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ARTICLE INFO ABSTRACT

Recently, electrostatic kinetic energy harvesters regained strong attention through the development of new
triboelectric generators for harvesting green and renewable energy. These devices use a triboelectric dielectric
layer as electret for polarizing their capacitance and they behave similarly to electret generators. However,
triboelectric-based electret nanogenerators (T-ENG) have specificities arising from the contact electrification
phenomenon and leading to different performances. For better understanding T-ENG, we investigated their
electrical modeling with lumped-elements and multiphysics simulation in light of last researches on electret
generators. To take into account T-ENG specificities, we experimentally measured the amplitude of the tribo-
electric effect on perfluoroalkoxy alkane films. This approach allowed fully simulating T-ENG and the model was
found in agreement with experimental results. Understanding and verifying the model is capital, but to go
further toward the application of T-ENG, we reused two electret circuits to extract the T-ENG model parameters
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in view of facilitating their realistic modeling and practical development into application.

1. Introduction

With the growth of microsystems and the need to make them au-
tonomous, the research on energy-harvesting systems remarkably in-
creased and accelerated recently, especially for electrostatic kinetic
energy harvesters (e-KEH). These devices use an electrostatic field in a
variable capacitance to convert mechanical energy into electricity. The
electrostatic field polarizing the variable capacitance is generated using
a direct current voltage source (electret-free devices), or using an
electret layer inserted into the variable capacitance (electret-based
devices). Electrostatic electret generators appeared in 1978 [1] and
their basis and theory were introduced in 1992 [2]. Early investigations
in 1987 [3] concluded on the apparent superiority of e-beam and
corona discharge techniques to trap charges in a dielectric and to in-
duce a strong electric field in view of harvesting mechanical energy and
sensing. At that time triboelectricity was left aside. However, in 2012
triboelectric-based electret generator, commonly called TENG for tri-
boelectric nanogenerator, started to be investigated by Fan et al. [4] in
light of last progresses made in nano electro mechanical systems and
especially in nano piezoelectricity. It is now the subject of a lot of at-
tention as it could contribute to solve some modern energy issues.

As for other electret generators, TENGs also belong to the family of
electrostatic kinetic energy harvesters (e-KEH). Electrets are dielectric
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materials that are in an electric polarization state [5], like an electrical
equivalent of a magnet [6-9]. They can be made by charge injection in
a dielectric (ionic or electronic implantation [10-12] or by dipole or-
ientation of ferroelectric materials [13] like poly(vinylidenefluoride-co-
trifluoroethylene)) [14]. Charged-based electret generators can be di-
vided into two categories: first the permanent (or quasi permanent)
electrets where charges remain for a few months to tens of years [15].
They are usually made by injecting charges more or less deeply [16,17]
in a dielectric layer using various processes like corona discharge [18],
e-beam [19], photo excitation, X-ray or thermal excitation for instance
[3,20,21]. Secondly, the temporary electrets where charges can remain
from few minutes to few days. They are generated on the surface of a
dielectric by mechanical contact or friction also called triboelec-
trification. In all electret generators, the way to charge the electret layer
and the location of the charges in the electret layer may differ. How-
ever, they all convert mechanical movements, like vertical [22] and
lateral vibrations [23], translations [24] or rotations [25], into elec-
trical energy using the same physic and principle of e-KEH [7].
Therefore, they follow the same constitutive equations and model.

In this paper, we investigate the constitutive equations, the lumped-
element modeling and the finite element method (FEM) multiphysics
simulation of triboelectric-based electret nanogenerators (T-ENG) in
light of the extensive literature of e-KEH. We explain the main
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equations governing the electrical model of T-ENG and we compare our
result with FEM multiphysics simulations. Experimentally we approach
the triboelectric charge generation and compare experimental results
with our model. Last, we propose simple setups allowing to extract
experimentally the main T-ENG model parameters and to evaluate its
performance. This will be very useful for a better understanding of T-
ENGs and for developing and integrating T-ENG in industrial and
consumer electronics.

2. Methods
2.1. Modeling and simulations

Electrical lumped-parameter modeling have been computed using
LTspice and FEM simulations have been performed using COMSOL
Multiphysics.

