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Abstract

ToT stands for Internet of Things. It refers to the network of physical objects or ”things” embedded with
sensors, softwares, and other technologies that enable them to connect and exchange data with other devices
and systems over the internet.The IoT has the potential to transform many areas of our lives, including
home automation, healthcare, transportation, manufacturing, etc. By collecting and analyzing data from
connected devices, businesses and organizations can gain insights that can help them make better decisions,
improve efficiency, and reduce costs. Naturally, IoT requires energy to work and many techniques have been
developed to limit the power consumption of the devices. These objects now need very little power to work,
of the order of the mW or the yW. However, the IoT devices need to run for long periods of time without
being replaced or recharged. This is especially important for devices deployed in remote or hard-to-reach
locations. In this framework, it is of great importance to develop energy harvesting systems for IoT. It is of
prime importance to use energy from their environment rather than relying on conventional power sources
like batteries or mains electricity. By reducing the need for disposable batteries, energy harvesting can help
to reduce waste and minimize the environmental impact of IoT devices. Energy can be found in ambient
light, temperature differences, vibrations, or electromagnetic radiation. In this review article we will focus
on the recovery of energy from mechanical vibrations and on the recovery of mixing energy: these methods
have in common to be based on material surface charges. We will detail different modes of operation: the
realization of sensors that do not need power, the realization of energy recovery generators which store energy
for sensor consumption, and finally the realization of energy recovery generators feeding directly sensors. We
will describe the different physical mechanisms of these processes. We will then illustrate them with examples
of outstanding achievements.

Keywords: Energy Harvesting for IoT, Osmotic energy, Electrets, Triboelectricity, Piezoelectricity,
Electrostriction

1. Introduction vices and applications. The IoT market has main-
) tained rapid growth in recent years, with its market
The Internet of Things (IoT) refers to a network of size reaching 650 billion USD by the year of 2026,
intelligent objects which are able to collect informa- corresponding to a compound annual growth rate
tion, communicate, exchange data and possibly re- (CAGR) of 16.7%[4]. In terms of application areas,
act towards environmental change.s[L 2, 3] In ad- the 10T market is segmented into industries including
dition to the conventional electronic objects, such as 1 .a1theare agriculture, automotive, manufacturing
) ) ) )
computers, ‘Fablets7 ancll ELnart phone.s, LoT could a.lso predictive maintenance[5] and smart cities. Accord-
connect ordinary physical objects of all scales which 04 5 report by MarketsandMarkets, the healthcare
are embeddeq with sensors, and 1.1V1ng objects as hu- 157 arket is expected to reach USD 158.07 billion
mans and animals. The conception of IoT could fa- by 2025, growing at a CAGR of 30.8% from 2020
cilitate automation process and thus derive new ser- 2025[’4]‘ The IoT industry is a fast-growing and
promising market with a wide range of applications
and opportunities.
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In terms of electrical consumption, the IoT-related
energy is estimated to be around 200 TWh per year in
2025, which corresponds to 0.7% share of the global
electrical consumption[6]. Considering an estimation
of 40 billion connected objects in 2025, the energy
consumption in IoT is estimated to be 0.6 mW per
device, which is considered as a rather low consump-
tion. However, most of these devices need to operate
disconnected from the electrical grid for an extended
working time, in conditions where battery replace-
ment is impractical. Such is the case for vibration and
stress sensors inserted in bridge structures or for med-
ical use. Thus, development of miniaturized power
supply systems for intelligent IoT objects remains a
key issue [7].

To tackle the above-mentioned power-supply prob-
lem, the first step is to reduce power consumption.
Various factors can affect IoT power consumption.
By choosing suitable hardware devices, i.e., micro-
controllers, sensors, and wireless modules, it is possi-
ble to manage power consumption and extend the de-
vice battery life. The communication protocols used
in IoT devices can also affect power consumption. For
example, compared with Wi-Fi and cellular connec-
tivity, Bluetooth or Zigbee consume much less power,
which are certainly more suitable for low-power ap-
plications. Additionnaly, sending data at high fre-
quencies would quickly drain the device’s battery: it
is thus important to optimize data transmission and
minimize the frequency of data transfers. In the last
decades, significant progress was achieved in electron-
ics technologies for the development of ultra-low con-
sumption devices. To name of few, the Phoenix pro-
cessor has a sleep power consumption of only 3 pW in
sleep mode and 200 nW in active mode[8], and Lin et
al. developed a temperature sensor which consumes
only 220 nW[9].

The second step is to design self-powered IoT ob-
jects by integrating energy harvesting systems to ex-
ploit energy sources in surrounding environments.
Such design could decrease or even eliminate the use
of batteries in IoT objects. In fact, large quanti-
ties of untapped energy sources could be considered
for ToT objects powering. These sources either come
from human activities or derive from ambient ener-
gies, such as chemical energy (chemistry, biochem-
istry), thermal energy (fatal heat, temperature gra-
dients, variations), radiant energy (sun, infrared, ra-
dio frequencies) and mechanical sources (vibrations,
deformations)[10]. The energy-harvesting process ex-
tracts energy from the surrounding environment and

converts it into electrical energy.

A natural idea is to miniaturize the existing mature
technologies for energy harvesting, such as wind tech-
nology. However, due to its bulky and complex struc-
ture, the miniaturization remains difficult. Consid-
ering the energy densities of untapped sources, out-
door solar energy is the highest energy source with
a power density of 15,000 yW.cm=3[10]. It drops to
100 uW.cm~3 for indoor environments. The theo-
retical limit of solar cell on a single junction is 29.1
%. The world record for solar-cell efficiency of 46 %
was achieved by using multi-junction concentration
cells[11]. Based on exotic materials such as gallium
arsenide, this technology remains until now econom-
ically non-viable.

The second untapped environmental energy source
is mechanical vibrations which can be found almost
everywhere, from human bodies to industrial instal-
lations. The source of mechanical energy can be a
vibrating structure (a bridge, a building, a window
in a noisy street) or a moving object (a washing ma-
chine). Each vibration is characterized by a frequency
f and an amplitude of oscillations Y. The mechan-
ical power generated by vibrations can be harvested
using an inertial device composed of a seismic mass m
and a spring with an elastic constant k. In such a de-
vice, the amount of power generated is proportional
to the cube of the vibration frequency. The gener-
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where ¢ is the damping
factor[12]. Using this framework, we can estimate the
power of classical vibrations in daily life. For exam-
ple, common activities as walking corresponds to a
source of mechanical energy with a power of 67 W,
breathing of 0.83 W, finger typing of 0.01 W. These
values correspond to the energy consumption of the
IoT objects. A typical harvesting power density is of
the order of 100 uW /cm3[13].

Close to mechanical energy, osmotic energy is con-
sidered as the third ambient environmental sources.
When 1 cm?® of river water is mixed with 1 cm? of sea
water, an energy of 2.73 J is released. Considering all
the rivers and effluents running to the sea, a global
power of around 2 Terawatts is estimated, which cor-
responds to 75% of the world’s electrical power con-
sumption in 2021[14, 15]. The current devices for the
recovery of osmotic energy based on selective mem-
branes enable the recovery of 100 pW.cm™2, which
makes this form of energy, nicknamed blue energy, the
second most important source of recoverable energy
on a par with the energy recoverable from mechani-
cal vibrations. Thermal gradient, thermal variation,



Infrared sources, radio frequency are energy sources
present in our environment but at lower available en-
ergy levels [16]. For this reason, and because the cor-
responding harvesting technologies are less mature,
we have decided not to deal with them here. Me-
chanical vibrations and osmotic energy seem to be
suitable energy sources to power sensors. The poten-
tially recoverable values are in agreement with power
demand of IoT objects. In this review, we will focus
on energy-harvesting systems both for mechanical-
vibration energy sources and osmotic energy sources.

They have indeed a lot in common since they are
both based on surface-charge effect. Several tech-
nologies have been developed for converting mechan-
ical waste energy. They present different advantages
or disadvantages, in particular according to the in-
tended application. A classic principle for converting
mechanical vibrations into electricity is to use elec-
tromagnetic generators. The operating principle of
an electromagnetic mechanical vibration energy sen-
sor involves the use of a magnet, a coil and a mass-
spring system [17]. When the sensor is subjected to
mechanical vibrations, the mass-spring system un-
dergoes oscillations, causing the magnet and coil to
move relatively to each other. This relative move-
ment induces a changing magnetic flux through the
coil in accordance with Faraday’s law of electromag-
netic induction. The changing magnetic flux induces
an electromotive force (EMF) in the coil, generating
a voltage across it. This voltage can be used to pass
an electric current through a load, for example to
charge a battery or power electronic devices. Elec-
tromagnetic energy generation is a well-established
technology, and the use of this transduction mecha-
nism in small-scale energy harvesting applications is
the subject of much research. Fundamental principles
and analysis of generators tested to date clearly show
that electromagnetic devices do not lend themselves
to downscaling [18]. The normalized power measured
for an acceleration of 1m.s~2 is less than 0.5 W cm ™3
and decreases for smaller size [17]. For this reason,
we have decided not to mention these generators in
the review and to focus on piezolectric device, elec-
trostricitive materials, electrets device and triboelec-
tricity.

In all these situations, vibrations induce an alter-
native capacitive current that requires rectification
before use.

In the osmotic energy situation, selective mem-
branes or highly charged membranes are used to pro-
duce an ionic flux which is converted at the elec-

trode level into an electronic current. The electrodes
can be capacitive (generation of an alternative cur-
rent) or faradaic (generation of a continuous current).
In this review, we will focus on the development of
energy-harvesting systems to power miniaturized sen-
sors based on material surface charge. In each case,
we will describe the main working principles, dis-
cuss the limitations and advantages, and then illus-
trate the process by describing practical applications.
There are numerous reviews in the literature on each
of these technologies (see [19, 20, 21, 22] for tribo-
electric nanogenerators, [23, 24, 25, 26] for piezolec-
tric device, [27, 28, 29] for electrostrictive materials,
[30, 15, 31] for osmotic energy). The originality of
our work consists in presenting 4 different energy-
recovery modes and comparing them.

2. Mechanical vibration energy harvesting
using piezoelectric materials for sensor
powering

2.1. Piezoelectricity

Piezoelectricity was discovered by Pierre and
Jacques Curie in 1880 while studying quartz and
tourmaline crystals [32]. Piezoelectric materials have
the ability to produce voltage when deformed due to
vibrations (direct effect). Conversely, they deform
when subjected to an externally applied voltage (in-
verse effect).

Piezoelectricity originates from the distribution of
ions of certain crystals. A piezoelectrical crystal
has no center of symmetry [33, 34]. In the absence
of deformation, the electric dipoles created by the
charge distribution cancel each other out exactly,
which leads to the absence of net charge on the crystal
faces. When the crystal is compressed, the absence
of a center of symmetry of the lattice induces that
the barycenters of the positive and negative charges
no longer coincide. In this case, the electric dipoles
no longer cancel each other out, which leads to the
appearance of net positive and negative charges on
the opposite sides of the crystal.

There are 32 crystallographic classes, out of which
21 are non-centrosymmetric (lacking center of sym-
metry). 20 of them exhibit direct piezoelectricity,
with the 21st one being the cubic class [35]. How-
ever, in most cases, these materials are not a perfect
crystal. This is always the case with polymers which
are never in a monocrystalline form. To obtain a
piezoelectric response of these materials, it is neces-
sary to orientate the dipoles in the material at rest.



This requires an important process called ”poling”
during which the molecular dipoles of the material
are reoriented by exerting a high electric field in the
range of 5-100 MV m~! at high temperature (300
0C), followed by a subsequent cooling.

The electro-mechanical behavior of piezoelectric
materials can be described by two constitutive equa-
tions.

S =[s"IT + [dF
D = [dT + [']E

(1)
(2)

where S is the strain tensor, vector D is the dielec-
tric displacement vector in N.mV =1 or C.m~2, [¢T]
is the permittivity tensor, [s¥] the elastic compliance
tensor, E is the applied electric field vector in V.m ™1,
and T is the shear stress. The superscripts 7' and F
indicate that the quantity is measured at constant
stress and constant electric field, respectively. [d] is
the direct piezoelectric-effect matrix,[d!] is the matrix
which describes the converse piezoelectric effect. In
this situation, the superscript ¢t determines the trans-
position matrix.

Axis 3 is generally chosen according to the direc-
tion of the remanent polarization field. The axes 1, 2
and 3 form a direct trihedron. The piezoelectric-effect
matrix d has coefficients d;;. The first index i corre-
sponds to the direction of the electric field, i.e. the
direction perpendicular to the electrodes, the second
index to the direction of the mechanical action. The
material can be used according to the mode 33 or 31
depending on the mechanical stress is perpendicular
or parallel to the electrodes. Usually, the mode 33
show better performances in term of electromechani-
cal properties than the mode 31. The electromechani-
cal coeflicient k;; is typically used to attest the quality
of the electromechanical conversion. For a mechani-

cal stress perpendicular to the electrodes, k;; can be
2

eg’sjﬁ The coefficient k7; corre-
sponds to the energy conversion ratio, i.e. the value
of the stored electrical energy divided by the input
mechanical energy. A high coupling factor k;; does
not necessarily quantify the energy harvesting capa-
bility of a material. Instead, it is associated with the
efficiency of converting input mechanical or electrical
energy into stored electrical or mechanical energy and
not energy harvested by the circuit. Piezoelectric en-
ergy harvesters, on the other hand, need to convert
mechanical energy into useable, or output, electrical

energy. Based upon this analysis, Roscow et al [36]

expressed as kf; =

-,

Figure 1: Piezoelectric material based energy harvesting sys-
tem. (a) The piezoelectric material is loaded between two elec-
trodes. A force is applied on the material and create charges at
the top and the bottom of the material. An electronic current
appears to balance these charges. (b) The dipole created by
the force is balanced by the charges. The current intensity is
zero. (c) the Force is released. The charges go back to their
initial position. An inverse electronic current is produced.

defined under applied strain the factor of merit as the
ratio of the output harvested energy divided be tzhe
input mechanical energy is given by :FoM = dig:

There are 4 main classes of piezoelectric ]ma-
terials: ceramics (lead zirconatate titanate (PZT)
[37, 38], BaTiO3 [39], LiNbOj3 [40]), metal-oxide sin-
gle crystals (PMN-PT [41, 42] a solid solution of
lead-magnesium-niobate (PMN) and lead titanate
(PT)) polymers (Polyvinylidene fluoride (PVDF)
[43, 44]) and composites (PZT polymer composite[45,
46], BaTiO3 PDMS composite[47], flexible cellulose
nanofibril/MoS, nanosheet composite [48]). Lead
(Pb) based ceramics such as PZT, exhibit high piezo-
electric coefficients. However, their rigidity, brittle-
ness, and toxicity limit their applications [49]. Poly-
mers are neither rigid nor brittle. However, they
present much weaker piezoelectric properties than
other materials which exhibit huge polarization in
their crystalline structure. As an example, the k33
coefficients of the PZT-5H ceramic is equal to 0.75
[50], that of the PVDF to 0.22 [51] and that of the
single crystal PMN-32PT with (001) orientation to
0.93 [50].

2.2. Piezoelectric materials and Piezotronics

In the applications linked to energy harvesting
from mechanical vibrations, the direct piezoelectric
effect is used [53, 23]. In order to recover energy from
vibrations, piezoelectric materials are integrated into
host oscillating structures such as cantilevers. The
polarized material is placed between two electrodes
which are connected by an electrical circuit.
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Figure 2: Production of electric current by a piezoelectric. (a)
Piezoelectric ZnO nanowire arrays placed between two elec-
trodes coated with Platinum. (b) The pressure wave creates a
dipole and the appearance of charge on the electrodes. This
leads to a potential difference between the top and the bottom
of the polarized sample and thus to an electron flow which bal-
ances the charges and equalizes the electric potentials on both
sides. (c) the decompression causes the cancellation of the in-
ternal dipole and thus the transfer of charges in the opposite
direction. A current of opposite direction appears. (d) The
input signal for the generation of a sound wave and the output
voltage from the piezoelectric ZnO nanowire arrays due to the
sound wave. The phase difference between the signals is due
to the impedance of the intrinsic capacitance and reactance
within the piezoelectric circuit. Figures and captions repro-
duced from [52] with permission from John Wiley and Sons,
copyright 2010.

The mechanical compression induces the appear-
ance of charge on the crystal and a flow of electrons
from the electrode in the electric circuit. This flow
stops when the electric field created by the distri-
bution of electrons in the electric circuit cancels the
electric field created by the compression of the ma-
terial. At this stage the current is zero. When the
compression is released, the electric dipoles of the ma-
terial are no longer deformed. Thus the barrycenter
of positive and negative charges coincide again and
the charges disappear on the faces of the crystal. The
electrons initially displaced in the electric circuit will
then return to their initial position. This will lead to
an electric current of opposite direction in the circuit.
In the situation of piezoelectric materials, there is no
transfer of electrons from the piezoelectric material
to the external circuit and the system behaves like a
simple capacitor. The generated electric signal by the
piezoelectric material under mechanical vibrations is
thus a alternating capacitive signal. The voltage may
have positive and negative minima, as well as areas
of zero values (Figure 1). To exploit the harvested
energy, a rectifier bridge is required to convert the
alternative signals into direct ones.

