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Keywords: From every heartbeat to every footstep, human beings dissipate energy all the time. Researchersare trying to
Energy harvester harvest energy from the human body and convert it into electricity, which can be supplied to electronic medical
Human body devices closely related to human health. Such an energy recycling form is currently a research hotspot in the
ilec!fs-zgY;l:(;Zd elds of energy harvesting and bioelectronics. This review rstly summarizesthe distribution and characteris-

tics of three primary energy sourcescontained in the human body, including thermal energy, chemical energy,
and mechanical energy. Afterwards, the applicable energy harvesting technologies and corresponding working
mechanismsfor di erent energy sourcesare introduced. Sometypical demos and practical applications of each
type of human body energy harvesting technology are also presented. Speci cally, the advantagesand critical
issuesof dierent energy harvesting technologies are summarized, and corresponding promising solutions are
also provided. Besides,the interaction strategiesbetween various energy harvesting devicesand the human body
are summarized from the aspectsof wearable and implantable applications. Finally, the concept of a self-powered
closed-loop bioelectronic system (SCBS)is put forward for the rst time, which organically combines portable
electronic devices, implantable electronic medical devices, energy harvesting devices, and the human body. The
prospect of symbiosis between the SCBSand the human body is provided. The demandsand future development

Bioelectronic system

trends of the SCBSare also discussed.

1. Introduction

Energy is the cornerstone of the development of human civiliza-
tion. The contradiction between the ever-increasing demand for energy
and the declining existing energy resourcesis a serious problem facing
the world today. Furthermore, environmental pollution causedby the
overuse of fossil energy is also increasing. Therefore, it is urgent to nd
and develop new energy sourceswhich are sustainable and eco-friendly.

The discovery and utilization of new energy sourcesincluding water
energy, wind energy, solar energy, ocean energy and biological energy,
have greatly promoted human societyssdevelopment. In addition to the
above sustainable new energy sourcesderived from the natural environ-
ment, energy from the human body hasrecently proved to be a potential
clean energy for sustainable use. The human body relies on food intake
to obtain energy, which is mainly usedto maintain the body tempera-
ture and the operation of body organs except someuselessenergy which
is dissipated into the environment. If human energy could be harnessed
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properly, the benets would be immeasurable in terms of the current
global population base.

Although scientists have devoted e orts for decadesto exploring the
possibilities of human body energy, current research on human body
energy harvesting is still relatively rudimentary [1...3] One of the criti-
cal issuesis that the harvested human body energy must not a ect the
human bodyesnormal life activities, which is the premise of all research
on human body energy harvesting. Therefore, although the human body
has huge energy dissipation every day, the proportion of energy that
can be actually utilized is small. In addition, the conversion e ciency
of the existing energy harvesting technologies is still relatively low, so
the actual conversion power can only reach the order of microwatts to
milliwatts.

Although such an output level is far from enough to meet peopless
daily electricity demand, the energy sourcesfrom the human body still
have their potential application scenarios.In the era of the rise of high-
e ciency and low-power electronic components, various wearable and
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portable electronics and implantable electronic medical devices have
gradually integrated into peoplesslives [4,5]. The energy source from
the human body provides new possibilities for people to get rid of peri-
odic battery replacement, cumbersomedaily charging, and evensurgical
replacement of implanted electronic medical devicessuch aspacemaker
batteries [6...9] The energy from the human body is safe, reliable, eco-
friendly, and not restricted by spaceand environmental conditions. As
long aslife is still alive, it can provide a continuous stream of energy for
various bioelectronic devices. In the near future, it may be possible to
realize the symbiosis and mutual benet between human and bioelec-
tronic devices, which will provide unlimited possibilities for prolonging
human lifespan and exploiting the human potential.

This review has made a comprehensive summary and analysis of re-
cent progressin human body energy harvesting. Firstly, the source and
distribution of human body energy are summarized. The energy from the
human body can be divided into thermal energy, chemical energy, and
mechanical energy. Afterward, relevant energy harvesting technologies
for di erent forms of human body energy are detailly discussedfrom the
aspectsof working mechanisms,advantages,critical issues,and possible
solutions. Somerepresentative researchworks of eachenergy harvesting
technology are also introduced from demosto practical applications. In
addition, the generalinteraction strategiesfor various energy harvesting
devices and the human body are summarized from the aspectsof wear-
able and implantable applications. Finally, a self-powered closed-loop
bioelectronic system (SCBS)is proposed here for the rst time, which
integrates energy harvesting unit, sensingunit, feedback unit, and mi-
cro control unit with the human body. The possible routes of symbiosis
between SCBSand the human body are prospected. The demands and
future development trends of SCBSare further discussedin terms of ma-
terials, structures, function, and integration.

2. Source and distribution of human body energy

The human body is a natural energy conversion factory. Through
the intake of food, the carbohydrate, fat, protein, and other nutrients
in the food will be absorbed. Some of the nutrients will be converted
into glycogen, lipids, amino acids, and other energy substancesstored
in the human body, while the other part will be converted into adeno-
sine triphosphate (ATP), the minimum energy substancesunit that the
human body can directly usethrough various metabolic pathways. The
total amount of ATPin the human body is approximately 0.2 mol, which
is equivalent to the energy of an AA battery [10] . Ann adult usually
consumesATP energy (~ 100...150 mol) equivalent to his body weight
in one day to maintain normal physiological functions and major life
activities [10] . These energies will be consumed and released by the
human body by means of di erent forms of energy ow. Speci cally,
we mainly summarize three forms of energy ow in the human body as
thermal energy, chemical energy, and mechanical energy (middle right
side of Fig. 1). From every breath and heartbeat to every movement,
energy will be releasedall the time. Theseenergy ows are the primary
basis of the human body as a potential energy source.

In terms of thermal energy ow, the human body consumesa large
amount of energy every day to maintain a stable body temperature. Most
of the thermal energy is released to the ambient in the form of heat
exchange between the body and ambient, while other energy is dissi-
pated through breathing or evaporation of sweat on the skin. In terms
of chemical energy ow, after digestion and absorption, food will be
converted into glucose and delivered to various parts of the body in the
form of blood glucose for further use and energy generation. In addi-
tion, after strenuous exercise, the human body will produce excessive
lactate in muscle, some of which will be slowly consumed and decom-
posedin muscle, while the other part will be excreted with water and
electrolytes in the form of sweat. In terms of mechanical energy ow,
the movements of limbs including foot lifting, stepping, arm raising,
tapping, knocking, etc., respiratory movement, heartbeat, and even the
contraction and relaxation of blood vessels,are accompanied by the con-

365

FundamentalResearchl (2021) 364...385

sumption and releaseof the energy. Mechanical energy mainly depends
on the contraction and relaxation of musclesin corresponding parts of
the human body to do external work for energy ow transmission.
Some researchershave theoretically estimated the power of di er-

ent energy ows during the transmission processfor further evaluation
of their potential as human energy sources[10] (left side of Fig. 1). It
is worth noting that the actual human body energy that can be utilized
to collect and convert into electricity must be far lessthan the total en-
ergy consumed by the energy ow of each part of the human body to
avoid possible negative e ects on the human body. This is the funda-
mental premise that all human body energy harvesting technologies dis-
cussedbelow must comply with. We have also summarized the related
emerging energy harvesting technologies according to di erent energy
sourcesof the human body (far right side of Fig. 1), which are mainly
introduced in the following sections. Thermoelectric generator (TEG)
and pyroelectric generator (PEG) are applicable for harvesting thermal
energy. Biofuel cell (BFC)and hydrovoltaic e ect generator (HEG) are
applicable for harvesting chemical energy. Piezoelectric nanogenerator
(PENG) and triboelectric nanogenerator (TENG) are applicable for har-
vesting mechanical energy.

3. Recent progress of human body energy harvesting technology

This section successivelyintroduces the recent research progress of
energy harvesting technology related to three forms of human energy
ow including thermal energy, chemical energy, and mechanical en-
ergy. Speci cally, for each energy harvesting technology, we elaborate
the working mechanism and introduce representative research works
from demosto practical applications. In addition, the advantages,criti-
cal issuesand promising solutions for di erent energy harvesting tech-
nologies are also summarized in this section.

3.1. Thermalenergyharvestingof the humanbody

At present, the harvesting of thermal energy from the human body
mainly dependson the thermoelectric e ect and the pyroelectric e ect,
which respectively correspond to two types of energy harvester asther-
moelectric generator (TEG) and pyroelectric generator (PEG). Although
the two types of thermal energy harvester both can collect the heat from
the human body and convert it into electricity, they work in di erent
ways. TEGsdepend on the spatial temperature di erence for energy con-
version, while PEGsdepend on the temporal temperature di erence.
Therefore, these two types of thermal energy harvesters have their ap-
plicable situations and speci ¢ forms when harvesting thermal energy
from the human body. We respectively introduce TEG and PEG below
from the aspectsof working principles and typical works.

3.1.1. Thermoelectriqgenerator
3.1.1.1. Principleof TEG. Thermoelectric generator is a type of thermal
energy harvester basedon the thermoelectric e ect, which can directly
convert thermal energy into electrical energy [11, 12]. The thermoelec-
tric e ect mentioned here refers to the rst thermoelectric e ect, also
known as the Seebecke ect. The Seebecke ect is mainly caused by
the diusion of carriers from the hot end to the cold end. Both metal
conductors and semiconductors are able to produce the Seebecke ect,
while the Seebecke ect of metals is much smaller than that of semi-
conductors since the carrier concentration and the position of the Fermi
energy level of metals basically do not change with temperature [13] .
P-type semiconductor is taken as an example for description. The
holeswill diuse from the high-temperature endto the low-temperature
end due to the high concentration of holes at the hot end. Spacecharges
will thus be formed at both ends of the p-type semiconductor in an
open circuit (negative charges accumulated at the hot end and posi-
tive charges accumulated at the cold end), which leads to an electric
eld appearing inside the semiconductor. When the electric eldes drift
counteracts the di usion action and a stable state has been reached, an
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Fig. 1. Sourceand distribution of human body energy and applicable energy harvesting technologies.

electromotive force causedby the temperature gradient appearsat two
ends of the semiconductor, which is called thermoelectromotive force.

