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ABSTRACT

The development of smart roads, designed to autonomously transmit sensor data and support advanced vehicle infrastructure, requires inno-
vative, self-sustaining power solutions. This work explores the potential of mechanical energy harvesting from road traffic using a triboelectric
nanogenerator (TENG) embedded in a speed bump to power environmental sensors and enable Bluetooth Low Energy (BLE) communica-
tion. To this end, we present an optimization framework to maximize the energy conversion in the early stages of transducer operation by
tuning the output capacitor (Crect) of the DC rectifier. Through a combination of analytical modeling, SPICE simulations, and experimental
validation using a custom test bench, we show that after the first mechanical actuation, tuning Crect to a value close to the minimum value
of the TENG capacitance, and choosing the half-wave rather than the full-wave rectifier configuration, can drastically enhance the energy
conversion. For the first actuation, half-wave and full-wave are equivalent as long as Crec; is minimized and less than the maximum value
of the TENG capacitance. Experiments demonstrate the system’s ability to successfully power a 1.8 V BLE module for data acquisition and
transmission of four embedded sensors. This work shows the feasibility of harvesting sufficient energy from a low-cost triboelectric generator
and with a minimal number of mechanical actuations, enabling practical applications such as vehicle counting or environmental monitoring
in smart transportation systems.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0244986
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I. INTRODUCTION

The evolution of roadways in response to technological
advances has created an opportunity for the development of intel-
ligent, autonomous infrastructure. These cutting-edge roadways are
designed with automation in mind, capable of transmitting sensor
data to vehicles and remote base stations. However, a significant
challenge remains: providing an autonomous power supply that can
be delivered wirelessly, without the need for regular interventions
such as battery changes.' In this context, two main categories of
ambient energy are relevant: solar energy and mechanical energy.””
Solar energy can be harnessed using solar cells, with innovative
applications, such as photovoltaic roads. Conversely, there is a
substantial supply of mechanical energy present on pavements. In

particular, in densely populated metropolitan areas, there is a signif-
icant potential for daily wastage of mechanical energy due to traffic
density. The goal of this project is to recover and reuse a portion
of the wasted energy to power sensors that can, for instance, count
vehicles, measure their weight or speed, and thus develop an intel-
ligent transport system or a database for environmental monitoring
of civil engineering infrastructures.’

A number of research groups and companies have embraced
the concept of photovoltaic roads, which use solar cells placed under
a semi-transparent layer on top of the road to convert sunlight into
electricity. In Ref. 5, Northmore and Tighe proposed a sandwich
structure composed of two laminated panes of tempered glass for
the transparent layer and thick panes of glass fiber polyester for the
electrical and base layers below. In Ref. 6, two different prototypes

APL Electron. Devices 1, 016114 (2025); doi: 10.1063/5.0244986
© Author(s) 2025

1,016114-1


https://pubs.aip.org/aip/aed
https://doi.org/10.1063/5.0244986
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0244986
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0244986&domain=pdf&date_stamp=2025-March-12
https://doi.org/10.1063/5.0244986
https://orcid.org/0009-0007-1557-0523
https://orcid.org/0000-0002-7056-7489
https://orcid.org/0000-0002-7593-4268
https://orcid.org/0000-0002-9790-8247
mailto:philippe.basset@esiee.fr
https://doi.org/10.1063/5.0244986

APL Electronic Devices

are described, one with a top layer in polycarbonate for the trans-
mission of sunlight and another where the solar cells are enclosed
between two rubber layers and the top layer is porous to drain and
channel the water. In Ref. 7, a photovoltaic floor is designed, where
the solar cells are enclosed by two ethylene-vinyl acetate/polyvinyl
butyral foils.