Wang et al. [54] introduced a new field coined

piezotronics [55, 56]. This field is based on piezo-
electric materials that display semiconductor prop-
erties. In those situations, electrical charges can be
transferred from the material to the electrode. We
will start with the situation where such a material is
placed between two platinum electrodes. This situa-
tion is illustrated in the Figure 2 where a ZnO-based
device is used under a sound wave. At the level of the
electrodes, the ZnO-Pt contacts are Schottky diodes.
In the compressive mode, whatever the phase of the
displacement, one of the two diodes is polarized in
the wrong direction, which prevents the departure
of the charges from ZnO. The generated current is
capacitive and alternating. There is no transfer of
electrons between the electrodes and the material in
this situation. The system behavior is close to the
one involved in classical piezoelectric materials as a
simple capacitor.

The main breakthrough of piezotronics appears
when the contacts between the material and the elec-
trodes involve an ohmic contact on one side and a
Schottky diode contact on the other. In this situa-
tion it is possible to produce a direct current [57, 58].
Wang et al. developed a nanogenerator fabricated
with vertically aligned arrays of zinc oxide nanowires
(ZnO NWs) placed under a zigzag metal electrode
with a small gap. Mechanical vibrations move the
electrode up and down to bend and/or vibrate the
nanowires. Unlike the previous device, the zinc
nanowires are connected with a silver plate at bot-
tom and with a platinum plate on top. It is to men-
tion that the ZnO-silver contact is ohmic, while the
ZnO-platinum contact is a Schottky diode.

When the platinum-covered tooth of the electrode
deforms the nanowire, the curvature of the piezoelec-
tric material causes a dipole to appear perpendicu-
lar to the main direction of the nanowire [54] (Fig-
ure 3). In the stretched area, the potential of the
nanowire is higher than the potential of the platinum
metal. The Schottky diode is reverse biased and no
electrons are allowed to pass in the electrical circuit.
This phase corresponds to an electron displacement
in the nanowire from the stretched area to the com-
pressed area perpendicular to the main direction of
the nanowire. When the tooth is placed deeper, the
nanowire twists more and the contact is made with
the compressed zone. The potential of this zone is
lower than the potential of the platinum, the diode
allows the current to flow and electrons can circulate
in the closed circuit. Their passage tends to make the
lateral potential difference disappear which closes the



Schottky diode again. The current from the nanowire
decreases and is cancelled. The global measured cur-
rent is the sum of these milli-currents all oriented in
the same direction. The output electricity generated
is continuous and stable. The output averaged power
density is comprised between 1 and 4 W.m=3 [59].

The output power of piezoelectric and piezotronic
devices depends both on intrinsic parameters, includ-
ing the piezoelectric and mechanical properties of the
material and the resonance frequency of the piezo-
electric element, and extrinsic factors such as the fea-
tures of the mechanical vibrations (frequency, ampli-
tude) and the mechanical features of the host struc-
ture. This explains why in the literature, the level of
power output of piezoelectric energy harvesters varies
greatly from 100 gW.cm=3[60] to 10000 mW.cm~3
(KNN/MNC material[61]). In order to fix ideas, we
propose in the following a series of outstanding ex-
amples which enable the performance comparison be-
tween piezoelectric systems and the other energy re-
covery systems.

Using PZT-5H piezoceramics, Roundy et al. [62]
reported an average outpower of 60 W for a volume
of 1 cm® and an acceleration of 2.25 m.s~2. Platt et
al. [63] showed that by stacking 145 layers of PZT in
a 2 cm?® volume, they measured an average outpower
of 1.6 mW (800 W.m~3) under a 900 N load and at a
vibration frequency of 1 Hz. PMN-25-PT single crys-
tal [41] displays an outpower density of 60 mW.cm =3
(60000 W.m~3) for a vibration of an amplitude of
150 pm and a frequency of 900 hertz. Under the
same conditions, a device containing PZT ceramics
displays a 20-time-lower power density[64].

PVDF is the most frequently used piezolelectric
polymer. Compared with piezoelectric ceramics,
PVDF has much lower piezolectric performances. For
comparison, Kendall [65] showed that under 2 Hz ex-
citation and 68 kg weight, a PVDF-based sole flexing
system provides an output power of 0.6 mW, while
the same device with a PZT-based sole could reach a
power output of 5 mW. Wind energy harvesters using
PVDF films were studied as well. their performances
does not exceed 2 mW.cm =3 in 7 m.s~! wind [66]. A
way to improve polymer properties is to make thin
film stacks. Godard et al. [67] showed that a stack
of 10 thin layers of poly(vinylidene fluoride trifluoro-
ethylene) screen printed on a polymer substrate har-
vests up to 0.97 mW at 33 Hz with an area of only 2.4
cm?.The structure in N thin films allows to increase
the recovered energy by a factor N2 compared to the
same overall polymer thickness.

Ultrasonic wave

Silicon zigzag electrode

coated with Pt

(b)

AV=V,-V,

(d)

Current (nA)

0 50 100 150 200 250 300
Time (s)

Figure 3: (a) Schematic diagram showing the design and struc-
ture of the nanogenerator. Aligned ZnO NWs grown on a
solid/polymer substrate are covered by a zigzag electrode. The
substrate and the electrode are directly connected to an exter-
nal load. (b) Contact between the tooth covered with Plat-
inum and the semiconductor ZnO NW showing reverse biased
Schottky rectifying behavior. The process in (b) is to sepa-
rate and maintain the charges as well as build up the poten-
tial. (c) Contact between the tooth covered with Platinum and
the semiconductor ZnO NW showing reverse forward Schottky
rectifying behavior.The process in (c) is to discharge the po-
tential and generates electric current. Figures and captions
reproduced from [54] with permission from The American As-
sociation for the Advancement of Science, copyright 2006.(d)
Measurement of the output current intensity in presence and
absence of ultrasound. Figures and captions reproduced from
[59] with permission from The American Association for the
Advancement of Science, copyright 2007.



Liao et al. [68] developed a fiber-based hybrid
nanogenerator consisting of ZnO NWs/carbon fibers
and Au-coated ZnO-papers, which can be used in
converting mechanical energy into electricity. An out-
put current with a peak value of 35 nA was generated.
The desired electrical output is obtained by adjust-
ing the external strain rate and the number of de-
vices connected in parallel or in series. The electrical
energy generated by the multi-fiber based NG was
stored and used to light up a LED. Qin et al. [69] ob-
tained an instantaneous (not averaged) power density
of 5.1 mW.cm™2 from one ZnO nanogenerator under
a pressure of 0.44 kg.cm ~2 and a fixed frequency of
1000 Hertz.

Piezoelectric vibration energy harvesting has also
gained significant attention due to its compatibility
with Microelectromechanical Systems (MEMS) tech-
nology [70].

Park et al [71] introduce a piezoelectric micro-
electromechanical systems (MEMS) energy harvester
that utilizes the dss piezoelectric mode. To enhance
the piezoelectric properties of the sol-gel spin-coated
PZT (Lead Zirconate Titanate) thin film, a PbTiO3
seed layer was implemented as an interlayer between
the ZrO2 layer and PZT thin films. The fabricated
cantilever PZT film, featuring an interdigital-shaped
electrode, exhibited a remnant polarization of 18.5
C.cm™2, a coercive field below 60 kV.cm™!, a relative
dielectric constant of 1125.1, and a ds3 piezoelectric
constant of 50 pC.N~L.

The fabricated energy-harvesting device achieved
an electrical power output of 1.1 W when subjected
to a vibration with an acceleration of 0.39 g at its
resonant frequency of 528 Hz, under a load of 2.2
MQ with a 4.4 V peak-to-peak voltage. The corre-
sponding power density was calculated as 7.3 mW cm
—3.g72 (rescaled by the acceleration 0.39g), or a 1.1
mW cm ~3.The experimental results were compared
with numerical calculations derived from dynamic
and analytical modeling equations. Additionally, a
comparison was made between the fabricated device
and other piezoelectric MEMS energy-harvesting de-
vices.

In summary, this study presents the modeling,
fabrication, and characterization of a piezoelectric
MEMS energy harvester utilizing the dss piezoelectric
mode. The implementation of a PbTiOg3 seed layer
in the device’s structure improved its piezoelectric
properties. The fabricated device demonstrated sig-
nificant power generation capabilities, as validated by
experimental and numerical comparisons with other

similar energy-harvesting devices.

It involves using cantilever beams with one or two
piezoelectric layers and an elastic layer to convert me-
chanical vibrations into electrical energy. The con-
figuration with two piezoelectric layers, known as a
bimorph, has the potential to generate larger elec-
tric power. However, as the size of the cantilever-
type vibration-energy harvester (VEH) decreases, it
becomes more challenging to lower the resonance fre-
quency and achieve sufficient electric power for sensor
node batteries.

To address this issue, Tsukamoto et al [72] dis-
play a bimorph VEH with a flexible 3D mesh struc-
ture. The purpose of this structure is to control
the bending stiffness, thereby simultaneously lower-
ing the resonance frequency and increasing the elec-
tric power output. The device consists of two PVDF
(Polyvinylidene fluoride) piezoelectric layers bonded
on both sides of a 3D mesh elastic layer, with a proof
mass attached at the tip. The sum of the line spacing
and line length in the mesh is 100 pm.

The study confirms the effectiveness of the bimorph
VEH with a 3D mesh structure as an elastic layer
through various experiments. Firstly, they demon-
strate that the bending stiffness of the mesh harvester
can be controlled by adjusting the line spacing in the
mesh. Secondly, in vibration tests, it is observed that
the resonance frequency of the mesh harvester is low-
ered by 26% compared to a flat-plate VEH, and the
tip deflection is 1.3 times larger. Finally, the total
output power of the device is measured to be 20.4
uW, which is sufficient to power low-consumption
sensor nodes for Wireless Sensor Networks (WSNs).

All these figures are difficult to compare. Some
powers are instantaneous and others are averaged,
which is radically different because of the particu-
lar shape of the electrical signal. Moreover, they
are obtained under different conditions of solicitation.
These works do not present a energy conversion ratio
which compares the recovered energy with the energy
injected into the system. Only a few authors indi-
cate the energy conversion rates in their work. For
example, self poled PVDF-WS, composite displays
a record energy conversion of 25.6% for piezolectric
nanocomposites[73]. This value is closed to the one
obtained by Chang et al.[64] (25%) for thin films of
PVDF fibers. It is higher than the one reported for
PVDF-DNA films (2.7%) [74], for PVDF/AlO0-rGO
(aluminum oxides decorated reduced graphene ox-
ide incorporated PVDF based nanocomposite) Flexi-
ble Nanocomposite (12%)[75] and PZT nanocrystals



(5%)[42].

All these features show that piezoelectric and
piezotronic nanogenerators are among the most ef-
ficient nanogenerators [76]. These devices are un-
affected by temperature and humidity [77] and can
produce alternating current in a range from pW (mi-
crowatts) to mW (milliwatts)[78]. These nanogen-
erators require limited moving parts, zero external
voltage sources and are of low cost [79]. They can
generate power output with voltage levels that can
be easily conditioned (i.e., converted to DC)[80] and
sufficient for sensor powering demand. In the last
decades, many achievements have been made[81]. We
resume some significant examples in the section be-
low.

2.3. Sensors powered by piezoelectricity

In the last decade, many self-powered sensors
based on piezoelectric nanogenerators have been
developed[82]. Tt is possible to separate the achieve-
ments made in three categories: devices that use the
electrical signal created by vibrations to probe their
environment (Simple Autonomous Sensor) [83], de-
vices that store electrical energy and then restore it to
connected objects (Sensor powered by a Nanogenera-
tor With Storage System), and devices that directly
power connected objects (Sensor powered by a nano-
generator without storage system). In the following
we will discuss these three categories.

2.8.1. Simple Autonomous Sensor

Deng et al. [84] designed a self-powered flexible
piezoelectric sensor (PES) based on cowpea struc-
tured PVDF/ZnO nanofibers (CPZN) for remote ges-
ture control in a human-machine interactive system.
The sensor exhibits excellent bending sensitivity of
4.4mV deg™! in a range of 44° to 122° and a fast re-
sponse time of 76 ms. It does not need to be powered.
They incorporated this sensor in a chain of devices al-
lowing the remote control of a robotic hand. While
the human hand performs movements, these move-
ments are detected and captured by the piezoelectric
sensor. The electrical signal is then transferred, an-
alyzed, and transformed into commands that guide
the movement of the robotic palm.

In the field of smart sports and high performance
sports training, Tian et al. [85] designed a self-
powered, lamellar crystal-rich, baklava-structured
PZT/PVDF piezoelectric sensor. This sensor has a
high sensitivity (6.38 mV/N) along with a short re-
sponse time of 21 ms. They used this composite to

fabricate a ping pong racket which integrates 36 dif-
ferent sensors distributed on the racket. During train-
ing, it is possible to see the force of the impact and
the centering of the ball on the racket.

Piezoelectric biosensors/bioactuators [86] are de-
veloped with new materials and advanced encapsu-
lation methods to avoid the toxicity of conventional
lead-based piezoelectric materials. These materials
such as poly(lactic acid) polymer (PLLA) can be used
in the human body for biomedical pressure sensing
applications. Curry et al. have implanted a PLLA
piezosensor inside the abdominal cavity of a mouse
to monitor the pressure of diaphragmatic contraction
[87]. Liu et al. [88] developed a PVDF piezoelectric
sensor for respiration sensing and healthcare moni-
toring.

2.3.2. Sensors powered by a Nanogenerator With
Storage System

In 2011, Hu et al. [89] presented one of the first
self-powered connected objects. For this they cov-
ered a cantilever equipped with electrodes of poly-
mer substrate and textured ZnO films. Subjected to
vibrations which induce a deformation of 0.12% at a
deformation rate of 3.56 % s~!, the 1 cm? device pro-
duces a power of 6 uW (see Figure 4). This power is
not enough to power a connected object and requires
a storage system consisting of a rectification circuit
and a capacitor (Type 1210, 22 pF+10%, AVX). This
system powers a sensor and a radio frequency data
transmitter. Thanks to this storage system, they
were able to autonomously transmit wireless signals
at distances of 5-10 m.

Godard [67] et al. used a stack of 10 thin lay-
ers of poly(vinylidene fluoride trifluoro-ethylene) con-
nected to a rectifier circuit and a voltage regulator
(LTC3588-1, Linear Technology) to power a micro-
controller (Arduino Pro Mini) connected to a ra-
diofrequency (RF) emitter (RN-42 Blue- tooth mod-
ule from Microchip). Temperature values recorded by
the microcontroller internal temperature sensor were
successfully transmitted via RF signal to a mobile
phone for 10 s (see Figure 4).

2.3.3. Sensors powered by a Nanogenerator Without
Storage System

This approach is more difficult. Despite the real-

ization of many piezoelectric nanogenerators that can

produce powers of a few mW, it is difficult to find

complete devices integrating a nanogenerator and a

commercial Internet of Things (IoT) sensor in the
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Figure 4: (a) Schematic image and pictures of the hybrid en-
ergy harvester based on PEG and EMG [90]. Figures and cap-
tions adapted from [90] with permission from Elsevier, copy-
right 2020. (b) Schematic diagram of the integrated self-
powered system. An integrated system can be divided into
five modules: energy harvester, energy storage, sensors, data
processor and controller, and data transmitter and receiver.
(¢) The prototype of an integrated self-powered system by
using a nanogenerator as the energy harvester [89]. Figures
and captions adapted from [89] with permission from Ameri-
can Chemical Society, copyright 2011. (d) Godard et al. show
that 2.4 cm? of screen-printed multilayers of a piezoelectric
polymer, P(VDF-TYFE), can harvest up to 1 mW at 33 Hz.
They demonstrate that this is sufficient for an autonomous
sensor to communicate with a mobile phone independently of
any other energy source [67]. Figures and captions adapted
from [67] with permission from Elsevier, copyright 2020.

litterature. The main reason is that direct plugging
requires power of at least 5 mW, which remains a
complex aim to reach [90].

Jung et al. [90] succeeded in producing an average
output power of 25.45 mW at 60 Hz and 0.5 G input
vibration by coupling a piezoelectric nanogenerator
made of macro-fiber composite (MFC) piezoelectric
plates on the substrates and an electromagnetic nano-
generator. The optimization of the coupling requires
an electrical impedance matching and the minimiza-
tion of the mechanical damping (see Figure 4). They
managed to use this device for direct power supply
of a commercial IoT sensor (CC2650 Bluetooth Sen-
sorTag, Texas Instruments Corp) without the use of
storage system.

Hwang et al. [91] used a new generation of single
crystal (1-x)Pb(Mg;/3Nbg/3)O3 - xPbTiO3 (PMN-
PT) to prepare a piezoelectric nanogenerator. This
material exhibits an exceptional piezoelectric charge
constant of dss up to 2500 pC.N~!, which is almost 4
times higher than PZT, 20 times higher than BaTiO3
and 90 times higher than ZnO. Using this material,
they achieved a self-powered artificial pacemaker with

significantly increased electrical output current. No
battery is needed to store the recovered energy.

2.4. Summary and Outlooks for piezoelectric materi-
als

The previous results show that the piezoelectric
nanogenerators reported in the literature are capa-
ble of powering sensors. This allows us to be very
optimistic for their deployment for IoT objects, espe-
cially in the field of building monitoring[76]. Wire-
less sensor networks have become an essential part
of building environment monitoring, covering multi-
ple functionalities including temperature, light usage,
object movement, humidity, air velocity in a ventila-
tion duct and etc. The real-time monitoring of these
parameters enables an intelligent regulation and con-
trol of the building environment with reduced energy
demand. All these sensors require an electrical power
between 0.5 and 100 pW.

It is possible to recover energy from environmental
sources, such as air flows in ventilation systems or
the movement of people on the floor. To provide a
quantitative point of view, the reported powers range
from 37.4 to 800 microWatt in ventilation systems
and from 66 microwatt to 55 mW for floors [76]. Even
if it remains complex to remove the energy storage
system from the module, these piezoelectricity based
systems could significantly extend the classical bat-
tery systems and decrease the energy cost of the IoT.
Piezoelectricity based technologies have already been
applied by several companies around the world, as in
the case of Kinergizer and EnOcean [92].