TEG is a direct-current power generation device made by sets of
semiconductor thermocouples connected in series or in parallel. The
structure and working principle of a TEG are demonstrated in Fig. 2
(a). Each thermocouple consists of an n-type semiconductor and a p-
type semiconductor in series. The connected end of the two semicon-
ductors is in contact with the heat source, and the non-junction ends
are connected with the heat sink through wires. Due to the tempera-
ture di erence between the hot end and the cold end, there are positive
chargesaccumulation at the cold end of the p-type semiconductor and
negative chargesaccumulation at the cold end of the n-type semicon-
ductor, thus forming a potential di erence between the cold endsof two
semiconductors[11,14]. If the two semiconductors are connectedto an
external circuit through wires, there will be a current owing through
the external circuit. In order to obtain a high power output, many pairs
of thermocouples are usually connected in seriesor in parallel to form
a thermopile [15, 16].

3.1.1.2. Demosof TEG. Kim SunJin et al. reported a thin, lightweight,
exible, and wearable TEG based on glass fabric and self-sustaining
structure [17] (Fig. 2b), the power density of the device can reach 3.8
mW cmS2 and 28 mw gél at atemperature di erence of 50K. Although
such output performance is good for exible TEGs,it is still dicult for
the human body to reach a temperature di erence of 50K, unless the
ambient temperature is at least minus ten degrees.

Kim Min-Ki et al. demonstrated a fabric TEGthat can be integrated
with clothing [18] . Two types of thermoelectric materials are embedded
into the polymer fabric by dispenserprinting to fabricate thermocouples.
When the ambient temperature is 5 °C,the TEG composedof 12 setsof
thermocouples on the weareres chest can produce an output power of
146.8 nW.
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Ren et al. designed a wearable TEG with stretchability, self-
healability, recyclability, and recon gurability [19] (Fig. 2c), which is
fabricated with modular thermoelectric chips, dynamic covalent poly-
imine, and liquid-metal utilizing a esoft motherboard-rigid plugin mod-
ulesZ architecture. In addition, a radiative cooling metamaterial Im is
integrated onto the cold side of the TEG to improve the performance
of the device under sunlight. Under a temperature di erence of 95 K,
the device achieved a record open-circuit voltage up to 1 V/cm 2 among
exible TEGs.

3.1.2. Pyroelectricgenerator

3.1.2.1. Principleof PEG. Pyroelectric generator (PEG)is another type
of thermal energy harvester, which is basedon the pyroelectric e ect
[20] . For a crystal with spontaneous polarization property, when the
crystal is heated or cooled, the intensity of spontaneous polarization
changesdue to the changeof temperature, which leadsto the generation
of surface polarization chargesin a certain direction of the crystal [21] .
This phenomenon is called the pyroelectric e ect. The crystals which
can produce pyroelectric e ect are called pyroelectrics. Pyroelectrics
generally have rst-order and second-order pyroelectric e ects.

The rst-order pyroelectric e ect describesthe chargesgeneratedin
the absenceof strain, which usually existsin ferroelectric materials such
as lead zirconate titanate ceramic (PZT) and barium titanate ceramic
(BTO). The corresponding working mechanism is shown in Fig. 2 (d),
which is basedon the random oscillation of the thermal-induced electric
dipole near the aligning axes. The oscillation angle will increase asthe
temperature rises. At room temperature (RT), the electric dipoles will
oscillate randomly on the respective aligning axesto a certain extent. At
a constant temperature, the total average intensity of the spontaneous
polarization of the electric dipole is constantandno ow of electrons ex-
ists. When the temperature increases,the electric dipoles oscillate more
violently around the axes,and the total average spontaneouspolariza-
tion decreaseswith the increase of oscillation angle. As a result, the
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Fig. 2. Thermal energy harvesting of the human body, from principle to demosof TEGand PEG.(a) Principle of TEG.(b) A exible TEGbasedon glassfabric and
self-sustaining structure. (c) A wearable TEGutilizing a esoft motherboard-rigid plugin modulesZ architecture. (d) Principle of PEG.(e) A PEGbasedon ZnO nanowire
arrays. (f) A highly stretchable PEGwhich can be directly attached to the human skin.

amount of induced charge on the electrode is reduced, leading to the
ow of electrons. When the temperature decreases,the electric dipole

oscillates in a smaller angle range due to the lower thermal activation

energy, leading to the increasing spontaneouspolarization. As a result,

the amount of induced charge on the corresponding electrode increases
and causeselectronsto ow in the opposite direction [20,21].

The second-order pyroelectric e ect describesthe charge causedby
the strain induced by thermal expansion, which existsin ZnO, CdS,and
other wurtzite structure materials with piezoelectric e ect. The temper-
ature change causesthe deformation of the material rstly, and then a
piezoelectric potential is generated due to the piezoelectric e ect, driv-
ing the ow of electrons in the external circuit. The corresponding out-
put is related to the piezoelectric coe cient and thermal deformation
of the material. If the temperature changerate remains unchanged, PEG
usually generates pyroelectric chargeswith the same amount and the
opposite polarity when temperature rises and falls [21,22].

3.1.2.2. Demosof PEG. Yang et al. demonstrated the rst pyroelectric
nanogenerator (PyNG) basedon ZnO nanowire arrays [23] (Fig. 2e). The
bottom indium tin oxide (ITO) electrode servesasthe growth substrate
of ZnO nanowire arrays, and the silver Im servesasthe top electrode.
The fabricated pyroelectric nanogenerator can produce a 5.8 mV and
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120.4 pA voltage/current pulse when the temperature rapidly risesfrom
room temperature 295 to 304 K.

Lee et al. presented a exible and highly stretchable pyroelec-
tric nanogenerator constructed by P(VDF-TrFE)polymer, polydimethyl-
siloxane (PDMS)-carbonnanotubes composite and graphene nanosheets
[24] (Fig. 2f). This highly stretchable PyNG can be directly attached to
the human skin and generate a voltage pulse up to 400 mV when the
temperature changesrapidly between high and low positions.

3.1.3. Applicationsof thermal energyharvesting

After collecting the human bodyes thermal energy and converting
it into electricity, the thermal energy harvesting devices can be used as
the power supply for somelow-power electronics. Simultaneously, these
thermal energy harvesting devicescan also be usedasself-powered tem-
perature sensorsdue to the certain relationship between the output and
the temperature di erence. Here somerepresentative works of the ther-
mal energy harvesting devices are introduced in terms of the applica-
tions of TEGand PEG.

3.1.3.1. Applicationsof TEG. Sun et al. demonstrated a stretchable all-
fabric TEG based on woven thermoelectric bers [25] (Fig. 3a). The
-type thermoelectric modules are woven through doped carbon nan-
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Fig. 3. Applications of thermal energy harvesting technology. (a) A stretchable all-fabric TEG basedon woven thermoelectric bers. (b) Thermoelectric units array
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parameter sensorarray basedon microstructure-frame-supported organic thermoelectric materials. (€) A PyNG consistedof a single lead zirconate titanate microwire.
(f) A highly stretchable PyNGbasedon micropatterned architectures. (g) A exible transparent tribo-piezo-pyroelectric hybrid generator for physiological monitoring.
(h) A self-powered breathing sensorbasedon a PVDF Im integrated with a mask.

otube bers wrapped with acrylic bers alternately. The 3D fabric TEG
without substrate is stretchable and fully aligned with the direction of
heat ow, beneted from the elasticity of interlocked thermoelectric
modules. When the temperature di erence is 44 K, the peak power den-
sity of the textile TEGcanreach 70 meéz, which is su cient to drive
some low-power electronics.
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Li et al. usedthe organic thermoelectric polymer PEDOT:PS&nd the
3D spacerfabric to build athermal energy harvester [26] (Fig. 3b). The
device consistsof 100 thermoelectric units integrated with a T-shirt that
canobtain an output voltage of 203 mV when the temperature di erence
is 40 K. A thermoelectric wrist strap was presented to harvest energy
from the body heat, which can light an LED at an ambient temperature
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of 25 °C.They also demonstrated a wearable, self-powered temperature-
pressuresensorarray that can be prepared on a large scale. The temper-
ature detection resolution and responsetime of the sensorare 0.1 K and
1 srespectively.

Yang et al. presented a stretchable and shape-adaptive TEG (S-TEG)
for human body heat collection, which can be applied to complex and
dynamic surfacesof heat sources[27] (Fig. 3c). The thermoelectric el-
ements p-type (Sb,Tez) and n-type (Bi,Te;) are fabricated into cuboids
through hot-pressing and connected with a wavy serpentine structure to
form thermocouples. The S-TEGconsistsof 10 x 10 thermocouples array
that can generate an output power of 0.15 mW/cm 2 when the tempera-
ture di erence is 19 K. The S-TEGattached to the wrist can harvest the
body heat and provide a voltage to drive a force sensorfor the nger
motion detection.

Zhang et al. fabricated a self-powered temperature...pressuraual-
parameter sensorbasedon independent thermoelectric and piezoresis-
tive e ects [28] (Fig. 3d). The device constructed by microstructure-
frame-supported organic thermoelectric materials can work under a nat-
ural temperature gradient without external power supply. The tempera-
ture resolution and pressuresensitivity of the sensorcanreach 0.1 K and
28.9 kPaS! respectively. They also demonstrated an e- nger integrated
1350 pixels sensorarray on a fabric frame of with an areaof 2 x 3 cm?.

3.1.3.2. Applicationsof PEG. Yanget al. presented a pyroelectric nano-
generator consisted of a single lead zirconate titanate (PZT) mi-
cro/nanowire [29] (Fig. 3e). When the temperature increasesfrom 296
to 333 K, the device can produce an output of 60 mV and 0.6 nA. A
liquid crystal display is lighted up by the device under a large changein
temperature (~180 K). Obviously, such a large temperature di erence
is not suitable for human thermal energy harvesting, but it can be used
asa self-powered sensorto detect the temperature of ngertips.

Leeet al. fabricated a highly stretchable PyNG, which is composed
of pyroelectric material P(VDF-TrFE), PDMSelastomer, and Ag/AgNWs
electrode [30] (Fig. 3f). Making useof micropatterned architectures and
di erent thermal expansion coe cients of materials, the output perfor-
mance of PyNG has been greatly improved. When the temperature dif-
ference is 22 K and the rate of temperature changeis 105 K 51, the
stretchable PyNG can produce an output voltage of 2.5 V and a current
density of 570 nA cmS2. By storing the energy from PyNGin a capacitor,
LEDsand LCD screenscan be driven to operate.

Sun et al. demonstrated a exible transparent tribo-piezo-
pyroelectric hybrid generator for human body energy harvesting and
physiological monitoring [31] (Fig. 3g). A leaf venation-like silver
nanowires network is prepared as high-performance transparent elec-
trodes (TEs) to fabricate the hybrid generator. A visual thermometer is
also presented by integrating the transparent hybrid generator with a
thermochromic liquid crystal Im. When the wearer breathes weakly
and normally at an ambient temperature of 15 °C, the device can pro-
duce 25V and 35V output voltage respectively, meanwhile turns red and
green accordingly.

