. Au film on the
back of Kapton and Al foil worked as the two electrodes. The whole
device was totally packaged by PDMS (50 lm) (Fig. 6a). The flexible
device with PDMS, Kapton and Al foil based iTENG could easily
sense the breathing in vivo after it was implanted into the left
chest skin of the rat (Fig. 6b). The overall size was
1.2 cm � 1.2 cm � 0.2 cm, but the working area of the iTENG was
only 0.8 cm � 0.8 cm due to the spacer structure. The Isc and Voc

were about 0.25 lA and 12 V before implantation respectively.
Fig. 6. (Color online) The iTENG based respiration sensor. (a) The photograph and schem
the chest skin. (c) The Isc and Voc of the iTENG in vivo. (d) Relationship between respiration
� 2014 John Wiley and Sons.
The values of in vivo generated electricity become 0.14 lA and
3.73 V, respectively (Fig. 6c). There were about 50 ‘‘paired peak
groups” per minute in iTENG electrical outputs, which was in
accordance with the breathing rate controlled by a respirator. In
the typical forced vital capacity (FVC) curve, the ratio between
the peak values of positive and negative current pulses were the
same as that between inspiratory reserve volume (IRV) and expira-
tory reserve volume (ERV) (Fig. 6d). Besides, the iTENG showed the
same shape of the short-circuit current with the FVC curve, demon-
strating the feasibility of iTENG based respiration sensor in vivo.

3.3. Blood pressure sensor

Zhang et al. [19] developed a PENG which could harvest pulse
energy of an ascending aorta. The PENG included a flexible PVDF
thin film covered by Al layer, and encapsulated by polyimide (PI)
film (50 lm). Through an intra-aortic balloon pump driving saline
in a latex tube to simulate the pump function of heart, the output
current and voltage were proportional to the changing rate of the
flow pressure (FP) and the size of the PVDF film. The PVDF film
of 2.5 cm � 5.6 cm � 200 lm based PENG could output a max cur-
rent of 400 nA and voltage of 10.3 V under the FP of 160/80 mmHg.
The packaged device with the same size was implanted to wrap
around the ascending aorta in a male domestic porcine (30 kg).
The current peak was 300 nA and voltage peak was 1.5 V with a
duration of 350 ms respectively in vivo. These output electrical sig-
nals were highly synchronous to the HR, BP and ECG signals. This
atic diagram of the respiration sensor. (b) Photograph of an iTENG implanted under
and short-circuit of the sensor. Reprinted with permission from Ref. [29], Copyright
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study firstly tried to harvest ascending aorta’s pulse biomechanical
energy, and proved the possibility of this implantable PENG as an
active BP sensor in vivo.

Inspired by the previous study, Cheng et al. [42] investigated a
piezoelectric thin film (PETF) based PENG as a self-powered BP
sensor by adopting the design of PENG in the study of Zhang
et al. (Fig. 7a). Through an intra-aortic balloon pump driving saline
in a latex tube test in vitro, the maximal output was gained when
the tightness, that is the ratio of the PETF length to the perimeter
of latex tube, was 90%. The peak voltage showed a high-
sensitivity of 173 mV/mmHg and excellent linearity with peak flow
pressure (R2 > 0.99). The device showed excellent stability of more
than 50,000 operating cycles, and achieved a maximal instanta-
neous power of 2.3 lW, which was favorable for long-time use
in vivo. The encapsulated device was implanted to wrap around
the ascending aorta in a male Yorkshire porcine (�50 kg) with a
tightness of 90%. There was a favorable linearity (R2 = 0.971) with
a sensitivity of 14.3 mV/mmHg between the measured output volt-
Fig. 7. (Color online) The PENG as a BP sensor. (a) The schematic diagram of the PENG w
output voltage of the BP sensor which had an excellent correlation with different systol
age peak and the systolic BP peak (Fig. 7b). A maximal instanta-
neous power of 40 nW was obtained. This work presented a self-
powered BP monitoring system, which could monitor real-time
BP and gave real-time alarm.

3.4. Gastrointestinal sensor

Dagdeviren et al. [40] invented a piezoelectric system based on
PZT ribbons which could sense the gastrointestinal (GI) pressure
and motility. Poly(pyromellitic dianhydride-co-4,40-oxydianiline)
amic acid solution (PI) with a layer thickness of 1.2 lm and ultra-
violet curable epoxy with a layer thickness of 10 lm were sequen-
tially used to encapsulate the device to provide protection and
isolation from the GI environment (Fig. 8a). The encapsulated
device kept mechanically stable after 48 h-immersion in simulated
gastric and intestinal fluid. The voltage output presented negligible
changes after 10,000 repeated bending cycles. Cell cytotoxicity
analyses proved the good biocompatibility of the device. The
hich was flexible enough to wrap on the ascending aorta of porcine; (b) The in vivo
ic BP. Reprinted with permission from Ref. [42], Copyright � 2016 Elsevier.