Despite the great progress in piezoelectricity-based
systems, there are still technological challenges which
require extensive research works before the manufac-
ture of matured autonomous IoT devices. The key
issue consists in the output power and the need for
intermediate energy storage. Future research works
should dedicate more attention to the management
and modelization of energy generation and storage
exchange, the integration of bio-source materials and
the technology cost reduction[7].

3. Mechanical vibration energy harvesting
using electrostrictive materials for sensor
powering

3.1. Electrostriction

Electrostriction is a mechanism that all materials
possess. When subjected to an electric field E, mate-
rials deform. Their deformation S is proportional to
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Figure 5: Electrostriction origin. (a) Maxwell stress that
originates from the Coulomb interaction between oppositely
charged compliant electrodes. (b) Intrinsic electrostatic effect
that originates from direct coupling between the polarization
and the mechanical response.

the square of the electric field F and therefore does
not depend on the direction of the field.

The microscopic origin of this phenomenon comes
from two phenomena (see Figure 5). First, when a
material is placed in an electric field, the charges of
this material move with respect to their initial posi-
tion. This results in the appearance of a net charge
on the surfaces of the material, the charge on the up-
per surface balancing the charge on the lower surface.
The action of the field compresses the material. This
mechanism is at the origin of the breakdown volt-
age of capacitors containing soft polymer dielectrics.
The deformation is given by S = —EQ%’S%E where Y
is the young modulus of the material, ¢y the vacuum
permittivity and €, the dielectric constant of the ma-
terial.

Second, some polymers exhibit intrinsic elec-
trostriction properties resulting from the change in
their dielectric constant under the effect of the elec-
tric field. The electrical field modifies the relative
position of the electric dipoles of the material. In
this situation and for an uniaxial compression, the
deformation S is given by S = %ME2 where
v is the Poisson coefficient, a; and ag })arameters de-
scribing the evolution of the dielectric constant as a
function of the deformation.

These two deformations add up to describe the
global response of the material[93]. S = M33E? =
(mas—(l_") — 9<)E?. The coefficient Msz is the
electrostriction coefficient under an uniaxial com-
pression along the electrical field direction. We re-
port here measured Mss values. We will see in
the following paragraph that it is necessary to de-
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fine a figure of merit to compare the different ma-
terials between them and that only this coefficient
is not suitable to qualify the performances. Muen-
sit et al. [94] studied electrostrictive properties of
polyaniline(PANI) /polyurethane(PU) composites at
low fillers concentration. The intrinsic electrostric-
tion modulus (Ms3 = —6.107¢ m2.V~=2) increases by
a factor of 1.6 compared to pure PU. Yin et al.[95]
investigated carbon black/P(VDF-TrFE-CFE) com-
posites fabricated via a simple blending method. The
composite displays an increase of the electrostriction
modulus Ms3 = —2.4.107'6 m2.V~2 by a factor 2
compared to the polymer. A huge electrostriction
modulus (Mzz = —2.4.107"* m2.V~2) was reported
by Yuan et al. [96] studying reduced graphene ox-
ide/composite.

3.2. Electrostrictive material

In order to recover energy from vibrations, elec-
trostrictive materials based variable capacitors are
integrated into a host oscillating structure. Unlike
piezoelectric or triboelectric materials, electrostric-
tive materials requires excitation from external volt-
age sources to be activated. A capacitor consists of
two electrodes separated by a dielectric material. The
capacitance of the capacitor is given for a flat capac-
itor by C' = % = 60’1 7 where @ is the charge stored
by the capacitor and U the potential difference across
the capacitor, d the distance between the two elec-
trodes, €g the vacuum permittivity, and €, the dielec-
tric constant of the material. A variable capacitor is
defined as a capacitor whose capacity varies accord-
ing to the mechanical vibrations. An example would
be the capacitance variation caused by the distance
variation between two electrodes in a capacitor.

By applying a variable capacitor, it is possible to
design an energy conversion process from mechanical
energy towards electrical energy. When the capaci-
tor is polarized by a voltage U, it acquires a charge
@1 = C1U and an energy E = % Considering the
situation where the vibration initially moves the elec-
trodes away from each other, the capacitance of the
capacitor decreases and reaches a value of Cs. This
induces at fixed U a displacement of electron in the
electric circuit which connects the two electrodes so
as to decrease the charge @)1 carried by the electrodes
to Q2 = CoU. When the two plates come together
again, an electron displacement in the opposite direc-
tion occurs to increase the charge again and make it
correspond to the value Q1. The energy converted
in a cycle in absence of losses with fixed U is equal
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Figure 6: Illustration of two possible applications of an electrostrictive porous carbon black composite : energy harvestor
or capacitive sensor (a) Electron microscope picture of a cross-cut of a porous carbon black composite.(b) Energy harvestor:
Harvested power of the composites with 8 CB wt% (green) and 10 CB wt% (pink) with insulating layer as a function of the load
resistance. Squares are experimental data and lines are theoretical predictions using equation. The strain frequency is 100 Hz
and the applied voltage over the composite Vdc=32V.(c) Energy harvestor: Comparison of the electromechanical performances
at 100 Hz using the figure of merit (FoM) proposed by Guyomar et al [97, 98, 99] Thick lines have the same FoM. Black spots
refer to materials from the literature [97, 98, 99]. Figures and captions reproduced from [100] with permission from Institute of
Physics Publishing Ltd., copyright 2018. (d) Capacitive sensor: Sensitivity measurements S after 100 cycles for three different
pressure ranges (10 wt % CB).(e) Arterial signals measured with the sensor. Figures and captions reproduced from [101, 100]
with permission from Springer Nature, copyright 2019.
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to B = %U2(C’1 — (C5). By analyzing the electrical
response of an electrostrictive material subjected to
vibration, Lallart et al. [99, 28] show that the maxi-
mum recoverable power is given by:

Pmaz = 2?ﬂ-(]\433}/)214ZE¢§CfS%/I (3)
where A is the surface of the material, [ its thick-
ness, f the vibration frequency, Sy, the strain mag-
nitude, F4. the applied electrical field, €, the value
of the dielectric constant, Ms3 the electrostriction
coefficient under an uniaxial compression along the
electrical field direction, Y the young modulus of
the material under compression. They define a Fig-
ure of merit (FOM) F dependent only upon the
properties of the electrostrictive material equal to:
P = FAIES 53, with F = 27 (M33Y)?.

Figure 6(c) displays the FOM F' of materials from
the literature. Polyurethane displays lower perfor-
mances than Nylon. PVDF is most suited polymer
for these applications. The FOM values are enhanced
when polymers are loaded with conductive particles.
PVDF loaded with carbon nanotubes has a higher fig-
ure of merit than pure PVDF. PDMS-carbon black
particles composite [100] exhibit the highest figure of
merit (F=7 1078, Maz3= 8.46 1071° m?V~=2). The
excellent properties of composites are due to two rea-
sons [100, 28]. First, composite materials exhibit a
large increase of dielectric permittivity in the vicin-
ity of the percolation threshold. Second, the struc-
ture of a network of particles close to percolation can
also be used to create intrinsic electrostrictive prop-
erties. Indeed, when a material close to percolation is
strained, a local variation of filler concentration can
be induced. Consequently, a variation of dielectric
permittivity is observed. To be effective, this concen-
tration variation must not be too important and lead
to the creation of a percolation path in the sample
which would make the latter an electrical conductor.

As explained previously, electrostrictive materials
are materials that must be subjected to a voltage to
be active. If these materials are conductive, ohmic
losses occur. The loss magnitude is characterized by
a loss factor - where o is the net conductivity, and
w the electric pulsation. It is to mention that the
losses are not taken into consideration in the calcu-
lation of FOM. In order to limit these losses, it is
possible to add a thin insulation layer to the surface
of the composites. Pruvost et al. [100, 102] show that
this allows to decrease the loss factor by a factor of
10 while maintaining the electrostrictive properties of
the material.

12

3.3. Energy harvested by electrostrictive systems

Electrostrictive materials used in variable capac-
itors can target applications ranging from small to
very large scales, which is not the case for piezoelec-
tric materials. We recall that the frequency at reso-
nance varies as 1/ (y/m) where m is the mass of the
system. Small frequencies are therefore accessible to
large devices.

In this context, applications to wave energy recov-
ery have been proposed. Bosch Company|[103] makes
a demonstrator model to convert wave energy into
electricity with a disruptive design. A float is posi-
tioned on the surface of the ocean and is firmly an-
chored at the bottom of the ocean. The two halves
are connected with a thousand sheets of dielectric
polymers. Every 3 to 10 seconds, these sheets are
deformed by the movement of the waves and allow
current to be generated. Moretti [104] et al. demon-
strated the ability of a dielectric elastomer to con-
vert the oscillating energy carried by water waves into
electricity. They build a harvester prototype using a
commercial polyacrylate film as electrostrictive poly-
mer. In resonant conditions, their system demon-
strates a delivery power per unit mass of 197 W.kg~!.

At microscale, electrostrictive polymers can be
used as an electroactive composite based on reduced
graphite oxide sheets in a PDMS matrix. Apply-
ing a sinusoidal acceleration (0.5 g, 15 Hz), Nesser
et al. [105] succeed in harvesting a power den-
sity of 6 uW.cm™3 under a static electrical field of
0.4 V.um~!. Cottinet et al. [98] measured a 280
pW.cm™3 power density using a P(VDF-TrFE-CFE)
polymer for a transverse strain of 0.2% with a static
electric field of 10 V.um™! at 100 Hz.

In the two previous studies, the ohmic losses are
not evaluated. These are probably very low in the
case of polymers but can be very important in the
case of composites including conductive particles. In
order to limit the electrical conduction of systems
that have structures close to percolation, Pruvost et
al. [100, 102] used PDMS foams. During the syn-
thesis the conductive particles are localized in the
drops of an inverse emulsion of PDMS. After drying
and cross-linking of the continuous medium and for
moderate water fractions, the particles are trapped
in the unconnected bubbles. This structure prevents
the creation of connected paths. By introducing these
foams in a cantilever structure and by using an thin
insulating layer , they measure a 1 pW.cm™2 (75
pW.cm™3) under a voltage of 200 V (thickness of the
layer 125 ym i.e E=1.6 V.um™!) and an acceleration



of 7 g. For this material the losses correspond to 1 %
of the harvested power.

From the data reported by Pruvost et al. [102],
the conversion rate of the injected mechanical power
can be calculated. In this device, the variation of
the capacitance comes not only from the electrostric-
tive properties of the material but also from the cre-
ation of a very low capacitance when the electrodes
of the capacitor are detached and separated by the
vacuum. The energy supplied to the system is the
kinetic energy of the upper part, and can be calcu-
lated from the mass of the upper electrode (m=3g)
the relative displacement speed of the two electrodes
(v=e x f=1x10"3x40=0.04 m.s~!) where f is the
oscillation frequency and e the size of the air gap.
The kinetic power is equal to 96 uWW and the recov-
ered power 7.5 uW leading to a conversion factor of
8 %.This is lower than the performances reported by
Lallart et al. who measured a conversion factor of 34
% for P(VDF-TrFE-CTFE) composite with bis (2-
ethylhexyl) phtalate [95]. In this situation, an elec-
trical power density of 4.31 mW.cm~2 was achieved
for the modified terpolymer working at a DC bias
electric field of 30 MV.m™1!.

3.4. Sensors powered by electrostrictive materials

As presented above, there are three ways to power
sensors using the energy around us: autonomous
sensors, sensors powered by a nanogenerator with
storage system, sensors powered by a nanogenerator
without a storage system. In the following paragraph
we discuss these applications.

3.4.1. Electrostrictive autonomous sensors

Electrostrictive materials have been widely used to
fabricate capacitive sensors, whose working principle
is mainly based on the variation of capacitance. They
are usually composed of two strechable electrodes be-
tween which is placed an elastomer dielectric film to
form a well-known parallel plate capacitor. Such sen-
sors allow in particular the local measurement of pres-
sure or temperature and are excessively low energy
consumers compared with resistive sensors.

The sensitivity to pressure SP is given by P =
UACCO = E)A,go where Cy is the initial capacitance, AC
the variation of the capacitance, o the shear stress,
e the strain, and Y the young modulus. So to get a
high sensitivity, low young modulus are required. Di-
electric polymers with a low young modulus as PDMS
are traditionally used. In this context, the capacitive
sensitivity of a pyramid-structured PDMS film was
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investigated by Bao [106]. A sensitivity of 0.55 kPa™!
was reported compared to 0.02 kPa~! for an unstruc-
turated film (see Figure 7). Structured PDMS has a
high permittivity variation. Indeed, the air pockets
are gradually and reversibly replaced by polymer dur-
ing the deformation process. This leads to a variation
of the dielectric constant by a factor of 2 or 3.

To increase the sensitivity of such devices without
using additional energy, Pruvost et al. [100, 101] have
proposed to use PDMS foams whose bubbles are lined
with conductive particles. Due to the elastic behav-
ior of the foam pores, a sensitivity ten times higher
than previously reported is measured. The sensitiv-
ity exceeds 35 kPa~! for a pressure lower than 0.2
kPa (see Figure 6(d) and (e)). These materials are
inexpensive, easy to prepare, and have high capac-
itance values that are easy to measure using inex-
pensive electronic devices. These materials are part
of the development of electronic skin systems [107].
Liu et al. [108] used an electrostrictive polymer to
detect compressive force. This sensor consists of a
series of elements made of DE membrane with out-of-
plane deformation. Each element experiences highly
inhomogeneous large deformation to obtain high sen-
sitivity. The sensitivities of the sensor element are
about 105 pF.N~1. Capacitive sensors [109] are de-
signed to monitor the pressure exerted on a chair by
a person, the pressure distribution on a shoe, and the
pressure exerted by a knee prosthesis on an amputee
who could be seriously affected by an arising decubi-
tus [110, 111].

These sensors can also be used for human machine
interfaces. It is possible to synchronize the current
intensity with the pressure intensity received in the
sensor, so as to modulate the LED lighting [112]. This
kind of device can be integrated into a car steering
wheel for the purpose of illumination or temperature
control [112]. (see Figure 7). Unlike conventional
robots [113], soft robots can operate freely in our en-
vironment because they cause less damage in case
of impact. Dielectric soft sensors are the sensors of
choice that can be integrated into soft robots. They
can measure pressure but also deformation and shear.
The challenge is to use many sensors in parallel.

3.5. Sensors powered by a mnanogenerator without
storage system

Hyper Drive Corp has created a small electric
power generator utilizing an electrostrictive polymer,
which has a mass of around 1 g and a diameter of
8 cm . When the device central part is pushed by



Figure 7: (a) SEM images of the microstructured PDMS
films.The pressure-sensitive structured PDMS films can be
moulded at full-wafer scale (100 mm) with high uniformity
and fidelity on a variety of flexible, plastic substrates. (b) The
microstructured PDMS films are able to sense the application
of very small pressures. Shown is the capacitance change on
placing and removing a bluebottle fly (20 mg) on an area of 64
mm2 , corresponding to a pressure of only 3 Pa [106]. Figures
and caption from [106] with permission from Springer Nature,
copyright 2010. (c) Electrostrictive pressure sensor attached
on the liner of a knee prosthesis for an experimental evalu-
ation [111].(d) Control interface with electrostrictive pressure
sensors integrated into an automotive steering wheel [112]. Fig-
ures and caption from [111, 112] with permission from Society
of Photo-Optical Instrumentation Engineers (SPIE), copyright
2016 and copyright 2017.
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4-5 mm once every second, it generates roughly 0.12
W of power [114]. This amount of energy can power
various LEDs, and through coupling with a wireless
system , it can turn remote devices on and off. The
generator only supplies electricity to the devices when
it receives mechanical energy, making it an effective
switching system. Its uncomplicated design makes
it simple to integrate into a wireless network. Elec-
trostrictive generators [115] attached to the soles of
shoes can produce electric power through deforma-
tion caused by walking. Adult men, in experimental
settings, were able to generate 0.8-1 watt of power by
walking at a pace of one step per second. .

3.6. Summary and Outlooks for electrostrictive ma-
terials

As shown in the previous paragraph, electrostric-
tive materials, particularly polymeric materials, have
very important applications as autonomous sen-
sors.  Unlike piezoelectric ceramics, electrostric-
tive polymer materials are cheap and soft. They
are therefore perfectly suited for developing com-
mercial sensor applications. The company Strech-
Sense established in 2015 developed a cumstom-made
electrostricitive-material-based pressure sensors and
shear sensors.[27]. In the case of medium size devices
the results obtained are better than the results of
piezoelectric materials. It seems to us that there are
prospects in this axis, especially in the recovery of en-
ergy from human movements. The powers generated
by these electrostatic devices are of one or two or-
ders of magnitude higher than the one obtained with
piezoelectric materials. 0.8 W are reported for a shoe
equipped with an electrostrictive polymer generator
[115] where as 5 mW are reported for a shoe equipped
with an piezoelectric ceramic generator [65].