Xue et al. presenteda self-powered breathing sensorbasedon a wear-
able PyNG, which is fabricated by a PVDF Im covered electrodes on
both sidesand an N95 respirator [32] (Fig. 3h). The PVDF Im is em-
bedded in the middle of the respirator to sensethe air ow exhaled by
a subject. When the wearer breathes at 5 °C ambient temperature, the
PyNG can produce 42 V/ 2.5 A output signals due to the temperature
uctuation. The high output performance PyNG can be usedto monitor
human breathing status and ambient temperature.

3.1.4. Comparisonof TEGand PEG

Thermal energy harvesting technologies have made great progressin
recentyears. Thesetechnologies have unigue advantagesin the practical
application of human body thermal energy harvesting, but there are also
relevant critical issues.Here we summarize them and put forward some
promising solutions by comparing TEGwith PEG(Table. 1).
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The human body is a natural constant heat source. The human body
consumesa large amount of energy every day to maintain a constant
body temperature and emits heat to the surrounding environment all
the time. Therefore, the thermal energy from the human body can be
recycled and utilized asa continuous energy source. Most importantly,
this form of energy harvesting doesnot causeany negative impact on the
human body itself, sohuman heatis anideal energy sourcewhich canbe
continuously utilized at any moment. Nevertheless,there are still some
limitations in the actual use of human heat. First of all, the energy con-
version e ciency of TEGand PEGis limited by the secondlaw of ther-
modynamics (Carnot e ciency). A high energy conversion e ciency
requires a large temperature di erence. Sincenormal human body tem-
perature is stable at 36...37°C, the temperature di erence that can be
used for energy harvesting mostly comes from the temperature di er-
encebetween the human body and the external environment. Therefore,
it is usually impossible to achieve a large temperature di erence unless
in extremely cold environment. In addition, although the temperature
inside the human body is more constant, it is di cult to directly build
the temperature di erence with the outside, sothat TEGsand PEGsare
hardly usedin vivo.

TEGsare currently the main way to harvest thermal energy from the
human body. TEGsadopt an all-solid-state energy conversion method
without chemical reaction or uid medium, which have the advantages
of no noise, no vibration, no wear, no medium leakage, small size, light
weight, and long servicelife during the generation process.Despitethese
advantages, there are still some critical issuesfor TEGS.TEGsrely on a
spatially gradeddistribution of temperature. Comparedwith PEGs,TEGs
are more dependent on the heat exchange between the human body
and the external environment. In addition, TEGsare generally composed
of multiple setsof semiconductor thermocouples in seriesand parallel,
which leadsto complex structure and high cost.

PEGscan only harvest thermal energy that changesin temperature
over time, so there are relatively few applicable scenarios for human
body thermal energy harvesting, such as the non-continuous breath-
ing heat from mouth and nose. However, PEGscan be used as ideal
self-powered sensors, particularly suitable for detecting human activi-
ties and temperature changes.Comparedwith TEG,PEGgenerally hasa
simple device structure and relatively high output voltage, but it is not
as stable asthe former. When the temperature is higher than the Curie
temperature, the spontaneouspolarization of the pyroelectric materials
will dissipate. In addition, the extreme high humidity atmosphere also
attenuates its performance.

In summary, TEGsand PEGscurrently applied on human body ther-
mal energy harvesting can only provide relatively low output power
with low energy conversion e ciency. Increasing the thermal contact
surface and using an e cient power management system can appropri-
ately improve the output and conversion e ciency. For TEGs,the core
content of current researchis to continue in-depth study of thermoelec-
tric conversion materials, develop high thermoelectric gure of merit
(ZT) thermoelectric materials with high Seebeckcoe cient, high con-
ductivity and low thermal conductivity [33] . In addition, increasing the
number of seriesand parallel thermocouples to build a more e cient
thermopile for spaceutilization, establishing an appropriate structure to
match the heat ow direction, and using an auxiliary heat dissipation
unit to improve the heat collection e ciency can also partly improve
the output performance of TEGs[34,35]. For PEGs,developing pyro-
electric materials with high pyroelectric coe cient, further optimizing
the deviceesstructure, and taking advanced packaging technology are
promising methods.

3.2. Chemicalenergyharvestingof the humanbody

The collection and conversion of chemical energyin the human body
are usually accompanied by chemical reactions as well as the transfer
of electrons in chemical substances.We mainly introduce two kinds of
human chemical energy harvesting technology, biofuel cell (BFC) and
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Comparison of TEG and PEG,from advantages,critical issuesto promising solutions.

TEG

PEG

Advantages (Shared)
Utilization of human waste heat

Human body as natural constant heat source

No negative effects on the human body

No mechanical wear

No chemical reaction
Long-term stability

Limited by Carnot e ciency

Advantages (Individual)

Critical issues (Shared)

Simple structure
Relatively high output voltage
Sensitive to temperature changes

Small available temperature difference

Low energy conversion e ciency
Limited by temperature gradient
Relatively complex structure
Relatively high cost

Critical issues (Individual)

Promising solutions (Shared)
E cient

Promising solutions

(Individual)
Auxiliary heat dissipation

Increased thermal contact surface
power management system
High ZT value thermoelectric materials innovation
Increase the number of thermocouples

Limited by temperature "uctuation
Limited by Curie temperature
High-humidity impact

High pyroelectric coe cient materials innovation
Structure optimization

Good encapsulation

hydrovoltaic e ect generator (HEG). The former technology uses hu-
man body uids like glucose and lactate as energy substancesto con-
vert electrical energy, while the latter utilizes the interaction between
nanomaterials and water moleculesto convert electrical energy through
evaporation energy and humidity changes.

3.2.1. Biofuelcell

3.2.1.1. Principleof BFC. Biofuel cell is akind of energy harvesting de-
vice that usesthe redox reaction of energy substancesin living organ-
ismsto generate electricity. Biofuel cells can be divided into enzymatic
fuel cells (EFCs)and microbial fuel cells (MFCs) according to the cata-
lyst types [36] . MFCsuseliving microorganisms ascatalysts, while EFCs
useoxidoreductasesas catalysts. Although MFC hasbetter stability with
long working life, considering that living microorganisms are usedin the
human body, there is a certain risk of infection. Meanwhile, the di u-
sion rates of reactants/products/electrons in MFCare limited by bio Im,
leading to a relatively low power generation performance. Therefore,
EFCis currently the main researchdirection of biofuel cells for human
chemical energy harvesting.

The working mechanism of EFCis elaborated by taking glucose bio-
fuel cell asan example, which is shown in Fig. 4 (a). The anode of EFC
usesglucoseasfuel substrate, glucose oxidase or glucose dehydrogenase
as catalyst, while the cathode usesoxygen as oxidant, laccaseor biliru-
bin oxidase as catalyst [37] . At the sametime, ferrocene acts as redox
mediator. Carbon nanotubesor conducting polymers with good conduc-
tivity are usually usedascarriers of biological enzymes,while inert met-
als or carbon materials are used as base electrodes. When the glucose
biofuel cell works, the glucose oxidase on the anode catalyzesthe oxida-
tion of glucoseto gluconolactone, while the electrons are transferred to
the electrode through ferrocene and then reach the cathode through the
external circuit. On the surface of the cathode, oxygen combines with
the protons and the electrons transferred from the anode, and is reduced
to water under the catalytic action of laccase.In the whole working pro-
cessof glucosebiofuel cell, the chemical reaction equations at anode and
cathode are as follow:

Anode  CgHp,0g + 20HS  CgHy,0; + H,0 + 26
Cathode 20,+H,0+2¢5 20H°

The simplied overall chemical reaction equation is as follows:
Overall CGH1206+ %Oz C6H1207

It can be seenthat the power generation processof biofuel cell is
actually the processof electrons transfer from anodeto cathode through
redox reactions of substances.When the fuel substrate is su cient and

the activity of the enzyme is maintained, the biofuel cell can produce
continuous direct-current electricity.
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3.2.1.2. Demosof BFC. Bandodkar et al. reported a soft e-skin based
on biofuel cells for scavenging chemical energy from human sweat
[38] (Fig. 4b). An island-bridge structure is used to fabricate anode
and cathode of biofuel cells, endowing the device with good stretch-
ability and stability. The wearable e-skin-basedbiofuel cell can produce
apower density of 1.2 mW cmS2 at 0.2 V by scavenginglactate from hu-
man sweat, which is able to power a Bluetooth Low Energy (BLE) radio
and LED with the help of a DC...DConverter.

Pankratov et al. designeda mediator-free and membrane-lessglucose
biofuel cell basedon atubular graphite electrode that simulates human
veins [39] (Fig. 4c). The tubular glucose biofuel cell is connected with
a peripheral venous catheter inserted into a volunteeres super cial vein.
In the caseof simulating human venousblood ow, the device obtains a
maximal power of 0.74 uyW at 0.16 V from the real blood of the human
body, which is capable of driving an electronic ink display to operate
directly. Despiteusing a simulated vein, this work veri ed the feasibility
of biofuel cells operating in real human blood for the rst time.

3.2.2. Hydrovoltaic e ect generator
3.2.2.1. Principle of HEG. Hydrovoltaic e ect is a recently emerging
scientic concept in the energy eld. It is a general term for the phe-
nomenon that the water-energy is converted to electrical energy by the
interaction between nanomaterials and water molecules [40,41]. When
low-dimensional materials such as carbon nanotubes and graphene in-
teract with water molecules in di erent ways, a series of various elec-
tricity generation e ects occur at the solid-liquid interface. Among the
e ects, the electrokinetic e ects that have been proposed in an early
stagerely on external input of mechanical work, which includes stream-
ing potential, drawing potential, waving potential, and ow-induced
potentials [40,42]. Recently, electricity generation e ects induced by
water evaporation and humidity have been presented. Since these two
electricity generation e ects can completely rely on the natural water
evaporation and the humidity in ambient to generateelectricity without
the need of additional input of mechanical work, they have becomethe
hotspots of current researchof hydrovoltaic power generation [43,44].
The water evaporation-induced power generation can be attributed
to the interaction between water molecules and nanomaterials. In the
evaporation process,the ow of water moleculesin the gap of nanoma-
terials induces the generation of voltage and current, which is similar
to the traditional streaming potential. Taking porous carbon nanomate-
rials as an example, the relevant mechanism is shown in Fig. 4(d). The
channel wall between the treated nanocarbon layers is naturally nega-
tively charged, which will attract the hydronium ions in water and form
an electric double layer on the surface. At the sametime, the electrical
double layers formed at the surface of the channel wall will overlap with
each other due to the small size of the micro/nano-channel (the electric
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Fig. 4. Chemical energy harvesting of the human body, from principle to demosof BFCand HEG. (a) Principle of BFC.(b) A soft e-skin basedon BFCsfor scavenging
energy from human sweat. (c) A tubular glucose BFCoperating in real human blood. (d) Principle of HEG. (e) A moisture-enabled power generator operated by water
vapor from human breath. (f) A coaxial berform HEG for moisture energy collection.

double layers will overlap when the Debyelength of the liquid is larger
than the width of the microchannel), which makes the whole channel
relatively repel anions (OHS) with the samecharge. When water evap-
orates, the hydronium ions in the channel will move in the direction
of water ow continuously under the pressuregradient in the channel,
resulting in the accumulation of chargesin the direction of water ow

and producing a streaming potential accompanied with current output
[40] .