Fig. 8. (Color online) The PENG as a gastrointestinal sensor. (a) Cross-sectional structure of the PZT based PENG. (b) Photographs of the GI sensor on the wall of the stomach
during inflation. (c) Representative real-time voltage output for a cycle of water infusion and suction. (d) Representative real-time voltage output of a cycle of air inflation and
deflation. (e) Real time voltage output graphs before and after milk ingestion. Reprinted with permission from Ref. [40], Copyright � 2017 Springer Nature.

Fig. 9. (Color online) The TENG working as a bladder sensor. (a) Structure of the bladder sensor. (b) The benchtop experiment of the TENG sensor integrated BMA. (c) The
in vivo test of the bladder sensor. Reprinted with permission from Ref. [43], Copyright � 2018 American Chemical Society.

1344 J. Sun et al. / Science Bulletin 64 (2019) 1336–1347
encapsulated device could sense the inner pressure of stomach via
in vitro, ex vivo and in vivo experiment validation. When the device
was settle on the stomach lining in a Yorkshire swine of around
45 kg (Fig. 8b), the voltage output incrementally varied from 8 to
30 mV when 200 mL water was infused into the stomach, and
decreased to around 15 mV after the water was suctioned
(Fig. 8c). The generated voltage increased from about 10 mV to
60 mV when the air was introduced into the stomach, remained
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at the plateau voltage level during the 40-s inflation period, and
decreased to the baseline level after the air was released
(Fig. 8d). To prove the capacity of the sensor in monitoring GI
motility, the device was implanted in the gastric cavity of an awake
and ambulating Yorkshire swine. The voltage output for morning
and afternoon trials increased after milk ingestion (Fig. 8e). These
results showed that the encapsulated self-powered sensor exhib-
ited mechanical and electrical robustness in the environment of
stomach, and could sensor the inner pressure and motility of the
stomach.
3.5. Bladdar sensor

Lee and co-workers [43] invented a wet sponge-based TENG
bladder sensor integrated with a bi-stable micro-actuator (BMA)
which could monitor the fullness of bladder and then activate
the BMA to void it. A PET film (50 lm) was joined with a polyvinyl
chloride (PVC) sheet using the tape (50 lm). Two cooper electrodes
with 1.4 cm � 2.2 cm were fixed on the center of PVC sheet and the
polyethylene terephthalate (PET) layer respectively. A sponge
(1 mm) containing 0.2 mL of DI water and a PDMS (431.8 lm) with
the size of 1.4 cm � 2.2 cm were set between the copper electrodes
(Fig. 9a). The voltage of TENG sensor increased from 35.6 to
114 mV by increasing the external force from 0 to 6.86 N. The
group tested the integrated TENG sensor with the actuator using
the benchtop setup in vitro (Fig. 9b). The output voltage of the inte-
grated TENG sensor showed sinusoida-like signal and increased
when the balloon acting as bladder was filled continually. The
in vivo test also showed the output voltage increased by adding
the saline volume of bladder (Vb) and started to saturate at about
Vb = 0.67 mL (Fig. 9c). This work presented the promising applica-
tion of TENG to monitor the bladder pressure and state in vivo.
4. Discussion and conclusions

Plenty of energy sources in the body can be used to power
healthcare electronics, especially IEMDs. There are many ways to
harvest these energies, including physical methods such as NGs
Table 1
A summary of various NG-based sensors in vivo.

Sensor type NG Materials Output in vivo (impl

Cardiac sensor PENG PMN-PZT-Mn Voc: 17.8 V,
Isc: 1.75 lA
(epicardium)

TENG n-PTFE thin film/Al film Voc: �14 V,
Isc: �5 lA
(LWL)

TENG n-PTFE thin film/Al film Voc: 10 V,
Isc: 4 lA
(pericardium)

TENG n-PTFE film/Al foil Voc: �80 mV
(left ventricle),
Voc: � 8 mV
(left atrial)

Respiration sensor TENG PDMS/Al/Kapton Voc: 3.73 V,
Isc: 0.14 lA
(chest skin)

Blood pressure sensor PENG PVDF thin film Voc: 1.5 V,
Isc: 300 nA
(ascending aorta)

PENG PVDF thin film Power: 40 nW
(ascending aorta)

Gastrointestinal sensor PENG PZT ribbons Voc :�8 mV
(stomach lining)