2.2. Experimental characterization

Surface voltage measurements have been performed using an elec-
trostatic voltmeter Trek 347. A low frequency generator coupled with
an inertial shaker (Mini SmartShaker K2007E01 from The Modal Shop
(TMS)) was used to actuate the T-ENG. The output voltages generated
by the T-ENG have been measured using oscilloscope and high im-
pedance follower circuit setups.

3. Theory and modeling

E-KEHSs, and so T-ENGs, are based on a variable capacitive structure
made up generally of two (or more) electrodes separated by a dielectric
that is typically air (or vacuum). An electret, made of a solid dielectric
layer, can be inserted between the capacitance's electrodes. Depending
on the electret fabrication process, charges are injected on the surface
or deeper inside the dielectric layer. It is generally assumed that for
corona discharge, charges are concentrated close to the surface of the
electret and therefore there are assimilated to a surface charge dis-
tribution characterized by its surface charge density o. For contact
electrification, the triboelectric charges are located on the surface,
within a thickness even smaller (tens of nm) than that in corona char-
ging. However, for e-beam or X-ray charging for example, charges can
be deeply implanted at tens of um [17] and distributed in the depth of
the electret. In these cases, a “virtual” surface charge density can be
approached by integrating the depth distribution profile of the volume
charge density p over the depth [6]. Here, we considered an electret
created by contact electrification that we call triboelectret. It has a
surface S, a triboelectric dielectric layer thickness dg., a permittivity
£4ie» @ total triboelectric charge Q7 and a triboelectric charge density
org; deposited on the bottom electrode and facing the moving top
electrode with a variable air gap d,, and permittivity e, (Fig. 1a).

As described in electret's literature [6-9,21], Triboelectret devices
are governed by electrostatic laws. By applying the Kirchhoff's law and

a.

Bottom Electrode

402

Nano Energy 47 (2018) 401-409

the Gauss's law, we have:

Egiedgie + Evardyar = 0 (@)

Egie€die — Evar€air = Qre/S = org (2

where E,,, and Eg; are the electric fields in the air gap and the tri-
boelectret respectively. By solving these equations, we have:

oreddie

Edie (1+ cairddie )

ediedvar

Egiedgie =
3

Here Eg4. X dgi. represents the voltage at the surface of the tribo-
electric layer Vgg, often called V. especially in non-triboelectric e-
KEH. It can be measured using an electrostatic probe [26] such as an
electrostatic voltmeter if the two electrodes of the T-ENG can be easily
separated. Vrz depends on the triboelectric charge distribution o7 on
the top of triboelectret layer, the permittivity of the layers and their
thicknesses. If the triboelectric layer is much thinner than the air gap
(dvar > > dgie), Vg can be approached by:

4

where Cge is the capacitance of the triboelectric dielectric layer. Con-
sequently, Vg polarizes the device and charges its capacitance. When a
relative movement occurs between the two electrodes, the device's ca-
pacitance varies. As a result, the charges are reorganized, moving
through the external resistive load Z, therefore inducing a current.

The T-ENG structure is composed of a fixed capacitor and a variable
capacitor in series (Fig. 1b). The variable capacitor consists of the top
electrode, the air gap and the charged top surface of the triboelectret
layer. The fixed capacitor is composed of the same surface charge, the
triboelectret dielectric layer and the bottom electrode. After the in-
itialization of the device, i.e. the charge injection or the contact elec-
trification of the triboelectret layer, the device is considered electrically
neutral. This hypothesis of neutrality is essential for electrical analysis
of the T-ENG. Because the system is neutral at any time due to the law
of charge conservation, the sum of the charges in the electrodes Q.-
and Qge, and the charge of the triboelectret layer generated by contact
electrification Qg is null [7]:

Qrg + Quar + Qaie =0

Vrg = orgdaie/€aie = Qre/ Caie

)]