Humidity-induced power generation can be performed by environ-
mental relative humidity changes.The main mechanism of the humid-
ity to electricity conversion processis dependent on reversible changes
between hydration and dehydration, resulting in the releaseof free hy-
drated ions by pre-formed gradient distributed ionizable groups. When
exposedto moisture, driven by the concentration gradient, free hydrated

ions will migrate directionally from the high concentration zone to the
low concentration zone, resulting in electricity output [43,45].

3.2.2.2. Demosof HEG. Xue et al. found that when water evaporated
on the surface of the annealed and plasma-treated carbon black Im,
continuous DC voltage and current are generated in a natural environ-
ment [46] . The induced voltage and short-circuit current reach up to
1.0 V and 150 nA, and the duration exceeds160 hours. By connecting
four devicesin series,the output voltage canreach 4.8V and successfully
power an LCDdisplay.

Li et al. presented a moisture-enabled power generator based on
a porous polydopamine layer modied by gradient hydroxy group
[47] (Fig. 4e). The porous membrane can capture moisture from am-
bient, promote hydration and ion transport under the action of polar
functional groups. A moisture-induced potential will generatedue to the
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plenty of gradient-distributed free cations and locally restricted anions
on the membrane. The device can generate an open-circuit voltage of
0.52V and a power density of 0.246 mW cmS2 when relative humidity
varies from 5% to 95%.

Shaoet al. demonstrated a berform hygroelectric generator (FHEG)
for moisture energy collection [48] (Fig. 4f). The coaxial FHEGconsists
of a core silver wire, a shell of graphene oxide (GO) layer and another
silver wire twined on the shell. The silver servesas an electrode while
GO layer servesasthe power generation layer. The FHEG can produce
an open-circuit voltage of 0.3 V and a power density of 0.21 pw cmSt
under 70% humidity change. This kind of hygroelectric generator can
be woven into any shapeand integrated with fabric for wearable energy
harvesting devices.

3.2.3. Applicationsof chemicalenergyharvesting

Chemical energy harvesting devices can convert the human bodyes
chemical energy into electricity to power some low-power electronics.
Sincethe output of BFCscorrelates with the levels of certain metabolites
in body uids, BFCscan also act as self-powered biochemical sensorsto
detect concentrations of substancessuch as glucose or lactate. For hy-
drovoltaic power generation devices, they can act as self-powered hu-
midity sensorsdue to their output is highly correlated with humidity.
Some representative works of the chemical energy harvesting devices
are introduced in this section containing the applications of BFC and
HEG.

3.2.3.1. Applications of BFC. Yu et al. reported a exible, fully
perspiration-powered electronic skin (PPES) for in-situ multiplex
metabolism detection [49] (Fig. 5a). PPESs powered by high-e ciency
lactate biofuel cells, which can obtain 3.5 mwW/cm 52 power density out-
put from untreated human sweat, and maintain stable performance for
60 hours of continuous operation. When integrated with multimodal
chemical sensors,PPEScan continuously monitor metabolic analytes
(NH4*, urea, glucose, and pH) in real-time. A human-machine inter-
action interface was also demonstrated for assistive robotic control by
integrating PPESwith strain sensors.

Wang et al. presented a wearable textile-based glucose biofuel cell
utilizing moisture managementfabric (MMF) [50] (Fig. 5b). MMF com-
posed of polyester is a fabric widely usedin sportswear, which hasthe
characteristics of rapid water absorption and evaporation. The biofuel
cells constructed by MMF can generatean output voltage of 1.08 V and a
maximum power of 80.2 W due to the high-speed ow of sweat, which
ensuresthe su cient supply of fuel and the e cient transportation of
molecules. By integrating 6 MMF-based biofuel cells stacked in series
into a bandage, an electronic watch is successfully powered.

Jeerapanet al. reported a wearable self-powered sensorfor detecting
glucoseor lactate content in human sweatbasedon a stretchable textile-
basedbiofuel cell [51] (Fig. 5c). Using stretchable engineered conduc-
tive ink and screen-printing technology, the preset serpentine structure
electrode can be printed on a highly ductile fabric. On this basis,a single
enzyme and membrane-free biofuel cell can be constructed on a sock.
The self-powered sensorbuilt on the sock can detect the concentration
of metabolites in sweat with good sensitivity and stability.

Bandodkar et al. demonstrated a wireless passivesweat analysis plat-
form inspired by biofuel cells[52] (Fig. 5d). The platform integrates bio-
fuel cell sensors,colorimetric analysis, near- eld communication, and
soft micro uidics, which can detect the concentration of lactate, glu-
coseand chloride, pH value in human sweat and sweat rate/loss simul-
taneously and e ciently. After two days of human trials, comparing the
concentration of glucose and lactate from sweat analysis platform and
blood, results show that the platform has the potential to be used in
non-invasive semi-quantitative detection of physiological status.

For the sake of safety and experimental ethics, there are few studies
on BFC harvesting chemical energy from the human body in vivo, but
many related studies have been validated in animals. Implantable BFCs
have achieved remarkable resultsin animal experimentsin recent years.
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In 2010, Cinquin et al. conducted the rst implantable enzyme biofuel
cell in aliving organism, the BFCimplanted in the retroperitoneal space
of a rat can produce 6.5 W output power at 0.13 V [53]. In 2011,
Miyake et al. inserted a needle anode of a BFCinto the blood vesselof
a rabbit ear, generating an output power of 0.42 W at 0.56 V [54] . In
2013, MacVittie et al. implanted BFCinto lobster and achieved an open
circuit voltage of 0.54 V and a short circuit current of 1 mA, by con-
necting two BFCsin series,an electronic watch was driven successfully
[55] . In 2016, Shoji et al. implanted BFCinto the back of a cockroach,
the insect-mountable BFC produced a maximum power output of 333

W, which can drive both an LED device and a wireless sensor[56] . In
2019, Bollella et al. implanted a small size (2x 3x 2 mm3) BFCinto the
hemolymph of a slug and successfully drove the supporting microelec-
tronic sensorsystem autonomously [57] . In 2021, Leeet al. implanted
a BFCand an animal brain stimulator (ABS)in a pigeon, the implanted
BFCcan generate an output power of 0.08 mW in vivo and supply to the
ABS for intermittent neurostimulation [58] . In summary, implantable
BFCsare constantly improving in terms of conversion e ciency, output
power, stability and sustainability. The exciting results obtained in an-
imal experiments are the basis for the real application of implantable
BFCsin the human body and clinical medicine.

3.2.3.2. Applicationsof HEG. Qin et al. found that silicon nanowire ar-
rays can also be usedto collect the energy from water evaporation and
convert it into constant electricity [59] (Fig. 5e). A hydrovoltaic device
is fabricated with silicon nanowire array asthe active layer, graphite and
silver asthe cathode and anode, respectively. The open-circuit voltage,
short-circuit current density and output power density that the device
can generate are 400 mV, 55 A cmS2 and 6 W cm®2 respectively,
when the relative humidity is 45% and the ambient temperature is 65
°C.A light emitting diode can be powered by 6 devicesin seriesat room
temperature.

Zhang et al. designed a wearable self-powered perspiration analyz-
ing site based on the coupling of enzymatic reaction and hydrovoltaic
eect [60] (Fig. 5f). The device consistsof ZnO nanowire arrays mod-
ied by lactate oxidase and a exible PDMS substrate integrated with
micro uidics. When the device is attached to human skin, sweat will
ow into the ZnO nanowire arrays through the microchannels and gen-
erate a direct current signal due to the hydrovoltaic e ect. The lactate
in the sweatwill reactwith the lactate oxidase on the ZnO nanowire and
further a ect the electrical output, which can re ect the concentration
of lactate of sweat.

Mandal et al. presented a moisture-induced self-biased electronic
sensor, which is fabricated by protein Ims of gelatin molecules
[61] (Fig. 5g). The gelatin protein Im servesas the active material
for power generation. The device showsa signi cant electrical response
when the relative humidity exceeds55%. A smart mask is constructed
based on the sensor, which can monitor the weareres breathing state
by sensingthe relative humidity in breathing air ow. In addition, the
sensorcan also monitor the humidity distribution on the surface of the
nger to evaluate the state of wound healing.

Shenet al. designed a self-powered portable gasanalyzer for detect-
ing the alcohol concentration in exhaled breath, which is consisted of a
hydroelectric nanogenerator (HENG) and a commercial ethanol sensor
[62] (Fig. 5h). HENG which usesTiO, nanowire networks asthe active
layer, can generate 0.5 V output voltage and 0.7 pW cm®2 maximum
power density from the exhaled breath. When HENG connectswith the
ethanol sensor,the voltage signal output by the ethanol sensorshows a
certain linear relationship with the ethanol concentration ranging from
50 to 1000 ppm.

3.2.4. Comparisonof BFCand HEG

Whether the biofuel cell that has been studied for many yearsor the
recently proposed hydrovoltaic e ect, they both have advantagesand
problems in application of chemical energy harvesting from the human
body. Here we summarize the advantages and problems and propose
some possible solutions for reference (Table. 2).
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Fig. 5. Applications of chemical energy harvesting technology. (a) A exible, fully perspiration-powered electronic skin for in-situ multiplex metabolism detection.
(b) A wearable textile-based glucose BFC utilizing moisture management fabric. (c) The self-powered sweat sensorbuilt on sock using a stretchable textile-based
BFC.(d) A wireless passive sweat analysis platform inspired by BFCs.(e) A hydrovoltaic device fabricated with silicon nanowire arrays. (f) A wearable self-powered
perspiration analyzing site basedon enzymatic reaction and hydrovoltaic e ect. (g) A smart mask basedon a moisture-induced self-biasedrespiration sensor.(h) A
self-powered gasanalyzer for detecting the alcohol in exhaled breath basedon a HEG.