An alternative approach is to convert mechanical energy into an
electrical signal from the vehicle’s load. Piezoelectric materials are
capable of generating an electrical charge when pressure is applied
to the surface as a vehicle moves over the road:” the installation of
piezoelectric cymbals with a diameter of 29 mm directly embedded
into the asphalt allows each unit to generate up to 16 yW when a
truck wheel passes. In Ref. 9, a piezoelectric pavement system based
on sealed 30 x 27 cm® piezoelectric ceramic disks has been inte-
grated into the pavement structure. In Ref. 10, a column of PZT-5H
piezoelectric ceramics has been tested in several pavement materials
and various external conditions, including durability testing up to
500 000 cycles. Compared to the integration of transducers directly
inside the pavement, an easier way is to implement the mechanical
energy harvesting system inside a speed bump.'! In Ref. 12, a double
V-shaped gear mechanism with commercial electromagnetic gener-
ators was implemented in a speed bump module and was able to
generate 248 m]J under an actuation of 400 N.

For kinetic energy harvesting, beside piezoelectric and elec-
tromagnetic transducers, triboelectric energy generators (TENGs)
can also be incorporated into the roads or speed bumps. Essen-
tially, a TENG 1is as a variable capacitor whose electrodes are
separated by air, polarized by a triboelectric dielectric material
capable of semi-permanently retaining charges upon contact or
friction with a conductor or another dielectric material. TENGs
are a sub-class of electrostatic kinetic energy harvesters (e-KEHs)
combining the triboelectric effect with the electrostatic induction
principle.”* The mechanical excitation-induced processes of sepa-
ration and contact/rubbing result in an electrostatic force opposing
the mechanical separation of the capacitor plates, thus converting
mechanical energy into electricity when the transducer’s capacitance
decreases.'* Subsequently, a well-designed power management cir-
cuit can supply this generated energy to useful electronic loads, while
at the same time maintaining the polarization of the TENG to opti-
mize the power conversion process. To date, TENGs have mostly
been tested as an additional skin in tires for harvesting energy from
vehicles'”'* or as road sensors.'” "’

In this work, we propose a low-cost and autonomous system
able to sense environmental parameters and transmit them via Blue-
tooth Low Energy (BLE) communications from a single passing
vehicle/pedestrian. The electrical power is obtained from a tribo-
electric generator embedded in a speed bump. A new analysis is
presented with the objective of optimizing the energy converted
in the very first mechanical actuations, starting by an unenergized
electrical state. This paper also introduces a method for measuring
two crucial electrical parameters of a TENG: its dynamic capaci-
tance variation and its equivalent DC voltage source, representing
the built-in voltage of the triboelectric layer. This technique provides
a straightforward and effective approach to characterize TENGs,
allowing for the measurement of macroscopic parameters that
govern TENG output power under various mechanical excitations.

In Sec. II, the proposed road electrostatic transducer embed-
ded in a speed bump and based on tribo-electrification is described,
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modeled, and characterized. In Sec. IT], the optimization study is car-
ried out analytically and by SPICE simulations, then experimentally
validated. Finally, in Sec. IV, we described the full systems and the
experiments of data transmission.

Il. DESCRIPTION AND CHARACTERIZATION
OF THE SPEED BUMP TRIBOELECTRIC GENERATOR

A. Description of the transducer

A picture of the transducer and a schematic of its side view
are shown in Fig. 1. The active part consists of two aluminum elec-
trodes with a surface area of 625 cm” and thickness of 2.5 mm, so
it can support the size of car tire. The TENG is built to withstand
the pressure of a passing vehicle [Fig. 1(a)]. A tribo-electric layer
made of a commercially available 52 um thick PFA sheet, which
has an excellent affinity to trap negative charges for a reasonable
low cost, is deposited on one of the electrodes. The PFA sheet is
stuck on the electrode with conductive double-sided tape. A thick
polyurethane foam layer and plastic insulators are placed between
the electrodes and the supporting frame to increase the device reli-
ability. Four metallic springs restore the initial separation between
the electrodes after actuation, hence realizing a typical conductor-
to-dielectric contact-mode TENG,” also known as the gap-closing
(GC) mode. Even if considered as less efficient, this configuration
has been preferred to the free-standing mode with a gap-closing
actuation’’ because of its simplicity of fabrication. The PFA layer
is charged due to the triboelectric effect during the contact with the
mobile electrode in aluminum. The conversion of the mechanical
energy into electrical energy occurs during the gap increase between
the two electrodes.