4. Mechanical vibration energy harvesting

using electrets for sensor powering

4.1. Electrets

Electrets are dielectrics able to keep an electric
field for years thanks to charge trapping [116, 117].
They are equivalent in electrostatics to magnets in
magnetostatics. Trapped ”electric charge” can take
many forms. It may be excess charge on the sur-
face or in the bulk of the material, but it may also
be polarizations in the bulk (fixed aligned dipoles
for polar dielectrics, or space charges for polar and
non-polar dielectrics), or a composition of both [118].
Electrets are obtained by implanting electric charges



into dielectrics. Theoretically, dielectrics do not con-
duct electricity; therefore, the implanted charges stay
trapped inside. Electret research began in earnest
when Mototaro Eguchi [119] prepared one of the first
electrets by cooling down a molten mixture of Car-
nauba wax and resin with a little beeswax, while ap-
plying an electric field of around 10 kV/cm to the
mixture. Currently, many techniques exist to manu-
facture electrets [120]: thermal charging by heating
up and cooling down in a constant electric field [119],
tribo-charging by contact or friction on metallic or
dielectric objects, corona-charging, electron or ion in-
jections, liquid contact charging, photo-charging and
radiation charging. Tribolelectric contact is not cov-
ered in this section. In view of the literature gener-
ated in recent years on this subject and the advances
made in this field, a special section is devoted to tri-
boelectric nanogenerators (TENG) and follows this
section. [119].

Corana-charging is the most used technique. It
consists of a point-grid-plane structure whose point is
subjected to a strong electric field: this leads to the
creation of a plasma, made of ions. These ions are
projected onto the surface of the sample to charge,
and transfer their charges to its surface. The key to
all these steps is to find materials that will keep the
load they carry over time. Dielectrics are not perfect
insulators and implanted charges can move inside the
material or can be compensated by other charges or
environmental conditions, and finally disappear. A
focal area of research on electrets concerns their sta-
bility [121, 122, 123]. Nowadays, many materials are
known as good electrets, able to keep their charges for
years: for example, PTFE (which is one of the best
insulating polymers with low conductivity of 10722
2 ~lem™1!) and silicon dioxide (SiO2) whose stability
is estimated at more than 100 years [124, 125]. As an
electret, Teflon can contain charge densities of 5.10~%
C/m? [126].

The key issue in studying electret materials is to
know how the charge distribution in an electret influ-
ence the electric field around it. The drop of electrical
potential V. across the electret is linked to the volume
charge distribution p.(x) by V. = 60168 08“ pe(x)dz
where e, is the thickness of the electret, ¢y the vacum
permittivity, €. the relative permittivity of the elec-
tret. To make a generator from an electret, it must
be placed between two electrodes. By compensation,
charges will appear on the electrodes. Gauss’s theo-
rem implies that the charge carried by the electret is
equal and of opposite sign to the sum of those carried
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Figure 8: Electret-based converter with a simple load R. Figure
reproduced from [127] with permission from IOP Publishing,
Ltd, copyright 2016.

by the electrodes (Q,(t) +Q1(t) + Q) = 0 on figure8)
. The relative movement between the electret and the
electrodes will induce a permanent reorganization of
the charges between the two electrodes. An electric
current will flow through the charge resistance R con-
necting them (see Figure 8). Its intensity is given by

the Kirchoff’s law and writes : I(t) + R%ﬁit()t) =-Ye

where I(t) = % and C..(t) is the capacitance
between the two electrodes. The average power P,
harvested by the resistor R (during a period of time
T) is given by P, %fOT R(“91)24t. The output
power is exactly proportional to the frequency f of
the periodic displacement and to the electret’s sur-
face voltage squared (V2) [127, 128].

4.2. Electrets Nanogenerators

There are two typical devices for generating elec-
tricity from electrets: rotating devices and conven-
tional variable-capacity devices. From a historical
point of view, rotating devices were first introduced.

Jefimenko et al [129] have developed a rotating
electret generator consisting of two electrets of dif-
ferent charge placed between two pairs of conductive
half-discs. Two electrodes are created by connecting
each half-disc of one pair to a half-disc of the other
pair. In this generator, charge transfer is due to the
variation in charge displacement induced on the two
pairs of electrodes during rotation of the two oppo-
sitely charged electret discs. Walker’s initial gener-
ator is a large one. Its diameter is 152.4 mm. It
produces a power of 0.025 W at a rotation speed of
6000 rpm and a load resistance of 10 M(Q2. This gener-
ator has a high internal impedance, which facilitates
energy storage and provides an important potential
difference. An electret generator with a radius of 45



mm was developped by Tada [130]. Maximum re-
ported power output from an electret generator was
1.02mW. Tai et al miniaturized this set up [131].
Their prototype generates 25 pW with an electret
of radius 4 mm, thickness of 9 um, effective charge
density of —2.8-10* C.m~2 and rotational speed of
4170 rpm.

Currently, the most common and simple structure
used is those of a variable capacitor. In some devices,
the electrodes are fixed and the electret is moved be-
tween them. In other devices, the electret can be
attached to one electrode and move vertically or hor-
izontally in relation to another. By laterally moving
an electret attached to one electrode relative to an-
other, Arakawa and al [132] obtain a power of 6 W
for an oscillation of 1 mm amplitude at 10 Hz. The
surface of the electret is 9 cm?, the thickness of the
electret is 20 pm. The electret was made by using a
fluorocarbon polymer CYTOP.

By using a different type of sliding geometry (the
two electrodes are placed on the stator and the elec-
tret moves laterally in relation to it), Lo and al [133]
obtain a power of 17.98 W at 50 Hz with an exter-
nal load of 80 M). For low frequencies, the gener-
ator can harvest 7.7 uW at 10 Hz and 8.23 uW at
20 Hz. The electret was made with a charged pary-
lene HTR thin-film polymer. The surface charge of
the film after corona charge implantation is as high
as 3.69 C.m~2. The size of the device was 9 cm?.

An electret energy harvester was developed by J.
Nakano, K. Komori, Y. Hattori, and Y. Suzuki [134]
to capture the kinetic energy generated by human
motion. The electret layer in this device is composed
of a fluorinated polymer known as CYTOP EGG.
The rotor of the energy harvester features fan-shaped
electret and guard electrodes, while the stator has
interdigital electrodes to collect the induced charges.
The rotor and stator are connected through a minia-
ture ball bearing, allowing free rotation around the
center. The assumed parameters for the device in-
clude a rotational speed of 1 Hz, an outer radius of
the rotor measuring 20 mm, an innermost diameter
of the electrodes measuring 9 mm, an air gap of 100
pm between the top and bottom substrates, and a
surface charge density of 1 mC.m~2. The early pro-
totype achieved a power output of up to 3.6 uW at a
rotation rate of 1 revolution per second (rps).

Mahanty et al developped [135] a flexible sponge-
like nanogenerator based on ZnO nanoparticles
and etched porous electret poly (vinylidene flu-
oride-hexafluoropropylene) (P(VDF-HFP)) film
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This electret possesses improved dielectric and ferro-
electric properties than neat P(VDF-HFP) film. The
system has a significant remnant polarization P,P=
1.9 uC.cm~2(i.e., aligned dipoles). It does not require
pooling or Corana charging. The authors harvest a
power density of 1.21 mW.cm~2 and energy conver-
sion efficiency of 0.3%.

The power densities recovered are of the order of 1
mW.cm™2 i.e. 10 W.m™2. As we shall see later, they
are slightly higher than that recovered by triboelec-
tric materials.

Microelectromechanical systems (MEMS) is the
most suitable technology to realize loT-sensing nodes
because it enables integrated fabrication of sensors-
actuators, electronic circuits for information process-
ing and radio frequency communication, antennas,
and energy harvesters on a single chip or in a package
[70].

Honma et al. [136] developed an electrostatic
induction-type  MEMS energy harvesters. For
this purpose they use silicon micromachined comb-
electrode oscillators. The fixed electrodes are cov-
ered by an electret. Their surface is coated with a
negatively charged silicon oxide. The charges are
bound with the positive charge at the silicon ox-
ide/silicon interface at the rest position. When the
movable electrode (which has not been covered by a
silicon oxide coating and which does not bear nega-
tive charges) is inserted into the fixed ones, the elec-
trical flux between the negative and positive charges
are rearranged in part, and the released electrons flow
out, thereby converting the mechanical work into the
electrical energy (Figure 9 (a) and (b)). A total of
900 pairs of comb electrodes are integrated into a 30
mm X 20 mm chip (Figure 9 (¢)). The resonant fre-
quency of the device was specifically designed at 125
Hz to capture environmental vibrations, which were
identified as the desired energy source through ex-
perimental characterization. When the electret film
was polarized to -200 V, the maximal achievable for
power for improved geometries was measured to be
only 70 4W at an acceleration of 0.05 g.

A new type of in-plane MEMS electret energy
harvester has been developed by Qianyan Fu and
Yuji Suzuki [138]. This harvester utilizes combined
electrodes of overlapping-area-change and gap-closing
types to achieve significant power output under both
low and high vibration accelerations. The researchers
have successfully fabricated an initial prototype us-
ing the single layer silicon-on-insulator process. To
ensure uniform surface potential, soft-X-ray charging
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Figure 9: (a) Detailed view of the electrostatic induction.
The surface of the fixed electrode is coated with a negatively
charged silicon oxide. The charges are bound with the positive
charge at the silicon oxide/silicon interface at the rest position.
(b) When the movable electrode is inserted into the fixed ones,
the electrical flux between the negative and positive charges
are rearranged in part, and the released electrons flow out,
thereby converting the mechanical work into the electrical en-
ergy.(c) Schematic illustration of electrostatic induction type
VDRG. High-density comb electrodes are used to increase the
areal mechano-electric coupling. A mass is attached on the
movable electrode to increase the mechanical quality factor.
Figure and Captions reproduced from [137] with permission
from National Institute for Materials science in partnership
with Taylor & Francis Group, copyright 2019.

is utilized to establish approximately 60 V on ver-
tical electrets located on the sidewall of the comb
fingers. The harvester has demonstrated an output
power of up to 1.19 uW at a frequency of 552 Hz and
an acceleration of 2.15 g, resulting in an impressive
effectiveness of 27.2%.

Lu et all [139] present the first instance of a fully
flexible electret-based e-KEH. The proposed electret
utilizes PVDF-PTFD nanofibrous material, covered
with a layer of Parylene C. This arrangement offers
several advantages, including faster stabilization of
surface potential compared to a flat Parylene C thin
film, as well as enhanced charge storage stability.
During a pressing operation with a maximum force
of 0.5 N and a 3-layers electret configuration, the de-
vice’s capacitance increases significantly from 25 to
100 pF.

When operated with an optimal resistive load of 16
M and manually pressed, the device demonstrates
impressive performance metrics. It achieves a peak
instantaneous power output of up to 45.6 pW and an
average energy output of 54 nJ per stroke. These val-
ues translate to a peak instantaneous power density
of 7.3 uW cm~2 and an average energy density of 8.6
nJ cm™?2 per stroke.

Over the span of 450 manual strokes, the prototype
effectively charges a 10 nF capacitor to 8.5 V using
a full-wave diode bridge. In a separate experiment
involving a 1 uF capacitor, a pressing movement fre-
quency of 10 Hz driven by a vibrator with a maximum
force of 0.5 N results in an energy delivery rate of 9.9
nJ per stroke.

4.8. Sensors powered by Electrets

Stand-alone sensors were produced using electrets
[140]. Zhu and colleagues [141] have presented their
findings on a flexible comb-electrode triboelectric-
electret coupling nanogenerator. This nanogenera-
tor incorporates a separated friction microfiber ob-
ject, enabling self-powered tracking of position, mo-
tion direction, and acceleration, as well as energy
harvesting capabilities. The power generation occurs
through the coupling of electrostatic and triboelec-
tric effects among the separated triboelectric object,
a polytetrafluoroethylene (PTFE) film, and interdig-
ital electrodes. Under an acceleration of 1 m.s~2, the
PTFE film charged with corona exhibited three times
higher short-circuit current (Is.) and six times higher
open-circuit voltage (V,.) compared to the uncharged
PTFE film. This indicates a significant increase in
power generation. The device demonstrates promis-
ing potential as a self-powered acceleration tracking
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sensor, thanks to the stable voltage output during the
friction process between the separated components
and the numerical relationship between I,. and in-
creased accelerations.

Chen et al.[142] have developed a pressure sen-
sor capable of achieving both high sensitivity and
a wide pressure range presented in Figure 10. To
enhance sensing performance, they designed a hier-
archical elastomer microstructure (HEM) consisting
of two-stage conical polydimethylsiloxane (PDMS)
structures with heights of approximately 900 pum and
450 pm. These structures serve as supporting ele-
ments to create a highly compressible and adjustable
gap. This is crucial because the natural air gap in
flexible conformal sensors, without supporting struc-
tures, is often small and challenging to control. Such
limitations can restrict the sensor’s pressure sensing
range and sensitivity. The PDMS structures in the
HEM are covered with two ultrathin films. The first
film is a fluorinated ethylene propylene (FEP)/Ag
film with a thickness of around 12.5pm, and the sec-
ond film is an Ag/polyethylene terephthalate (PET)
film measuring approximately 8 pum. Before assem-
bling the device, the polymer side of the FEP/Ag
film is treated with negative corona charging to trans-
form it into an electret. The charge stability of the
FEP electret initially decays rapidly within the first
ten days but then stabilizes at approximately -1.1
mC.m~2.The Highly Sensitive Pressure Sensor op-
erates similarly to traditional self-powered pressure
sensors based on electrostatic nanogenerators. When
external pressure is applied, the deformation of the
PDMS elastomer causes electrons to flow from the
bottom electrode to the top electrode in a short-
circuit state. Upon pressure release, the PDMS elas-
tomer rebounds, causing reverse charge flow. This
cyclic compression and release generate a potential
difference between the electrodes, driving charges to
flow in an external circuit. The resulting hierarchi-
cal self-powered pressure sensor (HSPS) exhibits im-
pressive characteristics. It achieves a high sensitivity
of 7.989 V.kPa~! a wide working pressure range of
0.1-60 kPa, a fast response time of 40 ms, and a high
signal-to-noise ratio of 38 dB. Additionally, the HSPS
demonstrates excellent stability, making it suitable
for various applications, including pulse, artery, heart
condition, and blood pressure monitoring.

Electrets have gained significant attention in nu-
merous biomedical applications, including bone re-
generation, wound healing, nerve regeneration, drug
delivery, and wearable electronics, due to their ex-
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Figure 10: (a) Schematic structure of pressure sensor and the
illustration of the pressure sensor for real-time continuous car-
diovascular monitoring. (b) SEM image of the hierarchical
structure. (c) The pressure sensor is capable of multifunc-
tional cardiovascular motoring (d) Radial arterial pulse waves
of a 30 years old healthy female. Inset is the enlarged view
of each cycle.Figure and Captions reproduced from [142] with
permission from Elsevier, copyright 2020.

cellent performance, strong resilience, reliability, ex-
tended charging lifespan, and capacity to deliver in-
ternal electrical stimulation. Yu et al [143]developped
a novel electret-based bio-nanogenerator specifically
for electrically stimulated osteogenesis. The fabri-
cation process involved utilizing a two-component-
dispersed coaxial electrospinning technique to cre-
ate porous aligning nanofibers. These nanofibers
functioned as a surface charge self-recovery electret
mat, enabling energy conversion. Upon implanta-
tion, the electret mat interacted with interstitial fluid
and the host’s stimulated objects, forming a host-
coupling bio-nanogenerator (HCBG). During move-
ment of muscle groups, the HCBG effectively har-
vested biomechanical energy and established an elec-
trical stimulation environment to trigger osteogene-
sis. The performance of the HCBG was comprehen-
sively evaluated both theoretically and experimen-
tally under various conditions. Remarkable enhance-
ments in osteogenic differentiation in vitro and suc-
cessful bone repair in vivo were observed. Further-
more, the study delved into the mechanism of calcium
ion-induced osteogenesis under electrical stimulation.
This research introduces the concept of host coupling
for implantable self-powered energy conversion sys-
tems and represents an exploratory step towards the
field of tissue regeneration therapy.



4.4. Conclusions and Outlooks for Electrets

Electrets have been extensively studied and proven
to possess several advantages, including permanent
polarization, low cost, stable performance, and good
biocompatibility. Moreover, they have the ability to
generate endogenous electrical stimulation when ex-
posed to an external electric field. However, there
are key issues that need to be addressed to further
advance the development of electrets. Charging elec-
trets is an issue. Various charging methods, such
as corona charging, soft X-ray irradiation, thermal
charging, contact charging, and electron beam in-
jection, have been developed. It is first required to
simplify the charging method that hinder industrial-
scale production. Charge density is a crucial param-
eter for assessing the charge storage capacity of elec-
trets. Currently, most electret charges are stored on
the surface of dielectric materials and often lack suf-
ficient charge density to meet practical application
requirements. To enhance charge density, future de-
velopment could focus on promoting charge gener-
ation inside the dielectric material. This could be
achieved through the fabrication of solid porous elec-
trets or hydrogel electrets with a network structure.
Last but not the least, long-term stability is a crucial
factor for the practical application of electrets. The
charge stored in electret materials tends to decay over
time, leading to a decrease in performance. There-
fore, it is important to develop strategies to improve
the long-term stability of electrets, such as exploring
new dielectric materials with enhanced charge reten-
tion properties or incorporating stabilizing additives.

It is essential to address these challenges in order
to drive the further progress of electrets, unlocking
their full potential in various applications.