The human body is rich in chemical energy substances,which exist
in body uids or organsin the form of glucose, lactate, vitamin C and
soon. Biofuel cells candirectly convert the chemical energy of theseen-
ergy substancesinto electrical energy through electrochemical reactions
under the action of catalysts. The energy conversion of biofuel cells is
not limited by the Carnot cycle, which allows biofuel cells to have a
relatively high energy conversion e ciency. Furthermore, biofuel cells
have the advantagesof a wide range of substrate sources,mild reaction
conditions and diverse catalyst types. However, the current researchand
application of biofuel cells are still in an immature stagein view of the
problems including low output power, poor stability, and short service
life. Additionally, when biofuel cells are implanted into organisms for
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in vivo application, the oxygen content contained in the body could be
much lower than that in vitro, which may lead to insu cient oxidation
and a limited energy conversion e ciency [63, 64].

The e ective way to solve these problems is to nd more suitable
enzyme catalysts, corresponding xed carriers and redox mediators, so
asto increasethe catalytic e ciency, realize faster electron transfer be-
tween the catalyst and the electrode while ensuring good stability and
working life of the biofuel cells. Although biofuel cell usually obtains a
high current density, the output voltage is usually lower than 1 V limited
by the oxidation-reduction potential [65,66]. In practical application,
multiple biofuel cells connected in seriesor a step-up transformer is re-
quired to make the output voltage of biofuel cells achieve the threshold
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Table 2
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Comparison of BFCand HEG, from advantages, critical issuesto promising solutions.

BFC HEG
Advantages (Shared) Direct-current output characteristics
High current density
Advantages (Individual) Wide range of energy substances Su cient source of moisture

High conversion e ciency
Mild reaction conditions
Low output voltage
Constrained Sustainability
Relatively poor stability

Critical issues (Shared)

Critical issues (Individual)

Limited by the oxidation-reduction

Biosafety to be further veri‘ed
Multiple devices in series
Step-up transformer

Increase catalytic e ciency
Intermittent  working
Mediator-free  BFC

Good encapsulation

Promising solutions (Shared)

Promising solutions
(Individual)

potential

Harmless to the human body
Relatively good stability

Relatively low output
Relatively simple applications
No general mechanism explanation

Hydrophilicity regulation
Surface chemical modi“cation
In-depth exploration of universal mechanism

operating voltage of general commercial electronics. In order to prevent
the leakage of enzymesand redox mediators from a ecting the human
body, dialysis bags are usually used for packaging biofuel cells, which

will increasethe sizeand complexity of the device. Therefore, mediator-

free biofuel cell is one of the current research hotspots and trends. The
most important point which is often ignored in current research, is that

when using biofuel cells to convert the chemical energy of the human
body, priority needsto be given to whether this energy conversion will

aect the normal physiological functions of the human body. It is be-
causethe human body itself needsa large number of energy substances
to supply the corresponding energy to cells, tissues,organs aswell. For
diabetic patients, the excessiveglucose content in blood can provide

su cient reaction substratesfor the electrochemical reaction of biofuel

cells. However, for healthy people with normal blood glucose and hy-
poglycemic patients whose blood glucose levels are already lower than

normal, it is necessaryto consider whether the use of biofuel cells will

have a negative impact on their body, which requires a large number
of biological in vivo experiments and clinical trials to verify. It could be
sensible strategy to use intermittent working mode, such as operating

during the period of blood glucoserise after meals.

The water content in the human body is approximately 70% of the
body weight, while a large quantity of water still needsto be ingested
every day. In addition to being excreted through urine, part of water
will be excreted in the form of sweat evaporation and respiration to
maintain the dynamic balance of water in the body. The evaporation
of human sweat and the humidity change from breathing are ideal en-
ergy sourcesfor electricity generation by hydrovoltaic e ect. This kind
of energy belongsto the swaste energys discharged by the human body
spontaneously and therefore does not have any impact on the human
body when conducting electric energy conversion. This new power gen-
eration method doesnot need any additional energy input and any me-
chanical moving parts, which can be long-term usedon the human body
for its safety and reliability. At present, the technology of utilizing hy-
drovoltaic e ect for electrical energy conversion is still in infancy, the
relevant conversion e ciency and output power are still relatively low.
Although some studies have shown that the performance of HEG can
be improved by controlling the hydrophilic and hydrophobic interface
as well as surface chemical modi cation [43] . But more importantly,
further in-depth exploration to re ning a universal mechanism of hy-
drovoltaic e ect is needed, which will provide guidance for enhancing
the energy conversion e ciency of HEGand improving the correspond-
ing output voltage and current density. In addition, current researchon
HEG applied to the human body is relatively basic. How to design the
HEG applicable to the human body, and how to make better use of the
evaporation energy and the humidity energy from the human body, are
also critical issuesthat needto be considered. Considering that most of
the suitable application scenariosneedto directly contact with the skin
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of the human body, it will be an ideal approach to design a comfortable
wearable HEG to help dehumidify and generate electricity at the same
time.

3.3. Mechanicalenergyharvestingof the humanbody

The collection of mechanical energy of the human body can betraced
back to more than one hundred yearsago, the rst hand generator based
on electromagnetic induction was invented, which is the rst time that
human beings have consciously converted their own mechanical energy
into electrical energy. Later, someradios and ashlights driven by hu-
man motion were invented successively.The traditional electromagnetic
power generation devices are usually large and heavy, operating under
a high frequency, which may bring burdens to the human body when
collecting human body mechanical energy passively. Although there are
someexcellent researchworks on human mechanical energy harvesting
basedon electromagnetic generators (EMG) [67...71] the relevant work-
ing principle will not be elaborated here sinceit is well known. The me-
chanical energy from the daily activities of the human body is usually
low-frequency and unconscious. In this section, we mainly introduce
two newly emerging mechanical energy harvesting technologies, piezo-
electric nanogenerator (PENG)and triboelectric nanogenerator (TENG),
which are especially suitable for distributed, mobile, low frequency, and
micro energy harvesting and conversion.

3.3.1. Piezoelectrimanogenerator

3.3.1.1. Principle of PENG. Piezoelectric nanogenerator is a mechani-
cal energy-electric energy conversion device basedon the piezoelectric
e ect. PENG utilizes the piezoelectric polarization charges and time-
varying electric eld to drive the ow of electronsin acircuit [72] . The
working principle of PENGbasedon the displacement current model is
shown in Fig. 6(a). Displacement current is generated inside the gener-
ator, while capacitive conduction current is generated in the external
circuit.

Piezoelectric materials are usually crystal materials with asymmetric
structure. The generation of the piezoelectric e ect is closely related to
the generation of electric dipoles in piezoelectric materials [73] . A sim-
ple PENGis constructed by covering the top and bottom electrodes on
two surfacesof insulated piezoelectric material. When the piezoelectric
material is deformed by external force along a specic direction (take
Z-axis as an example), the relative displacement of positive and nega-
tive ions in the unit cell causesthe positive and negative charge centers
to no longer coincide, forming electric dipoles and causing the macro-
scopic polarization of the crystal. In this case, equivalent piezoelectric
polarization chargeswith opposite polarity are generated at both ends
of the piezoelectric material, and the density of the polarization charge
increaseswith the applied force [74,75]. The polarization charge den-
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sity at both ends of the piezoelectric material is expressedby e;0(2),
which is a function of the thickness z of the piezoelectric material. The
electrostatic potential generated by the polarization chargesdrives the
free electronsto ow from one electrode to another through the external
circuit to balance the potential, thereby causing a current to be gener-
ated in the circuit and realizing the conversion from force to electricity.
The charge density of free electrons on the corresponding electrode is
expressedby (), which is a function of the time t. When a periodic
external force is applied to PENGto make it continuously deform and
recover, a periodic alternating current output will be produced.

3.3.1.2. Demosof PENG. In 2006, Wang et al. proposedthe rst piezo-
electric nanogenerator basedon ZnO nanowire arrays to realize the elec-
trical energy conversion from tiny vibration (Fig. 6b), which opened
up the eld of micro/nano-energy [76]. Since then, various high-
performance nanogenerators have been developed and usedfor the col-
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lection of mechanical energy from the environment and the human
body.

Yang et al. improved the previously PENG with vertically aligned
ZnO nanowire array structure and designed a exible PENGbasedon
a laterally packaged piezoelectric ne wire [77] . Both ends of a single
ZnO nanowire are xed on the metal electrodes, and the entire device
is packaged on a exible substrate. When the device is stretched and
released, the single piezoelectric wire can generate an output voltage of
50 mV at a strain of 0.05...0.1%.

Li et al. demonstrated a PENGbasedon a single ZnO nanowire for
biomechanical energy harvesting in vivo [78] . A PENG manufactured
by a ZnO nanowire with 100...80(nm diameter and 100...500 m length
is implanted into a rates diaphragm and heart. The device can obtain a
voltage of 3 mV and a current of 30 pA on averagefrom aratesheartbeat.
Although such an output is relatively small, it veried the possibility of
PENGocollecting biomechanical energy in vivo for the rst time.

Fig. 6. Mechanical energy harvesting of the human body, from principle to demos of PENGand TENG. (a) Principle of PENG.(b) The rst PENGbasedon ZnO
nanowire arrays. (c) Collected biomechanical energy from a porcinees heart by a biocompatible piezoelectric energy harvester. (d) Principle of TENG. (e) The rst
TENGbasedon two stackedthin polymer Ims. (f) A fully self-powered wearable sweat analysis systemdriven by a freestanding-mode TENG.
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Kim et al. presenteda biocompatible exible energy harvester based
on single-crystalline PMN-PZT [79] (Fig. 6¢), and veried the biome-
chanical energy harvesting of the high-performance piezoelectric energy
harvesterin alarge animal model (a porcine). The implanted device can
generate an open-circuit voltage of 17.8 V and a short-circuit current of
1.75 pA from the contraction and relaxation of the porcine heart. In
addition, a wireless signal transmission is successfully realized by the
energy collected in vivo.

3.3.2. Triboelectricnanogenerator

3.3.2.1. Principleof TENG. Triboelectric nanogeneratoris a mechanical
energy-electric energy conversion device based on the coupling of tri-
boelectri cation and electrostatic induction, which usethe time-varying

electric eld causedby the surfaceelectrostatic chargesto drive the ow

of electrons [72] . Four fundamental working modes of TENG are ver-
tical contact-separation mode, in-plane sliding mode, single-electrode
mode and free-standing triboelectric-layer mode [80] . Taking the most
typical vertical contact-separation mode TENG as an example, the cor-
responding working principle basedon the displacement current model
is shown in Fig. 6(d). Displacement current is generated inside the gen-
erator while capacitive conduction current is generated in the external
circuit.