It is important to note that Q,, and Qg;. are unknown and depend on
the position of the top electrode that is varying with the time ¢, the
charge of the triboelectret Q7 and the load Z. However, using Egs.
(1)-(5) and the Poisson's equation, it is possible to approach the voltage
generated by such T-ENG:

ddie ddie+dyar
Vr_pnGg = — _/0. Egiedx — dai —Eygrdx = —Egiedgic + Evar dvar
e
(6)
VT—ENG - _ Qdieddie + Qvardvar
Segie Seair )]
c. Fig. 1. T-ENG electrical model. a. Schematic of the T-ENG in the

vertical contact configuration. The T-ENG has a surface S. The
total charge in the top and bottom electrodes is Qyar and Qgie
respectively. The dielectric electret layer has a thickness dgi. and
a permittivity eqie. It has a top total triboelectric surface charge
Qre. The air gap between the electret and the top electrode has an
initial thickness dy,, and a permittivity e,;,. b. Detailed electrical
model of the T-ENG and parameters. c. Compact electrical model
of the T-ENG [7].
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QTE ddie +
Segie

Vr_enc =

0o, ]

S Edie Eair
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Eq. (7) has two parts; each of them implying a voltage drop across a
capacitor. The first part is associated to Cge, which is equal to (Fig. 1b):

Sei
Caie = =-de
ddie (9)
The second part is associated to the total capacitance of the device
Creng'
Cyar Ci 1
CT—ENG — var “die S

dvar

=S50
Car + Caie Sdie 4
Edie

(10)

Eair

By substituting these terms into Eq. (8), we can express the voltage
of the T-ENG as:

+ Qvar

CT— ENG

QV(I/‘

CT— ENG

Qrg
Cdie

Vr—EnG = =V +

an

In stationary regime Qrg is constant, and therefore Vi represents
the constant voltage source generated by contact electrification and is
equivalent to the one obtained by corona discharge. It is important to
note that Vg only depends on the triboelectric charge and the thickness
of the triboelectric layer, not on the air gap if it is much bigger than the
thickness of the triboelectret (d,o > > dg.) [27-29]. Therefore, tri-
boelectric and electret generators share the same electric model: a
constant voltage source, which the value is equal to the surface voltage
of the triboelectret Vg, in series with the variable capacitance of the T-
ENG (Crgne) (Fig. 1c) [8].

4. Calculations and simulations

The current and voltage generated by the T-ENG depend on both the
characteristics of the electromechanical transducer (position of the
mobile electrode, charge of the triboelectret, etc.) and its conditioning
circuit that can be a simple resistance or a more complex circuit. For a
T-ENG connected to a resistive load Z, the Kirchhoff's law give the
equation of the voltage in the circuit [6-8]:

X dQvaY (t) Qvay (t)
dt Cr_gnc ()

This differential equation with time variable coefficients cannot be
fully solved analytically. Blokhina et al. [30] studied this problem and
concluded that this equation does not have a closed form solution be-
cause the analytical solution of Q,.(t) can only be an infinite (Fourier)
series. However as explained by Galayko et al. [31], the terms above the
third or fourth can be neglected in most practical cases, which simplify
the problem, but the coefficients of the series are expressed through
Bessel functions, which make them more difficult to find. Some ap-
proximations [29,32] and simplifying assumptions [25,33] have been
used to approach a solution under certain vibration excitations. This
approach allowed to estimate analytically the maximum power gener-
ated [34,35], which can be of great help for optimizing electret energy
harvesters [31]. Nevertheless, these equations can be resolved nu-
merically using a Spice software or Simulink for example [36-39]. This
gives access to numerous parameters and values of the system while
being much more precise and exact.

Based on the established description of the electret generators in the
literature and the analogy with T-ENGs, we simulated a vertical contact
T-ENG. For comparison and to verify our model, we first used the same
geometrical and material parameters used in recent papers published
on the modeling and simulation of T-ENGs [27-29] (Table 1).

Our simulation results showed exactly the same voltage and current
profile that in [27-29] during the first capacitance variation. Then we
push our model further and analyzed the device over multiple cycles. As
expected by such electrical circuits including resistances and capacitors,
we found that our T-ENG model has first a transitory regime and then

zZ

=V
TE a2
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Table 1
T-ENG parameters used for the electrical model simulation and comparison with [27].