5. Mechanical vibration energy harvesting us-
ing triboelectric materials for sensor pow-
ering

5.1. Triboelectricity

Due to external mechanical energy, two different
materials may become electrically charged after be-
ing into contacts. This phenomenon, called tribo-
electrification, may be used to produce electricity.
During a contact-separation phase, two materials, if
connected by electrodes and an electric circuit, will
produce electric currents. This process relies on two
mechanisms: contact electrification and electrostatic
induction.
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Figure 11:  Surface state models for explaining the regula-

tion of the potential barrier height of materials during CE,
depending on the work function or contact potential difference
of the contacted materials. Charge transfer between a dielec-
tric (with initial negative charges) and a metal when En of the
former is a) as high as, b) higher than, and c¢) lower than Ef of
the latter. Charge transfer between dielectric A (with initial
negative charges) and dielectric B when En of the former is d)
as high as, e) higher than, and f) lower than that of the lat-
ter. EVAC, vacuum level; EC, conduction band; EV, valence
band; En, neutral level of surface states; W, potential barrier;
®, work function; and EF, Fermi level. Figure and Captions
reproduced from [147] with permission from John Wiley and
Sons, copyright 2019.

5.1.1. Contact electrification

Although known since antiquity, the microscospic
origin of tribo-electrification is still under debate.
The charge transfer might originate from three dif-
ferent processes: electron transfer, ion transfer[144,
145], and material abrasion and deposition of charged
debris[146] on both sides of the material. As we will
see in the following, the main picture that is currently
emerging links these phenomena mainly to electron
transport [148]. In the case of metal-metal contact,
electrons are transferred [149]. Before contact, the
levels of the vacuum are aligned, while after the con-
tact, the Fermi levels are aligned. To reach this equi-
librium, electrons of the metal which has the highest
Fermi level (noted as A) will go to the metal which
has the lowest Fermi level (noted as B). Therefore, the
interface on the side (A) is positively charged, while
the interface on the (B) side is negatively charged. At
the equilibrium, since the Fermi level are equal, a con-
tact potential is established as: Vo = ¢ — ¢4 where
¢B = Eyac — EF,B and ¢A = Eyac — EF,A with Eyac
the vacuum energy, Fr 4 and Epp the Fermi en-
ergy of metal A and B, respectively. After contact, a
charge remains trapped on the metals. This charge is
equal to @ = CoV where Co is the capacitance of the



contact at separation z; where tunneling effect disap-
pears. As z; is small, the potential at z; is roughly
equal to the contact potential V. At first sight, Q
might depend on the rate at which the metals are sep-
arated. This dependence is very low and not signifi-
cant for practical purposes. The time scale involved
in the decay of the charge is equal to 7 = RC where R
is the resistance of the contact and C' its capacitance
at distance x. For distances x below x;, the charac-
teristic time is very short as R is low and C varies
slowly as a function of the separation. The system
goes very fast to equilibrium and charges go back to
metal A. For distances x higher than x;, the tunneling
resistance is infinite whereas C' still varies slowly. The
characteristic time involved in the metal separation
becomes shorter than 7: charges are trapped and re-
mains fixed beyond this point. This picture has been
validated experimentally. The trapped charge varies
linearly with the contact potential both measured by
the traditional Kelvin technique [149].

Concerning metal-ceramic tribo-electrification, ex-
perimental evidences of electron transfers have been
reported. The analysis of the decay of the charge
trapped in the materials after contact electrification,
[147] evidences electron thermionic emission on ce-
ramic materials such as SiOq or AloOg3 [147] (see Fig-
urell).

It is possible to account for the electrification of a
ceramic-metal contact by using an energy band dia-
gram. The energy levels of a metal are characterized
by a Fermi energy. The energy levels of a dielectric
are characterized by its conduction band and its va-
lence band. To understand electronic transfer, it is
necessary to consider specific surface states that have
an energy in the band gap. At the contact with the
metal, the valence and conduction bands of the di-
electric are deformed. If the edge of the valence band
is below the Fermi level, electrons of the metal will be
able to populate surface states of the dielectric, they
leave the metal and make appear a positive charge
on it. This phenomenon is accompanied as before
by the appearance of a contact potential between the
dielectric and the metal which is responsible for the
capture of charges. The energy band model explains
the electrification of metal-metal and metal-dielectric
contacts, but fails to describe the contact between
two polymers, as there are no quantified energy in
polymers. To explain the case of polymer-polymer
contact, we suppose that an atom is a potential well
in which the outer-shell electrons are loosely bounded
[150] (see Figure 12).
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Figure 12: The overlapped electron-cloud model proposed for
explaining CE and charge transfer between two atoms for a
general case. (al,bl) Interatomic interaction potential between
two atoms when the force between the two is attractive and
repulsive, respectively, by applying an external compressive
force. Experiments found that electron transfer occurs only
when the two atoms are in the repulsive interaction, for exam-
ple, in the case when the two atoms have strong electron-cloud
overlap. (a2,b2) Schematic of the electron cloud and potential
energy well model of two atoms belonging to two materials A
and B when they are separated and in close contact, respec-
tively. Electron transition from A atom to B atom is possible
due to the lowered potential barrier by the external force, re-
sulting in the occurrence of CE. This is simply referred to as
Wang transition for CE. Figure and Captions reproduced from
[150] with permission from John Wiley and Sons, copyright
2020.



Before the contact, the electron clouds have differ-
ent energies 4 and Ep. However, electrons cannot
be transferred from one material to the other because
of the potential wells and the value of the extraction
energy. However while in contact, the electron clouds
overlap. The extraction energies disappear, and the
electrons transfer from the material where the energy
is the highest to the one where the energy is the low-
est. This transfer is strengthened by the mechanical
energy that presses the contact. After separation,
the charges remains as static charge on the material
surface.

Although electrons are or can be clearly involved
in the electrification of metal-metal, metal-dielectric
and that the previous model can be generalized to
polymer-polymer contacts [151], some electrification
between two polymer surface clearly seems to rely on
the transfer of ions or matter. Using Kelvin force
microscopy, Baytekin and al.[146] showed that af-
ter electrification between two polymers, each surface
bears nanoscale areas of different charges that they
dubbed charge mosaics. They argued that contact
charging could involve heterolytic bond breaking and
that the creation of the charge mosaics comes from
the transfer of patches of charged material between
contacting surfaces. Everyday life surfaces do not
exist in a world without humidity. It is thus neces-
sary to take into account the role of atmospheric hu-
midity and the presence of layers of water adsorbed
on surfaces to understand the mechanisms at play.
In studies of polymers containing covalently bonded
and mobile ions, Diaz and coworkers[144, 145] showed
that the maximum trapped charge was obtained at
30 percent relative humidity. At high humidity, the
presence of a large water layer increases the surface
conductivity and thus the departure of accumulated
charges to the bulk. In the absence of humidity,
the lack of electrification of the contact suggests that
the charges transported are ions. The presence of a
water bridge and the high dielectric constant of wa-
ter indicate that during contact, the mobile ions are
distributed evenly in the water bridge. The charge
separation takes place when the water bridge breaks
into two thin films. The counter-ions released by the
polymer with the most mobile counter-ions near the
second surface are trapped by the separation. Both
surfaces achieve a charge. This mechanism allows to
understand what happens for neutral polymers with-
out mobile counter ions. Anions in general and the
hydroxide ion in particular tend to adsorb at the wa-
ter/solid or water/air interfaces. This leads to the ap-
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pearance of a negative surface potential more or less
large depending on the absorption. When two differ-
ent polymers are brought into contact, a rapid equi-
librium of the hydroxide ions takes place, the polymer
with the stronger affinity for the hydroxide ions cov-
ering itself with a greater quantity ion. The rupture
of the liquid film leads, as in the previous case, to a
surface separation. This mechanism is corroborated
by the correlation between surface charge during elec-
trification and zeta potential of the polymer [152].
To conclude, there is no single picture of contact
electrification. At least four mechanisms may be in-
volved:the transfer of electrons between metal-metal
and metal-dielectric, the transfer of counter-ions from
ionic layers, the transfer of hydroxide ion and the
breakage of covalent bonds. However, electron trans-
fer seems to be the predominant mechanism [153].

5.1.2. Electrostatic induction

The production of electricity in triboelectric ma-
terials originates in an electrostatic induction phe-
nomenon. In order to take into account the charges
created by the contact, Wang introduced in 2017[148]
an additional polarization term P in the definition
of the displacement vector D.

D=¢,E+ P+ P (4)

The first term P is due to the existence of an ex-
ternal field and the second Py to the existence of the
charges that are independent of the external electrical
field and come from the contact electrification. In this
framework, the displacement current density J writes

J = %—It) = eoeT%—?+%. By integrating J on the sur-
face the displacement current I; = % can be found.
dico 4 d2co

dH 1 2

dt ( di% + dg% +2)2
where A is the contact surface, % the variation of
the contact/separation between the two material (4
depends upon the nature of the mechanical solicita-
tion i.e. sliding or compressing) , dy (respectively ds)
the thickness of the material 1 (respectively 2), €
(respectively e5) the dielectric constant of material 1
(respectively 2), ey the permittivity the vacuum, z
the distance between the two triboelectric materials.
The dielectric constants €; and ey are intrinsic prop-
erties of the materials, o7 depends upon many factors
and notably of the surface chemistry and structure.

It writes [154, 155, 19]: I = Aor

5.2. Triboelectric materials

The triboelectric properties of materials are rep-
resented by their triboelectric surface charge density



(TEDC after undergoing a triboelectrification process
(contact/separation or sliding) with a reference ma-
terial (mercury and contact/separation in [156]). A
triboelectric table is set up which classifies materials
according to their TEDC versus mercury.

Chemical-Resistant Viton Fluoroelastomer, Rub-
ber Acetal, Flame-retardant garolite, Garolite G-
10 Clear cellulose display the highest negative
TEDC close to -150 pCm~2.  Delrin@® Acetal
Resin, Wood (marine-grade plywood) Wear-resistant
slippery garolite, Super-stretchable and abrasion-
resistant natural rubber, Oil-resistant buna-N rub-
ber and Food-grade oil-resistant buna-N/vinyl rub-
ber display the lowest negative or even positive value
comprised between -10 £C.m~2 and +10 pC.m~2.
This table cannot quantitatively predict the charge
that will be recovered in a contact between two dif-
ferent materials. However, if the contact mode is the
same as the one used to establish the table, two ma-
terials displaying highly different charges with mer-
cury will give rise to a high contact charge. On the
contrary, two materials with close TEDC values re-
sult in a low charge. Moreover, the amplitude of the
charge is qualitatively related to the relative positions
of the materials in the table [156]. Note that the term

2

(di% + %) / (‘ié% + dif + z) which represents
electrostatic induction is roughly the same for all the
classical materials. Finally, apart from the material,
the performance of a triboelectric device depends on
the % term, which is dominated by the mechani-
cal structure of the device and by the loss from the
frictional force. [157]. Working in non-contact mode
or transforming linear motion into rotational motion
(due to lack of space) is one way to improve the pro-
cess. Many studies focused on modifying and in-
creasing the surface charge. A solution for surface
charge increase is to enlarge the effective surface dur-
ing contact. Kim et al. [159] obtained a contact
charge of 788 ;C.m~2 by using a gold electrode cov-
ered with gold nanodots for effective surface increase.
While increasing effective surface by roughness, the
second material must also be soft and flexible (elas-
tic materials or liquid metal) in order to cover the
created roughness.

Cheng et al. coupled a triboelectric nanogenerator
(TENG) in contact mode with a variable capacitor
[160] . They used the TENG and a rectifier circuit to
charge the capacitor. The latter subjected to vibra-
tions transmits an electric current. This technique
allows to work with important electric charges. In-
deed, as there is no contact between the two surfaces
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of the capacitor, it is more difficult to create an elec-
tric field that leads to the ionization of the air. They
obtained a maximum effective charge density of 490
uCm=2,

Liu et al. [161] coupled a TENG in contact mode
with a generator and a fixed value capacitor. They
achieve charge excitation through applying voltage
to the main TENG, and an alternating current is
produced by using a fixed value ceramic capacitor to
store charges. Charges as high as 1.25 mC.m~2 can
be achieved. Other strategy concerns surface chem-
ical modifications and insertion of charge trap layer
(mixture of carbon nanotube and polymer for exam-
ple in the material bulk [162]).

An important strategy concerns the use of an in-
termediate storage layer. Chun et al. reported [158]
a TENG device composed of three layers : a top
layer made Aluminium/polydimethylsiloxane, a bot-
tom layer made of Aluminium and an inserted elec-
tric double layer made of Aluminium coated by gold
nanoparticles. They obtained a power density of 480
W.m~2 for a load resistance of 10 M. The device
of centimeter size (2 cmx2 cm) was operated in con-
tact/separation mode at a frequency of 3 Hz under
a force of 60 N and an amplitude of displacement of
1.5 cm. The conversion rate of the injected energy
into recovered energy is equal to 0.224. The principle
of the process is given in Figure 13 and Figure 14.
When a force is applied to the nanogenerator, the
porous film and the intermediate layer are brought
into contact. Positive charges appear on the sur-
face of the intermediate layer and negative charges
on the porous film. When the force is continued to
be applied, the two layers come into contact with the
ground and then with the bottom layer. When the
force is withdrawn, the three layers separate simul-
taneously. The positive charges of the intermediate
layer induce the flow of electrons from the ground
to the intermediate layer and the negative charges of
the porous film induce a movement of electrons from
the upper electrode to the lower electrode. After the
first cycle, the upper electrode is positively charged
and the porous film is negatively charged, while the
lower electrode is negatively charged and the inter-
mediate layer is neutral (see Figure 13). When an
external force is again applied to the nanogenerator,
the displacement of the negatively charged porous
film electrostatically induces positive charges on the
middle layer surface, while negative charges are in-
duced on the opposite layer surface. When the force
is further applied, the negative charges on the mid-
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Figure 14: Working mechanism for the generation of output vol
first cycle. Figure reproduced from [158] with permission from S

dle layer induce positive charges on the bottom layer,
resulting in a flow of electrons through the external
circuit. Then, the middle layer contacts the ground
point and the electrons flow to ground, resulting in
a current in the circuit connected to ground. When
the force is removed, the three layers separate simul-
taneously. The electrons go from the ground to the
central layer (see the 4 electrons drawn in blue in
Figure 14 below the red line). An important flow
of electrons is set up from the top electrode to the
bottom one (see the 8 electrons drawn in red on the
Figure 14 below the red line). Such working principle
is different from the charge generation mechanism of
a conventional TENG. And it accounts for a consider-
ably higher electrical potential, ideally twice higher,
compared to a conventional TENG (see Figurel4).
Using this same approach with a silver particle layer,
a polystyrene layer and a fluoropolymer layer, Kim
et al. [163] produced a power equal to 818 mW.m™2.

Xu et al. [164] used a structure with three layers
to get high density energy. A charge pump is devised
to pump charges into the floating layer. A charge
pump is devised to pump charges into the floating
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tage and current in the TENG under external force after the
pringer Nature, copyright 2016.

layer simultaneously. This device can achieve ultra-
high effective surface charge density of 1.02 mC.m™2.

5.3. Triboelectric Nanogenerators (TENG)

The triboelectricity mechanism is successfully used
to produce electricity through TriboelEctricity Nano-
Generators (TENG).

5.8.1. TENG working principe and modes

There exists 4 basic working modes of TENGs (see
Figure 15): contact—separation (CS) mode, single
electrode (SE) mode, sliding (S) mode and freestand-
ing triboelectric-layer (FT) mode.

The CS mode uses a displacement perpendicular to
the two materials. When the two materials come into
contact they become charged. The CS mode involves
a closed circuit. In a closed circuit (i.e. if the two
materials are connected by an electrical circuit), the
negative charges present in material A induce a dis-
placement of electrons from the electrode connected
to A to the electrode connected to material B. This
flow of electrons stops when the electrode connected
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to B acquires a charge equal in absolute value and
opposite to the charge carried by the material B.

The single electrode (SE) mode is comparable to
the (CS) mode but operates in an open system. The
two materials are not electrically connected. When
they separate, the material that is not connected to
the ground carries charges. The material that is con-
nected to the ground has charges and an electron flow
is established between the ground and the material.
When the two materials come closer together, a re-
verse flow is established. The sliding mode (S) in-
volves a movement parallel to the surface of the mate-
rials. The materials are in contact and the electrodes
covering them are electrically connected. When the
contact surface between the two materials decreases,
unbalanced electrical charges appear within the two
materials. To compensate for these charges, a move-
ment of electrons takes place from one electrode to
the other. A reverse movement takes place when the
contact surface between the two materials increases.
The free standing mode (FT) is a mode comparable
to the (S) mode. It involves two materials in contact
and a displacement along the plane of the materials.
However, as in the SE mode, the two materials are not
electrically connected. Instead, the bottom material
is cut in two and the electron current flows through
the electrodes covering the two identical materials at
the bottom. Most applications are not limited to a
single mode but use these modes in a coordinated
way.

5.8.2. TENG performances

It is difficult to compare the performances reported
in the different works in the literature, since the
excitation conditions are often very different, espe-
cially in terms of applied force and frequency. A
figure of merit was calculated and developed by Zi

sliding Mode n
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—
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with permission from John Wiley and Sons, copyright 2020.
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et al. [165]. The figure of merit FOM, allows to
compare the performances of TENGs taking into ac-
count their environment. In sliding mode, it is de-
fined by FOM,, = %COM—EGT where A is the triboelec-
trification area, X,,q; the maximum displacement.
Em, is given by Em = %Qmaw(VOCV,ma,m + Vr/,mz)
where Qqz 18 the maximum short circuit transferred
charge, Vocv,maz is the maximum absolute achiev-
able voltage at @ = 0 and V.. is the maximum
absolute achievable voltage at Qp,q.. This figure of
merit is unfortunately little used. To compare differ-
ent results presented below, we must therefore keep
in mind that the experimental conditions, especially
the excitation conditions, are different.