The back of two dielectric materials with dierent electron a nity
are covered with metal electrodes. When the two dielectric materials
comeinto physical contact driven by an external force, the electrostatic
chargeson the surface of the two materials will be transferred due to tri-
boelectric e ect, which leadsto the inner surface of the two materials
carrying equivalent number of dissimilar charges[81] . These charges
are non-moving static charges, the corresponding surface charge den-
sity is expressedby iy, - With the increaseof contact times between the
two dielectric materials, the surface static charge density nally reaches
saturation, which is independent of the distance z between the two ma-
terials. The electrostatic eld formed by the triboelectric chargesdrives
electrons to ow through the external load, resulting in the accumula-
tion of free electronsin the electrodeson the back of the dielectric mate-
rial. The corresponding charge density of free electrons on the electrodes
is expressedby (z,t), which is a function of the separation distance
z(t) between the two dielectric materials [82] . This is the processthat
TENG converts mechanical energy into electrical energy. When a peri-
odic external force is applied on TENGto make the two friction layers
contact and separatecontinuously, a periodic alternating current will be
produced.

3.3.2.2. Demosof TENG. In 2012, Zhong Lin Wangesgroup proposed
the rst triboelectric nanogenerator by stacking two thin polymer Ims

with deposited metal electrodes on the top and bottom separately
[83] (Fig. 6e). The exible TENG generatesan output voltage of 3.3
V and a power density of 10.4 mW/cm 3 from mechanical deformation.

Since then, the researchboom of new era energy and self-powered sys-
tem basedon TENG has started.

Kim et al. demonstrated a wearable TENG basedon 2D power gen-
eration fabrics [84] . A ber-structured TENGis prepared by assembling
an Al wire with a PDMStube, which are both covered with vertically
aligned nanowires nanotextured surface. The wearable TENGis weaved
by the power generation bers onto a waterproof fabric for scavenging
energy under harsh environments, obtaining a high output performance
of 40V, 210 A and 4 mW.

Wang et al. designed a helix-belt structured TENG for collecting
the mechanical energy generated by human motion [85] . The tube-like
TENGwith a symmetrical structure can harvest mechanical energy from
various directions and generate a high surface charge density of 250 C
mS2. The TENGbuilt in outsolesor clothes can collect energy from walk-
ing or jogging, and continuously power an electronic watch and tness
tracker.

Zou et al. presented a bionic stretchable nanogenerator (BSNG) for
underwater human mechanical energy harvesting [86] . The BSNGis
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manufactured by mimicking the structure of ion channels of electro-
cyte in electric eel, which can generate an open circuit voltage over 10
V when stretched underwater. By integrated with a diving suit and wire-
lesssignal transmission module, BSNGcan also be used for underwater
motion monitoring or underseaemergency rescue.

Song et al. demonstrated a wireless fully self-powered wearable
sweat analysis system [87] (Fig. 6f), which is seamlessly integrated
a high-performance freestanding-mode TENG (FTENG), sweat sensor
patch, high-e ciency power management and Bluetooth Low Energy
module on a exible printed circuit board. The FTENGcan generate an
output power up to 416 mwW mS2, which is enough to drive the entire
systemto operate independently without any other external power sup-
ply during on-body human trials.

3.3.3. Applicationsof mechanicalenergyharvesting

The mechanical energy from human activities and organ movements
can be converted into electricity by mechanical energy harvesting de-
vices to drive some low-power portable devicesand electronic medical
devices. These mechanical energy harvesting devices can also be used
as self-powered sensorsto detect the human motions and physiological
signals of the human body. Somerepresentative works of the mechani-
cal energy harvesting devicesare introduced including the applications
of PENGand TENG.

3.3.3.1. Applicationsof PENG. Lu et al. reported a exible all-polymer
piezoelectric ber basedon thermoplastic piezoelectric nanocomposites
using thermal drawing technique [88] (Fig. 7a). The proposed piezoelec-
tric ber with a spiral geometry structure is fabricated by a soft hollow
polycarbonate core encircled by a spiral multilayer, which consists of
alternating layers of piezoelectric nanocomposites(PVDF, BaTiO3, PZT,
CNT) and a conductive polymer. When the ber is stretched or bent,
it can e ectively generate piezoelectricity, with an output voltage of 6
V. The bers can be woven into energy harvesting textiles to collect
mechanical energy in daily life, such as wearable clothing or car seat
cushions.

Dong et al. proposeda cardiac mechanical energy harvesting strategy
by integrating the energy harvesting device with the existing pacemaker
lead [89] (Fig. 7b). The strategy is compatible with the pacemakerlead
implantation surgery and does not contact the heart directly, soit will
not aect cardiovascular function. A porous piezoelectric thinlm of
PVDF-TrFEis manufactured with a self-wrapping helical con guration
to assemblewith the lead of a pacemaker. The device is implanted in a
porcine to verify the feasibility of the energy harvesting strategy, obtain-
ing an output voltage of 0.6 V and 1.2 V under normal and intensi ed
cardiac contractions respectively.

Park et al. proposed an ultrathin epidermal piezoelectric sensorfor
real-time monitoring radial/carotid pulse signal [90] (Fig. 7c). The ex-
ible piezoelectric pulse sensorbasedon a high-quality PZTthin Im ex-
hibits a high sensitivity of 0.018 kPaS! and a short responsetime of 60
ms. When attached to human skin conformally, the device can convert
the tiny vibration of human pulse into electrical signal output. A real-
time wirelessly pulse signal transmission systemis also demonstrated by
integrated with a Bluetooth transmitter and an MCU.

Chenget al. reported a self-powered blood pressuremonitoring sys-
tem, which is mainly constructed by a piezoelectric thin Im of polarized
PVDF (200 m) [91] (Fig. 7d). After simulation and in vitro tests, the
output of the device is highly correlated with pressure changes. The
piezoelectric thinIm with exible encapsulation is implanted into a
porcine and wrapped around the ascending aorta, achieving real-time
monitoring of blood pressurein vivo. The systemexhibits good linearity
(R? = 0.971) and a sensitivity of 14.32 mV/mmHg, which can be used
to identify the state of normotensive and hypertensive.

3.3.3.2. Applicationsof TENG. Seunget al. reported a fabric wearable
triboelectric nanogenerator (WTNG) with high output performance and
mechanical robustness[92] (Fig. 7e). The exible and foldable WTNG
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Fig. 7. Applications of mechanical energy harvesting technology. (a) Energy harvesting textiles based on exible all-polymer piezoelectric ber.
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(b) A porous

piezoelectric thin Im assembledwith the lead of a pacemakerfor cardiac mechanical energy harvesting. (c) An ultrathin epidermal piezoelectric sensorfor real-time
pulse monitoring. (d) A self-powered blood pressuremonitor basedon a piezoelectric thin Im wrapped around the ascendingaorta of a porcine. (e) A fabric wearable
TENG basedon silver-coated textile and PDMSnanopatterns. (f) A symbiotic cardiac pacemaker integrated by an implantable TENGand a commercial pacemaker.
(9) A wearable sign-to-speechtranslation system based on stretchable sensorarrays and machine learning. (h) A transcatheter self-powered endocardial pressure

sensorbasedon a miniaturized TENG.

is fabricated by a silver-coated textile and PDMSnanopatterns basedon
ZnO nanorod arrays formed on another silver-coated textile template.
One WTNG can produce an output of 120 V and 65 A under a compres-
sive force of 10 kgf. A four-layer-stacked WTNG can produce a higher
output of 170 V and 120 A under the sameforce. By collecting human
mechanical energy, WTNG can drive commercial LEDsand LCD screen
successfully.In addition, a keylessvehicle entry systembasedon WTNG
is also demonstrated without any external power sources.

Ouyang et al. demonstrated a symbiotic cardiac pacemaker (SPM)
inspired by the symbiosis phenomenon in biology [93] (Fig. 7f). The
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symbiotic pacemaker constructed by an implantable triboelectric nano-
generator and a commercial pacemakeris implanted into alarge animal
model for experiment. SPM obtains an open circuit voltage of 65.2 V
from the heartbeat of a porcine, and the collected energy successfully
achieves cardiac pacing and corrected arrhythmia in vivo. The energy
collected from each heartbeat can reach 0.495 J, which is higher than
the threshold energy required for cardiac pacing (0.377 Jfor humans).
This work is of great signi cance for delaying the service life and even
completely getting rid of the limitation of batteries for commercial pace-
makers.
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Table 3
Comparison of TENG and PENG,from advantages, critical issuesto promising solutions.
PENG TENG
Advantages (Shared) Abundant mechanical energy from the human body
Applicable for low-frequency working conditions
High output performance
Advantages (Individual) Simple structure Low cost

Relatively stable

Critical issues (Shared) Alternate-current pulse output characteristics

Multiple working modes
Wide selection of materials

Balance of energy collection eciency and burden on the human body

Mechanical loss

Relatively high cost

Biocompatibility of PZT piezoelectric ceramics
Recti“er circuit to convert ACto DC

DC/DC step-down converter

Critical issues (Individual)

Promising solutions (Shared)

Air breakdown
Output performance affected by ambient humidity

The capture of negative work from the human body

Choice of fatigue resistant materials
Promising solutions
(Individual)

Multi-layer three-dimensional stacking

High-property piezoelectric materials innovation

Surface modi“cation
Charge-excitation
Flexible packaging
Structure optimization

Zhou et al. presented a wearable sign-to-speechtranslation system
based on stretchable sensor arrays and assisted by machine learning,
which can translate gesturesinto speechin real-time [94] (Fig. 7g). The
system is integrated yarn-based stretchable sensorarrays with a wire-
lessprinted circuit board. The yarn-based stretchable sensingunit is a
kind of TENG,which can sensethe movement of human ngers and con-
vert it into electrical signal output in a wide strain range of up to 90%.
Through machine learning analysis of 660 obtained sign language ges-
ture recognition patterns, the systemachievesa high recognition rate of
98.63%.