T-ENG device and material parameters

Dielectric (PTFE)
Surface

Surface charge density
Maximum gap

€rdie=3.4 dgie=125 pm
$=0.005 m?
op=—-8uCm"~

Xmax = yar=0.002 m
-1

2

Velocity v=0.1 ms
Gap _ Xmax Xmax ™
x =" - SR X COS(Xmax[ + (p)
Gap movement phase @=0rad
Load resistance Z=100MQ

reaches a stationary regime. We found that the transitory regime is very
sensitive to the model parameters and the initial conditions such as the
top electrode position (Fig. 2a). Under Z= 100 MQ2 and for electrode's
contact as initial position (¢ = 0), it took half a period to reach the
stationary regime (Fig. 2b). When increasing the load resistance, it can
take up to 1200 cycles (4 min) for Z= 1 TQ for example (Fig. 2c). This
transitory regime can be adjusted by changing judiciously the initial
position of the top electrode, from the closed gap (¢ = 0) to a position
at the middle of the maximum gap (¢ = w/2) (Fig. 2a). In this latter
case, at Z= 1 TQ, it takes only one cycle to reach the stationary regime
and the difference between both regimes is small (Fig. 2c). Another
method would be to solve the boundary condition Q,.(t= 0)
=Qyq(t = T) to find the stationary regime [40].

This change of regime can have a dramatic impact on the T-ENG
performance expectations, and has to be taken into account. Thereby,
simulating and considering only the transitory regime, we can expect
that the T-ENG will generate up to 304V and 3.04 pA peaks at
Z= 100 MQ, and a maximum (instantaneous) power P,,,,= 1.11 mW at
the optimum impedance of Z,,,= 315 MQ. However, these values are
actually largely over-estimated (Fig. 2d). During the stationary regime,
the T-ENG generates only 38.7V and 387 nA peaks at Z= 100 MQ,
corresponding to a maximum (instantaneous) power P, = 194 pW at
Zope= 2MQQ, which is much lower. To get a correct representation of the
power generation ability of the T-ENG, we also calculated the root
mean square (RMS) voltage and current generated, as well as the
average power. They represent the equivalent continuous voltage,
current and useful power generated by the T-ENG respectively, which
allow a fair, full and better comparison of device performances in-
dependently of peak shapes and values. In addition, they also provide
the values that are the most interesting from the perspective of en-
gineering and practical applications, i.e. the stable output power we can
really count on. The RMS voltage drop from 127V in the transitory
regime to 20.6V in the stationary regime, and the RMS current drop
from 1.27 pA to 206 nA at Ry = 100 MQ. As for the average power that
drops from 318 uW to 16.2 uW (Fig. 2d), which is 20 times lower. Fi-
nally, we observed a big shift of the maximum average power optimum
impedance from 630 MQ in the transitory regime to 3.6 MQ in the
stationary regime. It is also interesting to note that the impedance
giving the maximum power peak is not the same but lower than the
impedance giving the maximum average power. T-ENG devices should
be designed according to this average values in stationary regime.

To verify our results and confirm our observations, we also per-
formed time-dependent multiphysics simulations of the T-ENG using
FEM. We chose smaller geometric parameters in order to have faster
simulations (Table 2). From the 3D structure of the T-ENG (Fig. S2), we
used mechanical equations to determine the position of the top elec-
trode according to the time. We also included the electrostatic physic to
add triboelectric charges and to compute the electric field, and we
added the external electrical circuit composed of a resistive load of
100 MQ. Finally, we performed time dependent simulations during 1 s
(5 periods). Results show the electric potential distribution depending
on time (Fig. 3a) and the voltage difference generated across the load
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Fig. 2. Electrical model simulation results and comparison between the transitory and stationary regimes. a. T-ENG gap distance, b. electrode voltage difference under a resistance load of
100 MQ and c. electrode voltage difference under a resistance load of 1 TQ as a function of time and depending on the initial sinusoidal movement phase ¢. d. Average power generated as
a function of the resistance load during the first period of the transitory regime and during the stationary regime.

Table 2
T-ENG parameters used for the FEM simulation. They include a minimum gap and a
frequency parameter.