By integrating a mechanical spring-based system
in a TENG made with a copper plate and a PTFE
film as triboelectric layers, Wang et al.[167] succeeded
in obtaining an average power density of 2 mW.m™?2
under the experimental conditions of a frequency of
3.5 Hz, under a force of 0.6 N, a displacement am-
plitude of 2 cm, for a load resistance of 10 M. The
conversion rate of the injected energy into recovered
energy is equal to 0.18.

Pruvost et al. [102] obtained an average power den-
sity of 2.25 mW.m~2 for a frequency of 40 Hz under a
force of 0.012 N, an amplitude of displacement of 0.5
mm for a load resistance of 10 M(2. The conversion
rate of the injected energy into recovered energy is
equal to 0.10. The experimental results reported in
the above-mentioned works do not take into account
the electrical conversion. therefore, they do not dis-
cuss the problem of impedance matching.

As notice before, Chun at al.[158] obtained a power
density of 480 W.m™2 for a load resistance of 10 MS
using a TENG device composed of three layers Us-
ing this same approach with a silver particle layer, a
polystyrene layer and a fluoropolymer layer, Kim et
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al. [163] produced a power equal to 818 mW.m™2.

Zhang et al.[171] obtained a power density of 307
W m~2 ie 30 mW.cm~2 for a load resistance of 5
MS using a all-green device made of cellulose-based
material and commercial cellophane as tribological
layers and graphite sheets as electrodes. To get these
performances, the device of centimeter size (5 emx5
cm) was operated in contact/separation mode at a
frequency of 5 Hz. A 98 W.m~2 power density was
obtained on a 3 cmx3 cm on a TENG connected to a
linear motor at a contact speed of 1 m.s™!. The de-
vice shows similar performances than fluoropolymer
based TENGs [172] (power density 6 W m~2 for a
load resistance of 1 MS2 with an output current of 1.5
mA under 6 N of pushing force at 5 Hz). This device
is not sensitive to humidity.

An important problem is hindered in the reported
powers above. It is complex to recover these pow-
ers in output circuits. The capacitance of a TENG
is of the order of 100 pF. Such characteristics result
in a low energy transfer efficiency, both for battery
charging and electronic device powering. It is to no-
tice that electronic devices generally have a much
lower impedance (100 of uF). To recover energy, a
simple rectifier circuit with diodes is not enough. In
order to transfer a maximum amount of energy, it
is important to insert an electronic stage between
the battery or the supercapacitors that allows to
adapt the impedance. This can be achieved by us-
ing N capacitors in series on charge and in parallel
on discharge (basic switched capacitor convertor) or
a fractal design based switched-capacitor-convertor
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(FSCC)[173]. In the last situation, a energy transfer
of 94% with an impedance reduction of 750 has been
demonstrated. The use of an original system with
two stages has also been proposed by Wang et al.
[174]. In the first stage the energy is transferred to
a low capacitance capacitor with a conversion ratio
of 0.75% through a rectifier circuit. Then, the low
capacity capacitor is connected, thanks to two au-
tomatic electronic switches, to a coupled inductance
circuit that allows impedance matching [175].

5.4. Sensors powered by triboelectricity

TENG technology can be used for both power sup-
ply and sensing in IoT applications[176]. There are
already many insightful reviews with numerous ex-
amples [177, 178, 179, 47, 180]. Our goal here is not
to be exhaustive but to show some examples of appli-
cations. It is to be noted that the literature on this
activity is much more important than on the piezo-
electric or electrostrictive themes.

5.4.1. TENG as sensor in IoT applications

Various autonomous physical signal sensors have
been designed using the principle of triboelectricity
[22]. As explained in the previous paragraphs, pres-
sure measuring presents wide applications in medical
monitoring, building monitoring, hand held control
of connected objects, and sensory robotics. In this
context, many triboelectricity based pressure sensors
have been developed.

Wang et al.[166] reported a self-powered touch pad
with 36 x 20 pixels using a triboelectric generator
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(see Figure 16). A PDMS film serves as an electrofi-
cation layer that generates a triboelectric effect upon
contact with the silver nanoprinted electrodes. The
system is durable and presents excellent performance
with a pressure sensitivity exceeding 0.06 kPa=!. The
response time is less than a few milli seconds. A sty-
lus writing on the touch pad with a velocity of the
order of 50 mm.s~! can be easily detected. Cui et al.
[168] reported a self-powered NHj3 nanosensor based
on TENG (see Figure 17). PANI nanofibers are a
common NHj sensing material. The adsorption of
NHj; can transform C-PANI nanofibers into N-Nani
nanofibers. The triboelectric properties of the two
fibers are very different due to dissimilar electrical
conductivity properties. The authors constructed a
conventional device by inserting a PANI fiber film and
a PVDF film into two electrodes. These signals are
obtained at a frequency of 3vHz under the action of
a linear motor that simulates the environment. The
TENG is solicited in contact mode. The C-PANI-
TENG has a much higher output performance than
the N-PANI-TENG. The peak short-circuit current
value and output voltage of C-PANI-TENG reach
45.70 pA and 1186 V, respectively, which are one
hundred times higher than those of N-PANI-TENG
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(0.26 pA and 6.70 V). Tracking these measurements
after calibration provides a measure of gas concen-
tration. The system is durable and shows no vari-
ation after 15,000 cycles. In the presence of NHg,
the output voltage of the TENG decreases rapidly to
a relatively stable value within 40 seconds (response
time). If pure air is injected again, the voltage rises
again within 250 s. The longer recovery time is due
to a lower desorption rate of NH3 molecules on the
PANI compared with its absorption rate. The sensor
works for NH3 concentrations between 500 ppm and
10000 ppm. TENGs present also wide applications as
biomedical sensors. Numerous research works have
been performed in this direction in the last decades.
It is based on the energy harvesting of vital signals
(heart sounds, blood pressure, breathing) to analyze
patient’s health state or to its reactions to an ag-
gressive environment. These devices are designed to
be worn directly on the skin or integrated into tex-
tiles. In the same spirit CO4 sensors have been devel-
oped [153, 181]. Cardiology is one of the most pop-
ular applications for TENG biomedical sensor which
can measure heart pulse or monitor arterial pressure.
In 2015, Yang et al.[182] developed a sensor made
by a TENG, encompassing a polytetrafluoroethylene
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WCSPS) for self-powered measurement of human Pulse Wave

Velocity and Blood Pressure. a) Schematic illustration of the flexible weaving constructed self-powered pressure sensor. b) A
SEM image of plasma-etched PTFE nanowires. The scale bar is 2 um. c¢) A photograph showing an as-fabricated WCSPS,
which is flexible, lightweight, and can be easily wrapped onto a curved surface. The scale bar is 5 mm. d) Schematic diagram of

the cross-sectional view of a single unit of the WCSPS. The right

side illustrates the two conditions that when the device is in its

original state (h1l) and when the external pressure was applied (h2). e) An illustration showing the electrical signal generation
process of the WCSPS [169] (f) The real-time health monitoring of middle-aged and aged people. Figures and captions adapted
from [169] with permission from John Wiley and Sons, copyright 2018.

(PTFE) membrane layer and a nylon layer as the tri-
boelectric pairs. The nylon layer was covered by an
indium tin oxide (ITO) electrode. Yang et al. utilized
this sensor to monitor human arterial pulse waves in
real-time at the carotid, wrist, and chest. The de-
vice has a low detection limit of 2.5 Pa and a high
sensitivity 51 mV.Pa~!. Bai et al. [183] placed a
fluorinated ethylene propylene membrane and a la-
tex membrane where between two copper electrodes
to build a TENG. This very simple device was used
to monitor respirations and heart beat for security
surveillance.

Others TENGs have been developed to monitor the
shape of the heart wave and not simply the rate of
the heart wave. It is not a easy task to measure
blood pressures, which remains one of the most im-
portant vital signals for disease evolution monitor-
ing and patient condition tracking. To achieve this
goal, Meng et al. [169] designed a pressure sensor
based on a TENG realized in simple contact mode
(see Figure 18). Plasma etched polytetrafluoroethy-
lene(PTFE), polyethylene terephthalate (PTE) and
indiumtin oxide (ITO) electrode serve as triboelec-
tric materials. At the constant frequency of 2 Hz,
the pressure sensitivity of 45.7 mV.Pa~! is achieved
in the lower-pressure (j 0.71 kPa) region. The au-
thors measured the shape of the arterial signal on two
points of the body. They deduced from the temporal
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shift of the signals an important parameter the pulse
wave velocity (PWV) which depends linearly on the
arterial pressure. This calibration requires the use of
studies on patient cohorts. In a simpler way, it allows
to track the condition evolution of a given patient.

Yi et al. [184] produced a stretchable rubber based
TENG made of a layer of elastic rubber and a layer
of Aluminium. The respiration movements cause the
stretching of the elastic rubber and provide a change
of triboelectric charge distribution and density on the
rubber surface relative to the Al surface. This leads
to a change of triboelectric charge distribution and a
detectable alternating charge flow.

5.4.2. Sensors powered by a TENG with a storage
system

Liu et al.[170] developed a triboelectric system
based on contact between seawater and a triboelec-
tric material. The authors constructed a triboelectric
device (coined D-TENG) from a thin PFE foil and
an aluminum electrode placed between two Kapton
and PVC insulators. On top of the device an alu-
minum U-shaped electrode is connected to the alu-
minum plate. This device is coined U-TENG. In a
conventional device without aluminum on top (D-
TENG), the sea water arrives on the PET film which
has a negative charge acquired during the first con-
tacts with the sea water. This charge is balanced
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by positive charges on the aluminum. The seawa-
ter partly screens the negative charges of the PET.
Electrons come from the earth to compensate. At
equilibrium, there are more charges on the aluminum
that are compensated by less persistent charges not
balanced by seawater. When the seawater withdraws,
the reverse process starts. If an aluminum electrode
is placed above the device, the electrons no longer
come from the earth but from this electrode. They
maintain a strong negative charge on the high part of
the device and thus fill completely the positive charge
on the aluminium part. This device thus makes it
possible to exacerbate the operation of TENG (see
Figure 19). Open-circuit voltage increases from 73.1
V to 283.1 V, transfer charge quantity increases from
28.4 nC to 2.8 pC and short-circuit current increases
from 0.4 pA to 10.8 pA using this strategy. Based on
this system, the authors present a WIFI data trans-
mission system that is powered by the energy stored
in the capacitors. This wireless signal transmission
system is important for further seashore IoT appli-
cations, inspectors can obtain information from dis-
tributed signal transmitting station when they take
an inspection tour of seashore area.

5.4.3. Sensors powered by a TENG without a storage
system

Wang[174] first applied TENGs to human sig-
nal energy harvesting. He developed a multilayer
contact-mode TENG made of aluminum and fluori-
nated ethylene propylene films. Integrated into the
soles of shoes, the walking of a human being can drive
this TENG to generate a charge of about 2.2 mC
and an output voltage of about 700 V. By using an
impedance matching system, they manage to charge a
battery. The performances obtained are remarkable.
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tions of U-TENG as blue energy harvester. Figure reproduced

(see Figure 20). With a light palm tap at 1.6 hertz as
the only power source, this device delivers 1.044 mW
of direct current (7.34 W m~3). There is neither bat-
tery in the system, nor storage system. The device
can be used as a standard infinite life power source
to continuously power many conventional electronic
devices, such as thermometers, electrocardiographs,
pedometers, wearable watches, scientific calculators,
and wireless radio frequency communication systems.
TENGs are particularly suited for IoT applications.

Kim et al. [163] reported a TENG for a self-
powered security IoT system. The device includes
a silver nanowire layer, a polystyrene layer, and a
fluoropolymer contact layer. The presence of the
transparent polystyrene layer acts as an intermediate
charge storage layer and increases the power density
of the ST-TENG to 818 mW.m~2. The 11 cm x 11
cm size system is included in a floor. The passage of a
passer-by allows to generate an electric signal strong
enough to send messages to a data acquisition board.
Then, the data acquisition board reads and converts
the transmitted analog electric signal to a digital sig-
nal by ADC conversion, and the board wirelessly sent
the signal of the invader to the smartphone. All this
connection is done through a simple AC-DC conver-
sion bridge and capacitors without the use of batter-
ies. The power generated by this device is important
enough to avoid the use of complex energy transfer
systems.

5.5. Conclusions and Outlooks for TENG

The development of triboelectric nanogenerators
has reached an exponential increase since the be-
ginning of the century. All currents generated by a
TENG type nanogenerator show alternating charac-
teristics, which require a rectification process before
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use. The power densities obtained by the TENG
reach an order of 0.1-1 mW.cm? under moderate
forces. Such performance is lower than that re-
ported for piezoelectric materials, which is around 1-
10 mW.cm? under the same solicitations. However,
triboelectric devices have many advantages. There
are almost unlimited candidates of materials due to
the nature of triboelectric effect [22]. It is possible
to integrate materials of low cost and of biosources.
TENG devices are mechanically reliable. They en-
dure over thousands to millions of cyclic impacts
without significant failures of the structures or de-
cay of the output performance[22]. The challenges
concerning TENG devices are the control of humid-
ity and the reduction in size of the devices. Existing
devices are of medium size due to limited power den-
sity.
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6. Osmotic energy harvesting systems

There is an energy in nature whose resources are
practically equal to those of mechanical energy.: the
energy of mixing or the osmotic energy. The osmotic
energy (also named as Blue energy) [185, 186] is an
underestimated energy source which presents major
advantages both in its large energy potential and in
its wide availability in all scales. Osmotic energy har-
vesting harnesses the energy released during the mix-
ing procedure of solutions of different salinity[187] or
of different solute concentrations. The potential of
blue energy can be estimated by the theoretical cal-
culations of Gibbs free energy AG,,;.. According to
research works, a global power of 2.4-2.6 Terawatts
is estimated for blue energy potential, considering all
the rivers and effluents running to the sea[188]. This
feature takes into account only the mixing of solu-
tions of different salinity.

As illustrated in Figure 21, three major osmotic
energy harvesting technologies, including pressure re-
tarded osmosis (PRO), reverse electrodialysis (RED)
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and Capmixing, can be used to harvest osmotic en-
ergy. Briefly speaking, PRO is a semi-permeable
membrane based technology where water flux driven
by osmotic effect results in the volume increase of the
pressurized concentrated solution chamber. The me-
chanical energy is then used to propel the turbine
systems for electricity generation[190, 191].  Simi-
larly, RED is also a membrane-based technology. Ion-
exchange membranes (IEMs) are used to create an
ionic flux under osmotic effect, which is then con-
verted into electric current by redox reactions at
electrodes[192, 193]. Capmixing systems designs a
precise and engineered cycle to use double layer ex-
pansion on capacitive electrodes for osmotic energy
harvesting[194]. Apart from large volume mixing
of river and sea water at natural estuaries, which
is limited by the salt solubility in the water (about
350 g/L), it is also possible to exploit systems with
pH gradient. As reported by Kim et al., the min-
eralizing of COy gas in industrial alkaline wastes
(NaHCO3 solutions) could effectively modify the pH
in solution[195]. It is thus possible to establish a pH
ratio across two compartments of CO5 and air-parged
alkaline solutions separated by a non-selective mem-
brane. The use of MnQOs electrodes in the system
could efficiently develop a pH-gradient dependent po-
tential difference. This is realized due to a reversible
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redox reaction through intercalation/deintercalation
or adsorption/desorption of protons. It is reported
that a power density of 0.82 W.m~2 is achieved in
such system [195].

Osmotic energy exists widely in other forms at
much smaller scale range. An example could be
the biological salinity gradients of physiological flu-
ids established across cell membranes or organs. Ac-
cordingly, we can also imagine miniaturized osmotic
energy harvesting systems in small-scale applica-
tions including analytical sensor devices[196], ionic
circuits[197] and biomedical applications[198, 199].
In this review, we mainly focus on miniaturized blue
energy harvesting systems. Considering the complex
accessory equipment (pump and turbine systems for
PRO systems and hydraulic circuits for flow sweeping
in Capmixing systems), RED systems remain the eas-
iest method for miniaturized system powering. Thus
we will restrict our discussions on RED systems. In
the following sections, we will firstly begin with a de-
tailed description of RED working principle and its
current performances. This will be followed by a sum-
mary of miniaturized RED applications, along with
the developing trend in the field.

6.1. How to generate electric power from osmosis

Blue energy recovery devices use selective mem-
branes. We will first recall the operating principles
of these membranes.

6.1.1. Membrane potential and selectivity

Ion exchange membranes (IEMs) possess fixed
charges and are generally classified into 3 categories:
cation exchange membranes (CEMs), anion exchange
membranes (AEMs) and bipolar membranes[200].
Negatively charged chemical groups of strong or
weak acids, including sulphonate (SO3 ), phosphorate
(PO3 ), carboxyl groups (COO™), are used in CEMs.
AEMSs, on the contrary, possess positively charged
groups, such as ammonium (7NFL3‘L)7 primary amine
(-NHz), and etc. In addition to CEMs and AEMs,
bipolar membranes possess both positive and nega-
tive chemical groups and are widely applied in water
splitting procedures[201].