Liu et al. demonstrated a transcatheter self-powered endocardial
pressuresensor(SEPS)which is integrated by a miniaturized triboelec-
tric nanogenerator (TENG) and a surgical catheter [95] (Fig. 7h). The
SEPS:xhibits good linearity (R? = 0.997) with pressureand a sensitivity
of 1.195 mV mmHgS!. When implanted into the left ventricle and the
left atrium of a porcine in aminimally invasive way, SEPScan real-time
accurately monitor the endocardial pressurein vivo. In addition, cardiac
arrhythmias can also be detected by SEPSaccording to sudden changes
of endocardial pressure.

Tan et al. designed a self-charge universal module (SUM) accord-
ing to the size of AA battery for motional energy collection and storage
[96] . SUM integrates three kinds of energy harvesting devices includ-
ing TENG, PENGand EMG, and stores the collected energy in a small
lithium battery through a power managementunit. Under the working
frequency of 5 Hz, the output power density of SUM can reach 2 mwW
gél. Integrating 4 SUMswith a knee pad, the energy collected by the
wearer from jogging for 10 minutes candrive a commercial GPSto work
continuously for 0.5 h. In addition, dierent numbers of SUMscan be
assembledto adapt to various portable electronics.

3.3.4. Comparisonof PENGand TENG

Among the convertible energy sourcesavailable to the human body,
mechanical energy is the most accessibleand studied energy harvesting
source currently. The advantages, problems and possible solutions of
PENGand TENG for mechanical energy harvesting of the human body
are summarized (Table. 3). Mechanical energy is a kind of energy source
with the largest external output power of the human body, which can
be obtained from the daily movements of the human body and the com-
paratively small biomechanical motions of musclesor organs. Generally
speaking, the mechanical energy from the humanes daily movements,
such aswalking and arms swinging, hasthe characteristics of nonconti-
nuity and large output power. The mechanical energy from the bodyes
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internal organs, such as heartbeat and lung movement, hasthe charac-
teristics of continuity and small output power.

PENG and TENG have natural advantages in collecting low-
frequency mechanical energy due to their unique structure and working
principle, which are suitable for collecting mechanical energy from var-
ious parts of the human body [97] . Compared with the traditional elec-
tromagnetic generators, they have the advantagesof light weight, free
size,good exibility and simple structure. TENGand PENGcan convert
the low-frequency mechanical energy from the human body into pulsed
alternating-current (AC) output with high voltage and low current. Al-
though the voltage can reach up to hundred volts, the corresponding
current is usually on the order of microamperes, so the converted elec-
tricity is safeand reliable for the human body. Sincethe AC pulse elec-
tricity cannot be useddirectly in general, some supporting power man-
agements and energy storages are also required for better use of the
converted electricity. Speci cally, arectier circuit is rst usedto con-
vert ACto DC,then a DC/DC step-down converter is neededto lower the
output voltage and increase the output current, and nally the electric
energy is stored in some energy storagessuch as capacitors for further
applicaions [9,98].

Another important issueto be considered is how to balance the en-
ergy collection e ciency with the burden of theseenergy collection de-
vices on human limbs and organs when collecting mechanical energy
from the human body, which can be considered from two aspects.The
rst is how to capture the mechanical energy of the human body as
insensibly as possible. Passivebehaviors are carried out by the human
body autonomously and unconsciously, such as breathing, heartbeat,
and arm swing when walking. Thesepassivebehaviors are ideal sources
of mechanical energy for harvesting becausethey will not a ect active
works. To collect the mechanical energy from passivebehaviors without
being perceived by the human body, it is essentialto minimize the bur-
den of energy harvester on human tissuesor organsto integrate energy
harvesting processeswith the passive behaviors of the human body. It
requires full consideration of the characteristics of human movements,
aswell asthe structural featuresof organsand tissuesin various parts of
the human body, soasto designa gentle, conformal and comfortable en-
ergy harvester for the human body. For PENG,PVDF Im, ZnO nanowire
arrays, BaTiO; elastic composite and other exible and biocompatible
piezoelectric materials can be selected to replace the traditional hard
and lead-containing PZT piezoelectric ceramics[99,100] . TENGshave a
large range of materials that canbe chosen,and diverse structure designs
due to the multiple working modes. Natural materials can be used for
fabricating implantable and absorbable TENGs,while elastic electrode
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materials can be used for fabricating wearable and conformal TENGs
[101] . In addition, TENGswith unique structures can be designed ac-
cording to the suitable binding sitesfor speci c parts of the human body
[102...104] Another solution is to try to capture the negative work gen-
erated by the human body. The human body producesboth positive and
negative work by musclesduring activities. The metabolically generated
energy is consumedwhen musclesdo positive work, while little energy
is consumedwhen doing negative work usually. Therefore, to reduce the
burden of the human body and the consumedmetabolic energy, captur-
ing the negative work produced by human movementsis anideal energy
harvesting strategy.

Although PENGand TENG are considered as promising biomechan-
ical energy harvesting approaches,their output power and energy con-
version e ciency still needto be further improved. For PENG,new ma-
terials with high piezoelectric property and new structural designscan
further improve the energy conversion e ciency. Recently, a break-
through has been made in output performance by designing a PENG
using a three-dimensional intercalation electrode [105] , with a maxi-
mum current density of 290 A cm®2. For TENG, the output perfor-
mance can be further improved by micromachining and modifying the
surface of the friction layer with microstructures and functional groups.
Meanwhile, designing more reasonable and e cient structures is an-
other e ective way. Surface charge density is an important factor af-
fecting the output performance of TENG. Recently, it has been shown
that the surface charge density of TENG can be e ectively improved by
quantifying contact status and establishing the air-breakdown model of
charge-excitation TENGs[106] . Additionally, the output performance
of TENGis signi cantly attenuated under a high humidity environment
due to the sensitivity of TENG to humidity. Therefore, suitable encap-
sulation materials and advanced packaging technology are essential to
ensuring the safety, stability and reliability for TENGworking inside or
outside the human body [98] . Another issue to be considered is that
mechanical energy harvesting devices are generally subjected to defor-
mation, friction and other mechanical lossduring their working period,
which results in mechanical fatigue and material wear of the devices
and further a ects their service life. Therefore, selecting materials with
better fatigue resistance,investigating methodsto enhancethe mechani-
cal properties of materials, and designing deviceswith better robustness
structures are promising solutions.

4. Strategies for interaction between energy harvesting devices
and the human body

When harvesting energy from the human body, di erent energy har-
vesting strategies are used based on the characteristics of di erent en-
ergy sourcesand speci ¢ body parts. Meanwhile, these converted elec-
tric energy sourceshave their own appropriate applications according to
the magnitude of output power. For the energy harvesting deviceswith
large converted electricity, the electricity can be stored in energy stor-
agesand supplied to electronic medical deviceswhen necessary.While
the energy harvesting deviceswith small electricity acquirement can be
directly used as self-powered sensorsto capture the physiological sig-
nals of the corresponding parts of the human body, or directly used as
stimulators to stimulate the nerves and musclesof speci c parts of the
human body. Strategiesfor interaction between various energy harvest-
ing devices and the human body are summarized from the two aspects
of wearable and implantable applications, shown in Fig. 8.

4.1. Wearablestrategies

Peoplesslives are inseparable from clothing. Besideskeeping warm,
clothing also has the meaning of fashion and beauty. Clothes, pants,
socks, shoesare closely related to peoplessdaily life, sothe integration
of various energy harvesting techniques with various wearing supplies
is the simplest way to combine with the human body. In this regard,
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many researchershave made attempts and achieved e ective results.
For example, the T-shit made basedon TEG can be usedto collect ther-

mal energy of the human body [18] , the socks made basedon biofuel

cells can be usedto detect sweat metabolites of the human body [51] ,

and the shoes made based on TENG and EMG can be used to collect

mechanical energy of foot movement [107] . Besidesclothing, a variety

of wearable devices have been integrated into peoplesslives in recent
years, the most typical of which are smart bracelets and smart glasses.
The skin patch sensorshasedon TENGand PENGcan be e ectively inte-

grated with theseintelligent wearable devicesto capture physiological

signals of the human body such as pulse and blood pressure[90,108].

In addition, with the emerging of some new technologies, TENG-based
electronic skin [109] , biofuel cell-basedelectronic tattoo [110] and mi-

croneedle sensor[111] have also beendeveloped to collect correspond-
ing physiological signals of the human body. Combining these energy
harvesting devices with the human body in a wearable way is one of
the main trends for current research, which needsto be simple and ef-
cient without obvious burden or any damageto people.

4.2. Implantablestrategies

With the advancementof modern medicine and the electronic indus-
try, various implantable electronic medical deviceshave beendeveloped
to treat relevant diseasesand prolong peoplesslives. Therefore, apart
from the applications of wearables, related researchand exploration in
living organisms, is another major researchdirection of energy harvest-
ing device interacting with the human body. In view of the requirements
for strict medical evaluation and approval to implant devicesinto the hu-
man body, most of the current researchis basedon animal experiments.
Many studies have been carried out in small animals such as rats. For
example, TENG has been shown to be connected with rat brain nerves
for neuroregulation [112] . The TENGimplanted into the stomach of rats
can be driven by the movement of the stomach to stimulate the gastric
vagus nerve and control the weight of rats [113] . The TENG implanted
into the bladder of rats can detect the pressure of the bladder and as-
sisturination [114,115]. The TENGconnectedwith the leg musclesof a
rat can stimulate muscle movement [116,117]. In addition to small ani-
mals, somestudies have beenveri ed in large animals. For example, the
PENGimplanted into the ascendingaorta of porcine can monitor blood
pressurein real-time [91] . The TENGimplanted into the pericardium of
porcine can collect energy from the heartbeat of porcine and supply it to
acommercial pacemaker[93] . In addition to PENGand TENG,there are
also many studies that have implanted biofuel cells into various organ-
isms to collect chemical energy in organisms, which have beenveri ed
in insects [118] , snails [119] , lobsters [55] , rats [120] and so on. Al-
though signi cant results have been achieved in animal experiments,
the implantable energy harvesting devices are still far from practical
usein human body. The biocompatibility and biosafety of the devices
require to be further veri ed, and the e ciency of energy harvesting in
vivo needsfurther improvements.

5. Self-powered closed-loop bioelectronic system

Closed loop is the basic mode of all life processesin nature. In a
closed-loop system, the feedback information is taken from the state of
the system and is the basis for decision-making. The state of the sys-
tem is changed through decision-making control, and the new system
state further aects future decisions, the processof which is continu-
ous and cyclic. The human body is a natural closed-loop system. The
human body perceivesthe external environment through receptors lo-
cated in various parts of the body. The most typical sensesincluding
vision, hearing, olfaction, taste and touch, which are all pathways for
the human body to acquire extrinsic information. The information from
receptors feedsback to the nervous system of the human body, and the
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Fig. 8. Strategiesfor interaction between various energy harvesting devices and the human body.

brain sendsinstructions for further corresponding behaviors, thus form-
ing a closed-loop control system.