FEM vertical contact mode T-ENG parameters

Dielectric 1 (PFA)
Surface charge density
Maximum gap

€rdie=2.1 dgje =50 pm
org=—10 qu’2
Xmax = 1 mm

Minimum gap Xmin = 1 pm
Surface $=0.0001 m*
Frequency f=5Hz

Load resistance Z=100MQ
Gap

X = Xmin + xmﬂ.xz—xmin (sin(27ft)+1)

resistance Z. We also simulated with a Spice simulator the same T-ENG
using the electrical model shown in Fig. 1c and we found very similar
results (Fig. 3b). They agree very well and we only noted a tiny dif-
ference of less than 3%, which supports and strengthen the quality of
the models.

For a better understanding of the T-ENG behavior, we plotted the
charge-voltage (Q-V) [41,42] and the voltage-gap cycles (Fig. 3c and d).
Because of the iterative computation and the convergence error method
used by the FEM simulation, we observe that it generates cycles that
converge progressively toward the electrical model, and reach a very
good accuracy after a few cycles. The Q-V cycles turn clockwise. This
indicates the creation of energy; therefore, the device is an energy
generator [7]. The Q-V cycle area indicates that the device generates

404

5.5 nJ per cycle. The voltage-gap cycle shows that most of the voltage
signal generated by the T-ENG occurs at a relatively small gap, less than
200 um from the triboelectret layer, and beyond this distance, the signal
is negligible. This is related to the capacitance change that mostly
varies at short gap from 34 pF in contact to 4 pF at 200 um. Then, once
the capacitance of the device reaches a value of the same order than the
parasitic capacitance of the circuit, there is no interest in an additional
increase of the gap. In other words, above a certain gap it may be more
interesting to stack multiple small devices rather than having a tall one.
This is due to the nature of the electrostatic force induced by tribo-
electric electrostatic charges (electrets) and that is, for this contact-se-
parate device geometry, reversely proportional to the square of the
distance between the electrodes. It illustrates that, as explained in [7,8],
electrostatic energy harvesters are most efficient at micro scale and
does not scale up very well at macro scale, especially compared to other
technologies available. The precise impact of parasitic capacitances on
e-KEH have been detailed in [37,43,44].

5. Experimental results and discussion

To model precisely these T-ENGs, we must look closer to what make
their specificity, i.e. the contact electrification that induces triboelectric
charges on the surface of the dielectric layer. To go further than the
simple consideration of an arbitrary triboelectric surface charge density
and to get a better idea of its magnitude compared to corona charged
electrets, we experimentally measured the surface voltage of tribo-
electric layers after rubbing and pressing, and we evaluated the
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Fig. 3. FEM simulations results and comparison with the electric model. a. Electrostatic potential distribution at the middle of the T-ENG (XZ plan) at different time and computed by time
dependent FEM simulation including the mechanical, electrostatic and electrical circuit physics. b. Comparison of the T-ENG electrodes potential difference computed by FEM simulation
(red) and Spice electrical modeling (blue). c. T-ENG charge to voltage cycle and d. voltage cycle depending on the gap plotted for the FEM simulation and electrical modeling.
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Fig. 4. Surface potential and charge density generated on PFA. a. Average curves of the exponential decay fitting of the surface potential and b. surface charge density generated by lateral
friction of an Al top electrode on PFA films of various thickness attached with an adhesive tape of 100 um on a bottom Al electrode. c. Evolution of the surface potential and surface charge
density on a 50 um PFA film attached with 20 pm of glue on a bottom Al electrode, as a function of the number of vertical contacts at 1 Hz with an Al top electrode and depending on the

pressure applied.

triboelectric charge generation and saturation.

In a first set of experiments, we fabricated 2 x 2 cm? T-ENGs using
perfluoroalkoxy alkanes (PFA) films of various thickness. Before mea-
surement, we make sure to deplete the charges on the surface of PFA
films and we verified its very low surface potential using an electro-
static voltmeter. Then, we shortly rubbed multiple samples using Al
electrodes and we recorded the surface potential decay with time. Then
we averaged samples’ results and we fitted the surface voltage decrease
using an exponential decay (y = yo+A; xe™™V) (Fig. 4a). Finally,