When an IEM is placed in middle of two solu-
tions chambers of different concentrations (cpuik,r
and cpuk,r) as illustrated in Figure 22, an electrical
potential difference ¢,, for a chemical species i is es-
tablished. In order to explain ion transportation, here
we define the electrochemical potential 4z; (J/mol)



as the combination of chemical potential term pu;
(J/mol) and electrical potential term ¢ (V).
+ 2 F¢ = ud + RTIn(yic;) + ziFo

Hi = Mg

(5)

where z; is the ion valence , F' the Faraday constant,
R the gas constant, T temperature, 7; activity co-
efficient of species i, and ¢; the ion concentration.
According to Donnan equilibrium, the electrochem-
ical potential at the solution-membrane interface is
identical[202]. Thus it is possible to establish the
equation below:
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(6)
where subfix s and m represents the physical param-
eters in solution and in membrane, respectively. This
leads to,
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This potential difference A¢p is known as Donnan
potential. According to Equation 7, we have:
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According to the definition of Donnan potential es-
tablished above, we can deduce A¢p > 0 for CEMs
and A¢p < 0 for AEMs. As co-ions and counter-
ions have opposite charge valences, the exponential
part is correspondingly greater than 1 for counter-
ions and less than 1 for co-ions[203]. This simple
calculation explains the important concentration dif-
ference of co-ions and counter-ions in IEMs under
Donnan exclusion effect. When IEM is placed be-
tween two chambers (1 and 2) of different salinities,
two Donnan potentials appear separately at the both
solution-membrane interfaces. The concentration dif-
ference established across the IEM could also result
in a diffusion potential ¢g;r¢. This occurs due to
the differences in ionic mobility in the TEM, which
leads to a charge separation phenomenon[204, 205].
Similarly, stagnant diffusion layers (SDL) could es-
tablish on either side of the membrane, which leads
to diffusion electrical potentials[206, 207]. Such phe-
nomenon (concentration polarization effect) derives
from the limitations of ion transportation at solution-
membrane interfaces, and leads to an important ef-
fective potential drop[208, 209, 210, 211]. Combining
these above-mentioned terms will lead to the mem-
brane potential difference ¢,,, as illustrated in Figure
22.

Om = Ddp1—Abp 2+ 0diffm+baif1+Paisr2 (9)
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In the case of a rigorously selective membrane, zero
co-ion flows present in membrane phase. Due to the
electroneutrality condition, the diffusion potentials
vanishes. Thus, the membrane potential is simplified

as:
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Figure 22: Schematic representation of concentration ¢, and
potential ¢, profile in the bulk solutions, the stagnant diffusion
layers (SDLs), and in an ion exchange membrane (IEM) in
open-circuit conditions.

However, in real applications, membranes are never
perfect. Dlugolecki et al. suggested a simple method
for apparent selectivity measurement[212]. The ex-
perimental setup consists of a membrane placed in
the middle of a saltwater chamber and a freshwa-
ter chamber with fixed concentration. The overall
electrical potential established across the membrane
E¢p can thus be measured at steady state. Then the
perm-selectivity of the counter-ion is defined as

Eeacp
Pm

It is to notice that an ideal selectivity is obtained
when « is of unit value. In the case where selectiv-
ity is zero, the membrane is completely non-selective.
The selectivity of membranes come from their mor-
phology. The morphology of TEM membranes is
quite complex. For example, the structure of Nafion
membranes encompasses a connected network of hy-
drophilic clusters in a hydrophobic and semi- crys-
talline perfluorocarbon phase [213]. The structural
nature of the ionic domains, such as the size, shape,
and spatial distributions of the clusters is still under
debate. The size of the channels in the connected net-
work is assumed to be less than 0.5 nm. These chan-
nels are covered with surface charges coming from

o=

(11)



the sulphate group SOj in the Nafion situation. Due
to the charge neutrality, counterions are attracted by
the surface charges, leading to the formation of Elec-
tric Double Layer (EDL) composed of Stern layer
and Gouy-Chapman layer[214, 215]. The thickness
of EDL is characterized by the Debye length, which
indicates the spatial range of unscreened ionic charges
under electrostatic effect[216]. Typically for water at
room temperature, the Debye length is estimated at
0.3 nm for a salt concentration of a 1 M[217]. Con-
sidering that the pore size in IEMs is comparable to
Debye length, the surface charge thus governs the
transportation of ions in this case. In fact, the perms-
electivity could be intuitively explained from an elec-
trostatic point of view : counter-ions are attracted
by the fixed charges in membranes while co-ions are
electrically repulsed The selectivity decrease is gener-
ally related to the existence of co-ion flux and water
flux across the membrane[218]. A highly selective
membrane is therefore a membrane with very small
pore holes. The use of membranes in osmotic energy
recovery devices requires the use of membranes that
allow a large number of ions to pass through them,
thus very permeable membranes. There is therefore
a trade off to be found between permeability and se-
lectivity.

This problem seemed to be solved for a while by
the introduction of highly charged large hole mem-
branes. Studies on single nanopores of a few tens of
microns seemed to imply that gigantic powers could
be obtained by using this type of membrane[219]. It is
reported that a power density of 4 kW /m? is achieved
with such nanofluidic system[219]. Gao et al. [220]
showed that this way was a dead end. Collective ef-
fects prevent the scaling up of this process. When
cations (or anions) are brought in excessively from
one side of the membrane, there is a diffusion move-
ment of the anions to cancel the electric charge. This
creates a heterogeneous concentration distribution in
the system called polarization concentration. This
has the effect of decreasing the concentration differ-
ence on both sides of the membrane and therefore of
strongly decreasing the membrane potential. When
a single nanotube is considered the ions can diffuse
from an infinite 3D space. When several nanotubes
are close to each other, the polarization zones interact
and the phenomenon is very important. This explains
the failure of the scaling.

6.1.2. Working principle of RED
RED devices take advantage of the potential dif-
ference that appears on an ion exchange membrane
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when it separates two saline solutions of different con-
centrations. A series of pairs of cationic and anionic
exchange membranes are placed in salt gradients.
Under the effect of the saline gradient and the ap-
parition of the potential difference, the ions migrate
from the most concentrated solutions to the most di-
luted solutions. With the membranes being selective,
an ionic flux is established. This is converted into an
electronic flux at the electrodes by Faradaic reactions.
The maximal gross power density produced under
Faradaic conversion (i.e., the power density neglect-
ing the viscous losses due to pumping and the process
efficiency) is given by Paz = %ﬁt”, where F,., is
the open-circuit voltage, Ry is the inner resistance
of the cell and S is the surface of the membrane.FE,,
is the sum of the membranes potentiels and of the
electrodes drop potentiels. The larger the membrane
surface there is in a device, the higher power is gener-
ated. R refers to the resistance of the cell and can
be divided into two primary components. The first
component, known as the ohmic component, pertains
to the conductivity of the cell’s components (such as
the membrane, solutions, spacers, etc.). The second
component, known as the non-ohmic component, is
influenced by changes in concentration inside the cell.
This non-ohmic component is caused by the polariza-
tion effect that occurs near membranes and by vari-
ations in salt concentration along the water channel
[15].

6.1.3. Power produced using RED

Pattle et al. [221] used over 45 membranes in their
RED system, but only achieved a mild power density
of 0.2 W.m~2 due to the low efficiency of their stack.
As a result, numerous studies have been conducted to
increase the output power density of RED systems.
Dtugolecki et al. [212] investigated the performance
of various membranes commonly used in RED and
predicted that a power density of 6 W.m™2 could be
achieved using commercial IEMs. Turek et al. [222]
achieved a power density of 0.84 W per square me-
ter of membrane with a high salinity gradient (ap-
proximately 200), while Veerman et al. obtained a
power density of 0.9 W.m ™2 with a salinity difference
of 30 g.L7! and 1 g.L.=! of NaCl for the concentrated
and diluted solutions, respectively. However, the high
cell resistance of RED systems hinders their electri-
cal performance [223]. Vermaas et al. [224] reported
that decreasing the spacer thickness from 485 pm to
100 pm can reduce the ohmic resistance of the sys-
tem by 4, and with this improvement, they achieved



a gross power density of 1.8 W.m™2 using only 5 pairs
of IEMs. Nonetheless, thinner spacers were found to
lead to a higher pressure loss. In this study, they
achieved a net power density of 1.2 W.m~2, which
remains the highest documented experimental net
power density to date.

Increasing the salt concentration and the temper-
ature increases these performances. Using a single
membrane and capacitive electrodes, Brahmi et al.
[225] reports a net power density output of 2 W.m ™2
was reported, with a concentration ratio of 300 (0.017
M and 5.13 M). For a concentration ratio of 500
(salted water 5 M, fresh water 0.01 M), Daniilidis et
al. [226] measure a gross power of 4 W.m~2 at 25°C
and 7 W.m~2 at 60°C. The powers that we have just
reported are powers of the order of 1W.m™2 ie 100
uW.cm~2). They are therefore compatible with IoT
type applications. We will see in the next frame appli-
cations along this line. Unlike the previous principles,
the RED does not draw its energy from a mechani-
cal signal. The current produced does not therefore
allow the analysis of a pressure signal or the analysis
of a vibration or a shock. It is therefore not possi-
ble to build pressure sensors or deformation sensors
from reverse electrodyalisis devices. The only pos-
sible approach is to build energy producing devices
that will allow to power sensors. The plan of the
review will therefore differ from the previous para-
graphs. We will simply focus on small-scale power
generating systems and their application to sensors.

6.2. Harvesting devices
6.2.1. Miniaturized RED systems

One of the major advantages of RED technologies
is its potential in both scaling up and miniaturiza-
tion. Emerging researches focus on the development
of mini-RED stacks in order to power future wear-
able devices, implantable sensors, bio-compatible and
clinical implant systems, etc. To realize mini-RED
devices, researchers can always find an exquisite and
highly efficient example from nature: the electric or-
gan of eels[227]. The electric organ is composed of
long and thin cells separated by ion gradients[228].
The adjustment of KT channels and Na® channels
could efficiently switch between rest stage (where zero
voltage is generated) and firing stage (where a volt-
age of 150 mV appears across one single cell)[229], as
illustrated in Figure 23(a) and (b).

Inspired by electrocyte in an electric eel which can
generate potentials of 600 V, Xu and Lavan pro-
posed in 2008 the artificial cell conception for bi-
ological ion concentration gradient harvesting[230].
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Based on the model established for natural electro-
genic cell, they proposed methods for constructing ar-
tificial cells which have higher power density output
and energy conversion efficiency according to their
theoretical calculation. Also inspired by electric-
eel organs, Schroeder et al. realized an excellent
design of scalable stacking of miniature polyacry-
lamide hydrogel compartments coupled with series
of alternative cation- and anion- selective hydrogel
membranes[229]. Such design consists of a mini-RED
repeating module composed of concentrated salin-
ity hydrogel, cation-selective gel membrane, diluted
salinity hydrogel and anion-selective gel membrane
(Figure 23(c) and (d)). While stacking these mod-
ules in series up to 2449 units, an open-circuit po-
tential of 110 V, along with a power density of 27
mW.m ™2 per tetrameric gel cell is reported. The
afore-mentioned work was followed by a similar ionic
hydrogel battery in a microfluidic version realized by
He et al.[231] They designed typical well arrays and
microfluidic channels to enable fast hydrogel assem-
bly within several minutes. This microfluidic design
avoids the time-consuming step for hydrogel assem-
bling and provides a further insight for the wide appli-
cation of power supply for soft and wearable devices.

To fulfill the power supply demand of small scale
devices, miniaturized batteries are being extensively
studied. In the work of Banan Sadeghian et al.,
miniaturized RED systems with a diameter of 5 mm
are developed for energy generation[232]. Such sys-
tem is coupled with a microfiltration AEM and cop-
per electrodes. To avoid the use of pumping systems,
the solution in the reservoir is not refreshed. This
miniaturized system is reported to obtain a maxi-
mum energy density of 0.4 mJ.cm™3 with an opera-
tion time of 3 h when connected with a 2 k{2 resis-
tor. Considering the low energy efficiency estimated
at 0.44%, system optimization is required to open
up its application field. Tsai et al. reported a cir-
cular microchamber system containing a home-made
Nafion microchannel with a typical surface of 23 x500
pum? and a channel length of 1-3 mm|[233]. Ag/AgCl
electrodes and KCI solutions of a concentration ra-
tio of 2000:1 are used in the experiment, resulting in
a maximum power density of 755 mW.m~2. Chang
et al. reported a pump-less paper-based RED sys-
tem for power supply[234]. The unique design avoids
the use of traditional pumping systems. In fact, both
concentrated solution and diluted solution are driven
into the paper-based system under capillary effect.



Figure 23: Morphology and mechanism of action of the eel’s electric organ and the artificial electric organ. (a), Electrophorus
electricus. The top inset shows the arrangement of electrocytes within the electric organs of Electrophorus electricus. The
bottom inset shows ion fluxes in the firing state. (b), Mechanism of voltage generation in electrocytes. (c), Artificial electric
organ in its printed implementation. (d), Mechanism of voltage generation in the artificial electric organ. Figures and captions
reproduced from [229] with permission from Springer Nature, copyright 2017.

Based on a specific channel design, the injection flow
rates are maintained at a constant level. This unique
design reduces the system cost and enables an prac-
tical integrated power supply device. Despite the low
power density (275 nW.cm™2) reported in the work,
such system presents a rather high operating time
(1h), which presents potentials in powering dispos-
able and cost-less analytical devices.

Lin et al. developed a hydrogel-based RED sys-
tem, comprising two agarose hydrogel chambers with
different potassium chloride concentrations and a
cation-selective gellan gum membrane[237].  The
RED system is fully designed with bio-compatible
materials and presents a open-circuit voltage of 177
mV. In this work, the first TENG-RED combined sys-
tem is reported. An auxiliary TENG system based
on Chitonsan/glycerol and PTFE materials as tribo-
layers is developed. The TENG system serves as the
charging component while connected with a full-wave
rectifier. A maximum charging voltage of RED sys-
tem is reported at 350 mV.

Informative signals are delivered by electrons in a
traditional electronic circuit. However, in biologic
systems, information transmission is realized by ions
and molecules. The concept of iontronics is posi-
tioned between these two systems, where only ions
are used for signal transmission in polyelectrolyte gels
or electrolytes in aqueous solutions[238]. Currently,
various ionic components are extensively studied to
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complete the iontronic toolbox[239, 197, 240]. The
development of iontronics aims to realize biocompat-
ible information processors to open up the possibil-
ity of biological communications directly with living
organs[240]. Hopefully, based on this neuron-like and
biocommunicable system, an aqueous computer could
be developed in the future.

One of the essential obstacles is to design sta-
ble and bio compatible power supply systems. The
integration of conventional electronic power gener-
ators requires the use of electrodes, where faradaic
reactions and interfacial resistances could hinder its
practical use. In this case, miniaturized electrode-
less RED systems become an excellent candidate
to power ionic circuits. Han et al. firstly re-
ported a RED-driven complete iontronic circuit as
a polyelectrolyte diode[235]. As illustrated in Figure
24(a), a 25-IEM-packed RED system serves as the
power supply of an ionic diode composed of a pair
of positively charged poly(diallyldimethylammonium
chloride) (pDADMAC) and negatively charged
poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
(pPAMPSA) prepared on a microfluidic chip. A flexi-
ble and ion-conducting tube is used for the connection
between RED and chip. Experimental results demon-
strate the forward bias state and reverse bias state of
the ionic diode powered by miniaturized RED sys-
tem. The combination of 2 ionic diodes enables the
creation of a logic OR gate, which is also experimen-
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Figure 24: Miniaturized RED-integrated ionic devices, analytical sensors and biomedical applications. (a), Illustrative schematic
of ionic circuit powered by RED. Voltage generated from RED is applied to microfluidic polyelectrolyte diode directly via tubes
filled with electrolyte. Figure and captions reproduced from [235] with permission from Springer Nature, copyright 2017. (b),
Schematic Design of the RED-Powered Biosensing System. Figure and captions reproduced from [196] with permission from

American Chemical Society, copyright 2018.

(c), Schematic diagram of ssRED composition, its working principle and the

activation process. Entry of water through inlets and dissolution of solid salts in high concentration chambers activate the
ssRED. Figure and captions reproduced from [236] with permission from Royal Society of Chemistry, copyright 2018. (d),
Schematic representation of the electrodeless RED patch attached on the mouse skin. Figure and captions reproduced from
[198] with permission from John Wiley and Sons, copyright 2018.

tally demonstrated in the work.

Miniaturized RED systems could become an ex-
cellent candidate for power supply of disposable bio-
sensors and microfluidic analytical devices. They
possess the advantages of direct ionic flow creation,
along with an instant electrical potential difference
establishment and IEM stack based scaling up poten-
tial, which could be directly integrated into analytical
devices to provide electrical energy.

The electrochemiluminescence (ECL)-based bio-
analysis platform is a powerful analytical tool while
combining with bipolar electrodes (BPE). While
faradaic reactions appear on bipolar electrodes un-
der external voltage, the ECL signals could provide
information concerning the quantitative analytes on
BPE surface. As demonstrated in Figure 24(b), Baek
et al. introduced the use of patch-type mini RED
systems to power such platform in an electrode-less
and environment-friendly way[196]. The direct ionic
flow creation by RED system could avoid the volt-
age drop and faradaic reaction problems in conven-
tional battery power supply. An integrated analyti-
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cal system for glucose detection, coupled with RED
stack powering system, was demonstrated in their
work. The work of Yeon et al., has further pro-
moted the development of disposable solid salt RED
(ssRED) power source[236]. They designed a one-
shot water-activated RED source where two kinds of
salts (Ag2S04/BaCly) are used alternatively in high
concentration chambers (Figure 24(c)). The activa-
tion step requires simply the addition of water into
the chambers. As CEMs and AEMs are used alter-
natively, ions in high concentration chambers pen-
etrated into diluted chambers become insoluble pre-
cipitations (AgCl or BaSO,) through metathesis reac-
tions. This ensures a stable concentration ratio, thus
a longer operation time of the system. The integra-
tion of such system with above-explained BPE system
and Ionic diodes are well demonstrated in their work.