Bladder Sensor TENG PDMS/PET/PVC Voc :114 mV
(around bladder)
based on the piezoelectric/triboelectric effect and automatic wrist-
watches, and the chemical methods like biofuel cells. This review
focuses on the NGs based on the piezoelectric/triboelectric effect
and their applications as biomedical sensors in vivo, and the
researches are summarized in Table 1. The material property is
very important to the device performance. The materials chosen
in recent PENG-based biomedical sensors were inorganic PZT and
PMN-PZT-Mn and organic PVDF, which have excellent piezoelec-
tric effect. The most commonly used friction materials of TENGs
in the biomedical sensors were PTFE and Al film, which have differ-
ent electron binding capacity. The flexible NGs were tiled and fixed
on the heart, gastrointestinal tract, bladder, or wrapped around the
blood vessels, then the expansion and contraction of these organs
could extrude the devices periodically, transferring the mechanical
energy into electric signals.

NGs can obtain vital physiological information by analyzing the
output electrical signals. This article reviews the exploration and
application of NGs as the cardiac sensor, respiration sensor, blood
pressure sensor, gastrointestinal sensor and bladder sensor. The
self-powered sensors have unique advantages over traditional sen-
sors. Especially when implanted into the body, self-powered sen-
sors can monitor the physiological and pathological information
with high fidelity and accuracy without artifacts induced by sub-
jects. Although NG is still in their infancy as a biomedical sensor,
these studies have achieved inspiring results. In order to maximize
the role of the self-powered sensors in healthcare, there is still a lot
of work to be done. First of all, the optimal implantation site should
be identified for the measured biomedical parameter. For example,
the cardiac sensor based on TENG, in the study of Zheng et al., pro-
duced the maximal electrical outputs at the lateral wall of the left
ventricular compared to other four implantation sites. The optimal
implantation site can improve the signal to noise ratio for biomed-
ical signals, benefit the wireless transmission of physiological
signals, and provide a greater possibility for long-term in vivo
implantation. The second challenge is the encapsulation and
long-term reliability of NGs. The NGs should have good biocompat-
ibility, and should not leak in the moist in vivo environment or
under long-term extrusion to maintain efficient output. Most stud-
ies reviewed above showed good biocompatibility for in vivo tests,
antation site) Type Refs.

Heart rate,
characteristic waves in ECG

[33]

Heart rate (R2 = 0.983) [29]

Heart rate, respiration rate, BP, velocity of blood flow [32]

PFAP,
PLAP

[41]

Respiration rate [29]

Heart rate,
BP

[19]

BP (R2 = 0.971) [42]

Inner pressure,
gastrointestinal motility

[40]

Bladder pressure [43]
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but the duration for in vivo tests was relatively short when com-
paring with the practical need for IEMDs. Stable NG outputs are
the foundation for the relationship with physiological information,
and more researches are needed to further promote the long-term
reliability of NGs. Finally, since most studies above just observed
that the self-powered sensors’ output signals kept pace with the
physiological information, this suggests a huge space for establish-
ing a model to describe the relationship between the sensor output
and the physiological signals as accurately as possible.

PENG and TENG with different characteristics are widely used
in biomedical application, while they have both advantages and
disadvantages. TENGs have wide selection of materials. Fundamen-
tally, all materials with different electrons binding ability can be
utilized to make a TENG, thus, biocompatibility for TENGs is easy
to achieve. However, PENGs can only choose limited piezoelectric
materials. The working mode of PENG is based on the relative
movement of friction layers, while that of TENG is on account of
shape change. In this regards, PENG have better encapsulation
strategy than TENG, and smaller device size can be obtained. For
PENG, the materials chosen are with higher toxicity to cells and tis-
sues, thus, biocompatible materials are required in the future
application. In addition, the PENGs should be made flexibly to fit
for the organs as closely as possible, which is more adaptable for
patients. Finally, the output of PENG needs to be enhanced for
long-term application. Based on the differentiated signal demand
of specific medical applications, TENG with high voltage and low
current output and PENG with low voltage and high current output
are flexible to be employed.

At present, NGs have practical applications in a variety of fields
as sensors, such as motion sensing, security check, gas sensing and
so on. The development of self-powered sensors is currently boom-
ing and the NGs can be potentially used in intracranial pressure
sensor, intraocular pressure sensor, intravascular pressure sensor
and intramedullary press sensor. In the medical field, the self-
powered sensor may promote the development of next-
generation implantable biomedical sensors for monitoring and
diagnosis of many diseases, such as cardiovascular diseases [44].
Besides self-powered sensors, NGs have also been used in pace-
makers and stimulators for the deep brain, nerves, or bone [45],
and bioabsorbable NGs have also been developed [46], which open
new routes for the development of healthcare electronics.
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