using the Eq. (3), we deduced the surface charge density generated on
the PFA film (Fig. 4b). Overall, we observed that a similar friction, in
terms of force, frequency and displacement, gives a similar surface
charge density, leading to different surface potentials depending on the
film thickness. The frictions saturate the surface of PFA films very
quickly to a surface charge density varying from 130 to 155 puC/m?.
Once the friction stops, the surface charge slowly decreased. The fitting
curves of the surface voltage decay showed that the surface voltage
saturation level yq has little discrepancy with deviation percentages
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Fig. 5. Comparison between simulation and experimental results. a. The experimental T-ENG system is composed of a top Al electrode attached to an inertial shaker and a 50 um PFA film

attached on Al adhesive tape as bottom electrode with 20 um of glue. The whole mechanical system including the resonator, triboelectret layer and substrate were electrically modeled. b.
modeled displacement of the T-ENG top electrode. The spring constant used to simulate the contact was k’= 80,000 a.u. and the dumping was 3 = 200 a.u. c. measurement of the force
applied on the T-ENG during its actuation. d. comparison between the voltage difference generated experimentally by the T-ENG through a load R;, = 10 MQ with a parasitic capacitance

of 2.5 pF and its electrical modeling.

between 5.62% and 11.6% depending on samples. However, we noted a
high divergence concerning the decay amplitude A; and the time con-
stant t; with deviation percentages up to 79.4%. First, these results
indicate that the triboelectric friction generate charges at a consistent
level. It is efficient and quickly saturates the surface of PFA films.
Secondly, the behavior of the triboelectric charges has a very high
variability. It is probably because they are mostly located on the sur-
face, thereby exposed and sensitive to the ambient conditions. Indeed,
the decay depends on numerous complex parameters (e.g. surface state,
friction, humidity, temperature or light). However, the PFA layer's
ability to trap and keep charges at a specific level is reliable.

To study the triboelectric charge generation dynamic, we performed
multiple vertical contacts and followed the surface voltage evolution
(Fig. 4c). In this case, the friction is much softer and the charge gen-
eration is lower. We found that the surface charge density increased
with the number of contacts and saturated at different levels depending
on the pressure applied during the contact, from 53 uC/m? under
12.35 kPa to 86.5 unC/m? under 18.59 kPa, which has a strong impact on
the charge generation. The impact of the contact pressure on the surface
charge density is due to the increase of the surface contact at micro
scale between the triboelectric layer and the electrode when increasing
the pressure. However, these hypothesis remain to be investigated. The
precise nature of the triboelectric phenomenon is very complex, sensi-
tive and still under investigation [45-50]. It depends on numerous
conditions such as the humidity and the temperature, and parameters
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such as the surface state that we did not controlled precisely in this first
approach.

To verify experimentally our model, we simulated and characterized
a real triboelectric device and compared their results. This time, we
fabricated a 3cm X 3cm T-ENG using 50 um PFA film and Al tape
(with 20 um glue). The top electrode was attached to an inertial shaker
(resonator) oscillating at a frequency of 5Hz with an amplitude of
about 2 mm. The device was placed at 1 mm of the shaker, parallel to
the top electrode, in order to have a large movement and a good contact
and we recorded the voltage generated through a load resistance of
10 MQ for 5s. Taking into account our measurement equipment, we
estimated having a parasitic capacitance of 2.5 pF. For accurately si-
mulating the real device, it is important to know very precisely its
movement especially close to contact because we observed that most of
the power is generated at less than 200 um (Fig. 3d). To measure the top
electrode displacement with sufficient accuracy, we first tried to use a
laser. However, we could not get a high precision that meets the de-
mand. We also tried to measure the acceleration of the top electrode
and integrate it twice to calculate its displacement, but again it was not
accurate enough. At last, we modeled the whole mechanical system
including the inertial shaker (where a is its acceleration, m its mass, k
its spring constant and y,, its friction coefficient), the T-ENG and the
elastic contact between the Al top electrode and the PFA triboelectric
layer using a spring k. and damping elements f3. (where z, is the vertical
contact displacement and v the contact speed) [51] (Fig. 5a).
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a. b. Fig. 6. Extraction of the electric model parameters. a. Electrical
V2 ﬂ circuit for measuring and extracting the capacitance variation of
the T-ENG [52]. b. Capacitance variation of the T-ENG depending
: on time. The parasitic capacitance of the setup is included in the
= measurement and reached 16 pF. The signal have been filtered
3 with a low pass filter at 45 Hz. c. Electrical circuit for measuring
z 8 the voltage source bias of the T-ENG [52]. d. T-ENG voltage store
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Considering a negligible mass for the top electrode, we electrically
modeled the displacement and contact of the top electrode (Fig. 5b),
and added it into the electrical model of the T-ENG. We also considered
a surface charge density of 5 uC/m? that corresponds to a few touches
under a low pressure of 1.5kPa (Fig. 5c) according to previous mea-
surements (Fig. 4c). Overall, the comparison between the experiment
and the simulation agrees well (Fig. 5d). Both signals have very similar
amplitude, and their peaks appear upon contact and release. The slight
differences are mostly due to the difficulty in modeling the complex
contact dynamics, as for the experimental setup, there are slight error in
the parallel arrangement between electrodes and in the full contact of
the layer despite their roughness.