Miniaturized RED systems are also widely used
in skin-wearable biomedical devices. As presented
in the work of Kwon et al., patch-type RED stacks
are designed to power active transdermal drug deliv-
ery platforms[198]. The electrodeless design of RED



patches present excellent advantages in biocompati-
bility and cost reduction. By adjusting the inserted
number of membrane stacks, a controllable voltage
is applied on the drug delivery platform to pump
ionic drugs to penetrate the skin, as described in
Figure 24(d). Experimental results proved the fea-
sibility of such systems for in vitro drug delivery of
3 representative drugs. Such design could be gen-
eralized and integrated for other portable biomedi-
cal devices. Pakkaner et al. reported a miniaturized
RED driven biopower cell designed for auto-powered
implantable medical devices[199]. The power supply
is designed to harness the concentration gradient in
physiological fluids in renal artery and vein for exam-
ple. This fluidic device is designed with alternative
CEMs and AEMs with a concentration ratio of 7.2
g/L and 9.0 g/L and is kept at 37 °C in order to
imitate in vivo conditions. The same group reported
an effective way for performance amelioration of the
biopower cell: an additional salt-cartridge for con-
centration ratio boost[241]. Polysulfone (PSf) hollow
fiber membranes saturated with NaCl solutions are
prepared as salt cartridge. A diluted stream is di-
vided into diluted sub-stream, which is pumped di-
rectly into freshwater chambers, and a feed accep-
tor stream, which passes through the salt cartridge
for salinity increase and serves as saltwater chamber
reservoirs. A 3-fold increase of OCV of the cell is
reported for the salt-cartridge boosted biopower sys-
tem. It is to mention that although these two works
present excellent potentials for miniaturized systems
for biomedical applications, the feasibility of practical
RED-driven implantable devices is yet to be verified
by in vivo experiments.

6.2.2. Perspectives for RED

Considering the high energy density and the com-
mercial viability of conventional batteries, it is possi-
ble to imagine miniaturized batteries to power small-
scaled devices[242]. The tiny batteries widely used
at the moment include zinc-air, zinc-silver oxide or
lithium-maganese dioxide cells[243]. However, they
present major disadvantages due to the necessary
battery components of electrodes, electrical connec-
tors and electrolyte. They are difficult to miniaturize
due to the limitations of caustic KOH or lithium in
batteries and the hazardous chemical products which
presents safety problems during integration.

On the contrary, RED systems present major ad-
vantages in their small size, their electrode-related
cost and redox reaction elimination, and their im-
proved biocompatibility. This enables the integra-
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tion of RED systems in sensors, wearable analyti-
cal devices and biomedical implants. Different from
TENG systems where capacitive currents are gen-
erated, RED systems provide a direct ionic flow,
along with an open-circuit voltage established across
the membrane stack. The RED-driven ionic flow
could be used to power iontronic circuits which re-
main an emerging hot topic today targeting the final
goal of bio-communication and processing. In addi-
tion, miniaturized pump-free RED systems could also
serve as energy storage systems due to the reversible
procedures of electrodialysis, where desalination oc-
curs under electricity application, and reverse electro-
dialysis where salt mixing is harnessed for electricity
generation. In this point of view, the combination of
RED and TENG system could be imagined as in the
work of Lin et al[237].

In fact, as it is always possible to adapt the num-
ber of IEM stacks to reach the power output demand,
what hinders the application of mini-RED systems
would be the operation lifespan. In the work of Yeon
et al., a loss of 10% of current efficiency is reported
over several hours[236]. And in the case of a biosensor
powered by a RED system, the operation time is esti-
mated to be 15 s[196]. It is thus important to develop
functional mini-RED with an elongated working time
so that the device could be integrated in implantable
systems.

For miniaturized RED stacks, the cost mainly
comes from the CEM/AEM membrane stacks in the
system. In order to power sensors and ionic circuits,
a typical mini-RED of 5-20 membrane stacks is used
in the literature, which corresponds to a membrane
area of 10-40 cm?. The commercial membrane price
is estimated to be around 1000 €.m~? for the widely
used commercial brand Nafion. This indicates that
the cost of a mini-RED would be around 1-4 €, which
corresponds to the typical price of a disposable 1.5 V
lithium battery. Considering a price reduction in the
membrane research field, the price of a mini-RED
could possibly be reduced to less than 1€. In this
case, we can imagine economically viable and dispos-
able mini-RED powered systems.

7. Summary and Comparison between the

different energy harvesting modes

In this work we have reviewed five modes of en-
ergy production to power IoT sensors based on me-
chanical energy sources and osmotic energy sources.
These systems have their advantages and disadvan-
tages (see table 1). The four presented systems for



collecting energy from vibrations have similarities. In
the three cases (piezoelectric materials, electrostric-
tive materials, electrets and triboelectric materials),
it is possible to use these materials as simple sen-
sors or as materials that produce electric current. It
should be noted that unlike piezoelectric materials,
electrets and triboelectric materials, electrostrictive
materials require a voltage source to polarize them.
Although this source does not consume any energy, it
is an obstacle to the development of electrostrictive
materials.

In all three cases, an alternating electric current is
produced. This current must be rectified so that it
can be used to charge a battery. Electrostrictive ma-
terials need large deformation to perform well, this
is not the case for electrets, piezoelectric and tribo-
electric materials which are adapted to smaller defor-
mations [29]. Note that piezoelectric materials may
require high forces. Another important disadvantage
of electrostrictive materials is the need to work in the
presence of a high voltage. They must be placed in
a capacitor with a high potential difference to func-
tion, which significantly limits their applications in
the IoT field. The techniques based on electrostric-
tive materials are thus behind the three other types
of materials.

The piezoelectric systems are systems that put for-
ward an higher power density compared to electrets
and triboelectric systems, they are therefore suitable
for miniaturized systems. Totally autonomous sys-
tems have been realized [90]. However, piezoelectric
materials have their own important disadvantages.
Ceramics piezoelectric materials usually contain toxic
products (such as lead) and are brittle. Plus, they re-
quire high forces. However recent results obtained on
polymers[67] are intriguing because of the high power
they managed to produce: this could open new routes
for energy-harvester design. However, these polymers
are mainly perfluorinated products of restricted use
in Europe. These products are classified as eternal
pollutants due to their non-biodegradable character.

Triboelectric systems have the advantage of be-
ing less expensive and mechanically reliable. These
points compensate for the lower power carried over
compared to piezoelectric systems. The mecha-
nisms of triboelectricity are being better understood,
thanks to the work of Professor Wang’s team[148,
153]. These devices are particularly well adapted for
medium size energy recovery systems. It must also
be noted that the materials used are not very ex-
pensive and can be biosourced. Fully autonomous
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systems have been developed in many fields. Among
them, major research efforts are devoted to harvest-
ing energy from human movements (such as breath-
ing and walking) without disturbing the movement
or bothering the user. Triboelectric nanogenerators
offer a broad selection of materials and structural
designs, thanks to their various operational modes.
Implantable and absorbable triboelectric nanogener-
ators can be designed using natural materials, while
wearable and conformal triboelectric nanogenrators
can be made using elastic electrode materials [246].
Moreover, TENGs with distinct structures can be
custom-designed to match specific regions of the hu-
man body that require suitable binding sites [247].

In the last part, we present more preliminary works
concerning the recovery of osmotic energy. These
works have not yet reached the maturity of the stud-
ies on the recovery of mechanical energy but remain
promising. Unlike previous systems, reverse electro-
dialysis devices produce a direct current that does
not need to be rectified. After maturation, osmotic
energy would become an important energy source be-
cause of all its possibilities and particularities. Small-
scale applications already begin to spread over biol-
ogy and chemistry applications. Compared to other
types of sensors and nanogenerators that already ex-
isted, it offers a new type of solution for energy har-
vesting. Several research examples are mentioned
above for directly using the ionic current or the po-
tential to enhance a designed behaviour. Some re-
searchers are even thinking about using ionic current
and diode-like effect [248] of semi-permeable mem-
branes to create logic circuit. It could lead in the
coming years to a new type of information and cal-
culation support and even to the ionic computer.

A simple price evaluation of mini-RED devices es-
timates a cost around 1 €. This considers the cur-
rent membrane price and RED performances. The
later is very low mostly due to concentration polariza-
tion phenomena. As explained, researchers start to
study this effect with simulations and electrical mea-
surements. This open problem is maybe a greater
challenge to work on. Between single-pore devices
and commercial porous membrane, a power density
of the order of 106 W.m~2 is reduced by 6 orders of
magnitude. If a way of suppressing or at least re-
ducing the concentration polarization is found, the
mini-RED device price could be reduced by the same
6 order of magnitude. That would make the osmotic
energy an incomparably dense and easy way to gen-
erate ionic or electric current.
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Mature Technol- | Low cost, low | performance, Low cost, im- .
ogy, easy to scale | weight, compat ermanent o lantable device Direct _current,
Advantages £Y; casy . weght, P permas P P . ’ | bio-compatible
down by wusing | ible with micro- | larization = and | bio-compatible
. L . systems
nanomaterials fabrication good biocompat- | systems
ibility
Rectification of
the current re-
qul%"ed, pooling, Rectification . . Rectification
toxic compound Rectification of
of the current of the current
(Lead, Perfluo- . the current re- . . Technology cur-
required, need . . required, humid-
e rated polymers), quired, material | . rently under de-
Limitations . pre-charge or . . ity, low output
ceramics are | 1oy voltace have finite life- impedance.  on velopment,
brittle, need S VORABE: | time due to slow pecance, rently high cost
. large strain re- ergy difficult to
relatively large . loss of charges
quired store
forces to deform
piezoelectric
materials

Table 1: Comparison of the different nanotechnologies for energy harvesting.

Most of the nanogenerators presented here col-
lect energy efficiently. It should be noted that all
these systems are a long way from commercializa-
tion. Comparing these different techniques remains
difficult. Different parameters are needed to judge
the efficiency of a device. At the application level,
power density per volume or per surface is the pa-
rameter of choice.

Table 2 compiles recovered power values. An ini-
tial analysis can focus on the performances measured,
even if they are under very different conditions. The
best performance in the literature concerns piezoelec-
tric crystals [41], and generally speaking, the best
performances are achieved with the different piezo-
electric materials. Electrets have capacities very close
to those of triboelectric materials However, this clas-
sification is strongly influenced by the framework of
the experiments carried out. Even the indicated vol-
ume or surface is not the same for the various work :
some authors refer to the whole device, while others
refer only to the volume or surface of thee active ma-
terial. As an example, while the devices of ref [225]
and [245] work under continuous flow, the device of
[232] works with finite volumes of solutions without
flow.

To be able to compare systems with each other,
you need standardized examples of use. There is an
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example of an emblematic device that allows the com-
parison of the recovered powers: the sole of a shoe. In
this context, the results obtained with electrostrictive
polymers are two orders of magnitude higher than the
other systems [29]. 0.8 W are generated with an elec-
trostrictive sole[115] while 5 mW are generated with
a piezoelectric sole [65] and between 1 mW [174]and 5
mW [244] with a triboelectric sole. When the devices
are at smaller scales and the solicitations are less im-
portant, the performances regrouping the piezoelec-
tric and the triboelectric materials can for example
exceed the results of performing electrostrictive ma-
terials [102]. Here we make an important point. The
size of the device that can recover energy is an im-
portant parameter for choosing the material. In the
case of large devices undergoing strong deformation,
electrostrictive materials are preferable. Conversely,
for smaller objects (cm? size), piezoelectricity, tribo-
electricity or even osmotic energy are recommended.

8. Perspectives

The analysis we have just carried out enables us to
outline the prospects for energy recovery for the IOT.
We think that the 3 following axis are key points:
Performance characterization, Performance enhance-
ment , Industrial manufacturing processes. In the




Power or Energy

Volume (V) or Area

Frequency of the vi-

Technology Reference ;1;(}1;510?/ ‘E)gfl Jl;lllet sur- (A) of the device brations
Piezoelelectricity [62] 70 pW.cm ™3 V=1cm? 100 Hz
Piezoelelectricity [63] 800 pW.cm ™3 V =2cm3 1-10 Hz
Piezoelelectricity [41] 55 000 pW.cm ™3 V=1cm3 900 Hz
Piezoelelectricity [65] 77 uW.cm ™2 A = 65 cm? 1 Hz (sole,PZT)
Piezoelelectricity [65] 9 pW.cm ™2 A = 65 cm? 1 Hz (sole, PVDF)
Electrostrictive materials | [105] 6 pW.com 3 V=1cm3 10 Hz
Electrostrictive materials | [97] 0.002 pW.cm™—3 V =4cm? 20 Hz
Electrostrictive materials | [102)] 1 pW.cm™2 A =75 cm? 40 Hz
Electrostrictive materials | [115] 16 600 pW.cm ™2 A = 60 cm? 1 Hz (sole)
Electrets [135] 1210 yW.cm™2 A = 3.6 cm? 5 Hz
Electrets [136] 62.5 pW.cm 3 V =1.1cm3 125 Hz
Electrets [138] 1.2 pW.cm—2 A =1cm? 552 Hz,
Triboelelectricity [167] 0.2 pW.cm 2 A =10 cm? 2-5 Hz
Triboelelectricity [102] 0.3 pW.cm 2 A =175 cm? 40-60 Hz
Triboelelectricity [158] 48 000 pW.cm =2 A =4cm? 3 Hz
Triboelelectricity [159] 81.8 pW.cm~2 A =25 cm? 1 Hz
Triboelelectricity [171] 30 700 pW.cm ™2 A =25 cm? 1-10 Hz
Triboelelectricity [174] 3.3 pW.cm ™2 A = 300 cm? 1 Hz (sole)
Triboelelectricity [244] 16.6 uW.cm ™2 A = 300 cm? 1 Hz (sole)
Osmotic energy [225] 220 pW.cm™2 A =3 cm? -

Osmotic energy [232] 0.004 pW.cm ™3 A = 0.2 cm? -

Osmotic energy [245] 2 750 pW.cm ™2 A = 0.1 cm? -

Table 2: Comparison of the harvested power for different technologies. The large variety of harvested powers is difficult to
interpret since there is no standard conditions or protocol (frequency, amplitude) which would enable a rigorous analysis.
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following we will detail these points.

8.1. Performance characterization

To take this approach further, a common standard
is needed to quantify, compare and evaluate the per-
formance of nanogenerators. As presented in the text,
three merit factors have been presented in the litera-
ture [99, 165, 249]. The definition of these respective
factors of merit highlights the important parameters
of both mechanisms (triboelectric charge for TENG,
dielectric constant for electrostriction, piezoelectric
coefficients). They provide guidelines for comparing
and qualifying materials within the same framework,
but are not sufficient to compare techniques between
them. It is difficult to define standard experiments, as
the different modes of loading (sliding contact, frontal
contact for triboelectrics, rotation for electrets) can
have a significant influence on the value of the har-
vested power. However, a few standard experiments
where the force applied to the system is well con-
trolled seem necessary. This could involve, for exam-
ple, experiments with a cantilever whose size and fre-
quency of displacement could be controlled and var-
ied. This type of experiment is suitable for electrets,
piezoelectric, triboelectric and electrostrictive mate-
rials. Beyond these standard tests, we believe that
the best way is to define and use an efficiency param-
eter n defined as the ratio of the output energy F,q+
by the input energy Fi,:, n = EO“:. Some data are
displayed in the literature or in this article [165], but
this approach has to become the rule. This param-
eter must be calculated in the presence and absence
of energy storage.

8.2. Performance enhancement

One of the most important criteria is the increase
in power. At the present stage of research, it seems
that variations in materials will only allow incremen-
tal increases in power. It seems to us that the break-
through must come from the coupled use of different
energy recovery mechanisms. By hybridizing these
different technologies[250] significant progress can be
made. Lagomarsini et al. have developed an elec-
trostrictive device [251] that does not require an ex-
ternal polarization voltage. Instead, they utilize the
charge generated by the piezoelectric material when
subjected to external mechanical excitation as the
polarization source for the Dielectric Elastomer Gen-
erator (DEG). They have created two distinct pro-
totypes: one employing a piezoelectric ceramic as
the polarization element of an acrylic-based DEG,
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and the other using a piezoelectric polymer. To en-
sure perfect mechanical and electrical synchroniza-
tion, a smart frame is incorporated. These prototypes
demonstrate a noteworthy level of scavenged energy
density, reaching up to 1 pJ.g=! and 0.39 pJ.g~ !, re-
spectively. Moreover, compared to existing solutions
in the literature, these devices are compact and elim-
inate the need for external polarization voltage. The
use of devices drawing on different energy sources can
make it possible to take better advantage of the envi-
ronment. To overcome the weather-dependent limi-
tations of solar cells, it is possible to integrate a solar
cell with a TENG (triboelectric nanogenerator). This
will permit to continually harness energy from the en-
vironment. The TENG in the device developped by
Zhang et al [252], made of a transparent and flexi-
ble polymer material, serves both as a component of
the triboelectric nanogenerator and as a protective
coating for the solar cells.

8.3. Industrial manufacturing processes

Most of the energy recovery systems presented in
this review are unique systems developed in laborato-
ries. If we are to make progress in this field, we need
to move on to the industrialization of these systems.
This requires the implementation of large-scale pro-
duction protocols (roll-to-roll techniques for manu-
facturing materials), the search for inexpensive, non-
toxic materials available in large quantities, and the
implementation of material and quality control pro-
tocols. In this context, the MEMS approach is surely
the most advanced, since it can benefit from electron-
ics standards. Accelerated system ageing tests need
to be introduced. Conditions of resistance to humid-
ity, heat and cold must be clearly identified. This
approach must also define marketing standards and
norms, and enable buyers to understand how much
power they will be able to recover according to the
demands made on them. Without this, the market
will remain a niche market.
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