In addition to the closed-loop of the perception and feedback of the
external environment, the internal physiological system of the human
body is composed of many closed-loops. For example, when the blood
glucose of the human body rises after a meal, the secretion of insulin in
the body will simultaneously increaseto decreaseblood glucose appro-
priately. When blood glucosereturns to a certain level, the secretion of
insulin will decreasethus realizing the regulation of blood glucose con-
centration in the body in a closed-loop. When the physiological system
of the human body is in disorder due to iliness, it is unable to accurately
recognize the physiological status of the human body, or cannot nor-
mally transmit the physiological signalsto the relevant nervous system,
sothat normal physiological feedbackadjustment closed-loop cannot be
achieved. At this time, appropriate treatments needto be intervened ex-
ternally to restore the physiological feedback regulation of the human
body to normal.

Here, we put forward a self-powered closed-loop bioelectronic sys-
tem (SCBS)(Fig. 9), which could be compatible with the natural closed-
loop of the human body. SCBSwill changethe way that existing wear-
able electronics and implantable medical electronic devices interact
with the human body into a symbiosisrelationship. Under the assistance
of SCBSthe physiological state of the human body can be automatically
regulated to optimal, and the physiological system can be repaired ac-
tively when disorders occur.

A complete closed-loop bioelectronic systemneedssensingunits that
can accurately acquire the physiological state information of the system
in real-time, and functional units that can make corresponding feed-
back to the physiological signalsobtained by the sensingunits. With the
advancement of modern medicine and the electronic industry, various
health monitoring products and electronic medical devices emerge in
an endlessstream. At present, health monitors and electronic medical
devicesmainly work independently, and act ashuman body sensorsand
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corresponding function units respectively. In addition, due to the lim-
itation of battery capacity, the service life of the device is limited in
application, which makesit dicult to achieve long-term monitoring
and treatment of the human body in real-time. In recent years, elec-
tronic devices are gradually reducing power consumption, and the en-
ergy harvesting technology from the human body is constantly evolving,
which makesit possible for the entire closed-loop bioelectronic system
to be self-powered while the human body itself acts as a power source
to drive continuous operation of the entire system. In one closed-loop
of SCBS,various energy ows from the human body are collected by
energy harvesting devices and converted into electricity. Through the
power management unit, the electricity can be stored e ectively and
provided to the energy-consuming units at any time. The self-powered
sensor without additional energy supply can monitor the physiologi-
cal state of the human body in real-time and transmit the physiological
signals to the micro-control unit via a wireless transmission unit. Once
the physiological state exhibits abnormality, the micro control unit will
send instructions to the corresponding function units, thereby exerting
feedbackregulation on the relevant organsor nervesof the human body
until the physiological state returns to normal.

There are multiple esignal-feedback regulatione loops in SCBS.For
example, the EMG signals of the human body can be monitored through
electronic skin. When muscle fatigue occurs, the muscle stimulator can
apply electrical stimulation to the relevant musclesto relieve the fa-
tigue state. The EEG signals of the human body can be monitored
through brain electrodesin real-time. When abnormal EEGsignals such
asepilepsy or other symptoms are detected, the brain pacemakerwill ap-
ply appropriate electrical stimulation pulsesto the corresponding brain
nuclei to alleviate the symptoms. The sensorsimplanted into the peri-
cardium and ascending aorta can monitor the state of heartbeat and
blood pressure. When arrhythmias occurs, the pacemaker will apply
electric stimulation pulsesto the myocardium to correct the rhythm re-
turn to normal. With a sensorimplanted into the gastric wall, the gastric
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Fig. 9. Schematic of Self-powered closed-loop bioelectronic system.

motility of the human body can be monitored. When gastric motility is
abnormal, the gastric stimulator will stimulate the vagus nerve in the
stomach to regulate gastric motility. The blood glucose concentration
of the human body can be monitored by a microneedle sensor. When
the blood glucose is too high and does not drop for a long time, the
percutaneous drug release device will release an appropriate dose of
insulin to make the blood glucose return to a normal level. The body
temperature can be monitored by an electronic tattoo. When the body
surface temperature is too high, the intelligent fabric will adjust to the
heat dissipation mode to make people feel comfortable, while when the
body surface temperature is too low, it will adjust to the heating mode
to make people feel warm. These signal-feedback regulation loops are
only cited examples to discussthe possible operation mechanisms of
SCBS,which are an outlook of the future at present. In order to truly
construct SCBSand realize a seriesof functions, it still needslong-term
scienti ¢ exploration aswell ascollaborative e orts acrossmultiple re-
search elds.

6. Future development trends and demands of SCBS

In recent years, the continuous development of materials with new
characteristics and structures designed with new functions have en-
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dowed traditional electronic devices with diversied functional char-
acteristics and a comfortable way of interaction with the human body.
At the sametime, the continuous progressof microfabrication technol-
ogy and microelectronics enablesthese novel electronic units to be in-
tegrated e ciently for miniaturization and intelligence. The continu-
ousimprovement of these elds makesthe realization of a self-powered
closed-loop bioelectronic systemfurther possible.Here, the future devel-
opment trends in four aspectsincluding material, structure, function and
integration are summarized and discussed according to the construc-
tion requirements of the self-powered closed-loop bioelectronic system
(Fig. 10).

In terms of material and structure, materials with appropriate char-
acteristics and the structures with unique features can be selected ac-
cording to the speci c application scenariosand requirements. In case
of directly tting human skin, the wearable devices can be fabricated
by breathable materials [121] , woven structure [25] or ultra-thin struc-
ture [90] for good comfort. For devicesthat needto be implanted into
the human body for short-term service, degradable [122] and natural
[123] materials can be chosen, so that they can be degraded by them-
selvesand absorbed by the human body after completing the missions.
In application to the joint parts of the human body that need to bear
large strain for a long time, self-healing materials [124] and stretch-
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able structures [125,126] can be used to manufactured corresponding
devices, so that they can stretch and contract with the movement of
the human body and repair themselvesin case of fatigue damage. In
addition, when there is a certain space for utilization but the output
performance of a single device is insu cient, the corresponding func-
tional properties of the device can be further enhanced by adopting a
three-dimensional stacking structure [127] .

In order to achieve the relevant closed-loop, the functions of the de-
vices must be diversied. There must be multimodal sensorsthat can
collect various physiological parameters of the human body, aswell as
performing units that can feedback and adjust the corresponding phys-
iological state, such as nerve and muscle stimulators [117] , tissue and
wound repair devices[128] , transdermal drug releasepatches[129] and
soon. In terms of integration, energy harvester and power management
unit that will provide power for the entire system must rst be e ec-
tively integrated to ensurethe normal and stable operation of the entire
system. Then the function units including various sensorunits and per-
forming units, wireless transmission unit and micro control unit, also
need to be connected together in an appropriate way [87,130], so as
to achieve a complete closed-loop of the whole system [131] . On the
premise of guaranteeing human comfort and systemstability, high inte-
gration, miniaturization, multi-function and intelligence are the future
development trends of SCBS.

7. Conclusions

With the development of the electronic industry, mobile health care
and Internet of things technology, everything in the world can be con-
nected together in aninformationized way. The worldes energy structure
is undergoing tremendous changestoday. In addition to the traditionally
large-scale accumulated energy sourcesfor the development of human
society, distributed, mobile, and divergent small energy sourcesare also
neededin this Internet of Things era, namely new era energy. Actually,
everyone contains inexhaustible energy, and the human body itself is a
typical form of new era energy. In recent years, the researchon human
body energy harvesting has made signi cant progress, some low-power
electronic medical devices and portable devices are successfully pow-
ered by energy from the human body itself.

This review summarizesthree major energy ow sourcescontained
within the human body, which are thermal energy, chemical energy
and mechanical energy. In view of the characteristics of the three energy
ows, corresponding energy harvesting technologies are introduced suc-
cessively: thermoelectric generator and pyroelectric generator for har-
vesting thermal energy, biofuel cell and hydrovoltaic generator for har-
vesting chemical energy, piezoelectric nanogenerator and triboelectric
nanogenerator for harvesting mechanical energy. Some typical demos

Fig. 10. Future development trends and demands of self-powered closed-loop
bioelectronic system.
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and applications of various energy harvesting technologiesto the human
body are enumerated respectively. The advantagesand critical issuesof
various energy harvesting technologies are summarized, and promising
solutions are proposed. The strategies of interaction between various
energy harvesting devices and the human body are summed up from
two aspectsof wearable and implantable applications. Finally, a self-
powered closed-loop bioelectronic system (SCBS)is put forward for the
rst time, and the demandsand future development trends of SCBSare
further analyzed.

SCBds away of the human body mutualistic symbiosiswith various
wearable and implantable electronic devicesin the future. Humans rely
on theseelectronic devicesto enhancethemselvesand serveasan energy
sourceguaranteefor the operation of theseelectronic devices.However,
many problems remain to be addressedfor the actual realization of the
complete self-powered closed-loop. First of all, the energy conversion
e ciency of current human body energy harvesting technologies needs
to be further improved. Meanwhile, balancing the energy harvesting ef-
ciency and the burden of the relevant harvesting technology on the
human body is a key issue for all human body energy harvesting tech-
nologies. In the future, multiple energy harvesting methods coexist with
complementary advantagesis a main trend of developments. Secondly,
due to the long-term operation in the organism to achieve a symbiotic
state, the biocompatibility of the devices and the stability of the sys-
tem require a large number of animal experiments and clinical trials to
verify. Finally, the existing portable, wearable devicesand implantable
electronic medical devicesare mostly independent and incoherent from
each other, which increasesthe complexity of the entire system and
makesit dicult to control and manage. With the emergence of arti-
cial intelligence and new communication methods, future intelligent
electronic devices will be connected together through body area net-
works [132,133], uniformly managed by a microprocessor chip, which
is similar to the ebraine of the entire system. This will greatly improve
the e ciency of SCBSand simplify the complexity of the system, sothat
in vivo and in vitro devices can work synergistically to adjust the physi-
ological state of the human body to optimal in real-time. Although the
road to building a self-powered closed-loop bioelectronic systemis full
of challenges, it is accompanied by great opportunities aswell. The fu-
ture of SCBSis full of hope and has great prospects for applications. It
is believed that with the joint e orts of researchersin various elds,
SCBSwill becomea reality one day and changethe existing lifestyles of
human beings.
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