Finally, to achieve a better simulation of a more complex and real T-
ENG, we propose to measure its key parameters: its capacitance var-
iation Crpgneg and its voltage bias Vz (Fig. 1c). These parameters alone
are sufficient to simulate a T-ENG, getting a good representation of its
real performances and evaluating various conditioning circuit with a
Spice simulator. Recently, several technics have been proposed to
measure and extract these parameters for electret energy harvesters. To
measure the capacitance variation ACr.pyg of a T-ENG, different ap-
proaches are possible [51-54]. We followed the setup presented in [52]
requiring a voltage source to measure the phase shift between two
signals (Fig. 6a) and we found that the capacity of our TENG varied
between 35 and 75 pF including all parasitic capacitances (Fig. 6b). The
extracted maximum capacitance of the T-ENG C,,4 is lower than its
theoretical value, which is normal and is in agreement with static
measurements made using an LCR impedance meter. The parasitic ca-
pacitance was measured to be 16 pF using a known fixed capacitance.
Similarly, to extract the voltage source bias Vg, few methods have been
proposed [52,55]. Here again we used a simple setup [52] (Fig. 6¢) to
extract the voltage source bias of our T-ENG that follows the Eq. (13):

VS[ore
Vig =

1—Cr—gnG_min! Cr—ENG_max

(13)

where C,,;in, and Cpqy are the minimum and maximum capacitance of the
T-ENG. Our prototype reached Vyy= 22.5V (Fig. 6d). It is possible to
estimate the quantity of charges generated at each cycle by multiplying
the capacitance variation by the bias voltage. Likewise, the mechanical
energy converted into electrical energy can be obtained by integrating
the area surrounded by the Q-V cycle. In our case, each movement
generated approximately 900 pC. Measuring ACr.gng and Vg allow for
truly comparing T-ENGs independently of working conditions such as
the mechanical stimulus (e.g. frequency, speed) and measurement
equipment (e.g. input impedance, parasitic capacitance). In addition, to
compare performances, the RMS voltage and current as well as the
average power generated should be prioritized, as they give a better
picture of the full ability of the T-ENG.

6. Conclusions

In conclusion, we investigated the constitutive equations, the
lumped model and the simulation of a planar T-ENG based on the ex-
tensive literature of electret energy harvesters, because T-ENGs follow
the same electrical model than electret generators since they are both
members of the family of electrostatic Kinetic Energy Harvester. We
compared this electrical model to multiphysics FEM simulations and
results were very close, with an error less than 3%. The model is
composed of a variable capacitance and a voltage source. It can easily
be introduced in a Spice simulator in order to develop conditioning
circuits for the T-ENGs. The voltage source corresponds to the surface
voltage of the triboelectric layer. We experimentally measured this
surface voltage that a triboelectric PFA layer can reach when contacted
with Al. It depends on a few parameters and is very sensitive to tem-
perature and humidity conditions. Then we compared the T-ENG model
to experimental results and found a good consistency. Finally, we
proposed two setups to extract the electrical model parameters from
real devices. These parameters are very useful to reconstitute and
compare the performances of T-ENG. These results are very
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encouraging. Such a T-ENG model has long been a key missing element
for electronic engineers seeking to integrate T-ENG in electronic devices
and use them to power industrial and consumer products. That is why it
will be very useful for researchers who wish to compare and transfer T-
ENG technologies. Thereby, it could greatly contribute the development
and the expansion of the T-ENG.
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