B. Electrical lumped-model of the transducer
1. Description of the model

The electrical model of a TENG is represented as a dipole with
an ideal variable capacitor in series connected to either an alterna-
tive’’ or a DC voltage source.”” These two models are equivalent,
and the choice between AC and DC sources is a matter of convention
and preference.

In this work, the TENG is modelized as a gap-closing variable
capacitance Crgng in series with a DC source that we refer to as
“built-in” or “tribo-electret” voltage Vrg** [see Fig. 2(b)]. During
the contact, the triboelectric effect facilitates the transfer of posi-
tive charges to the aluminum, while negative charges are transferred
and trapped at the surface of the PFA layer. This results in the layer
behaving as an electret. As a result, a current flows between the
electrodes due to electrostatic induction. The negative charges are
spread very close to the surface of the tribo-electret material, so that
we can define a mean value of its surface charge density org. The
thickness of the tribo-electret layer is denoted dgi, its permittivity
edie> and its surface area S. We assume that the total charge trapped
in the PFA is constant and is noted Qrg. Xmax indicates the maxi-
mum air gap with permittivity &. All these variables are summed up
in Fig. 2(a).

TENG’s variable capacitance Creng(t) is equivalent to two
capacitors in series. The first is a variable capacitor defined by the
mobile electrode and a virtual electrode corresponding to the tribo-
electric charge layer on top the PFA film. The second is a constant
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FIG. 1. (a) Road transducer prototype and (b) side view schematic of the transducer.
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FIG. 2. (a) Schematic of TENG's active layers and (b) its electrical model.

capacitor defined by the aforementioned virtual electrode and the
bottom electrode on which the PFA.>” Crgng varies between Crmax
and Crmin. Crmax corresponds to the constant part of Cregng, once
the fixed and mobile parts are in contact. Crmin is defined for the
maximum displacement of the mobile electrode Xax. Knowing that
a planar capacitance C of surface S, with a dielectric of permittivity
€ and thickness d, is defined as C = €S/d, and that two capacitances
C; and C; in series are equivalent to an equivalent capacitance
Ceq = C1C2/(Cy + C2), Crmin and Crmax are defined as

Eos
Crmi . (1)
T X
BN
CTmax = % (2)
Edie

In case of harmonic displacement, Creng () is given by [assuming
Creng(0) = Crmin]

E()S

Cr t . 3)
ma(t) = ‘:;‘“ + '"'** - X% cos (2nft)
The built-in voltage Vg is defined as*
VTE _ UTEddie ( 4)
€0&die

where Vg corresponds to the tribo-electret layer’s average surface
voltage.

The zero level of TENG’s potential energy regarding the model
given in Fig. 2 is defined for the state where the TENG is short-
circuited, ie., Vreng = 0. However, it should be noted that in
this state, the internal energy of the TENG is not zero due to
the electrical field created by the charge Qrg in the tribo-electret

layer. The potential electric energy of the TENG is defined as for a
capacitor,

)
Creng ViEnG

WrenG = 2

WreNG is equal to the energy that can be recovered from a TENG
charged to Vreng voltage by an external load (e.g., by a resistor)
connected to the TENG’s terminals.

The voltage Vg can be directly measured using an electrom-
eter set above the surface. However, this technique may yield an
inaccurate value for Vg due to the non-uniform charge density
across the triboelectric layer, which can impact the reliability of
the measurement. In addition, it is not a viable option to perform
this measurement during the device operation. This built-in polar-
ization is also often indirectly characterized by measuring TENG’s
open-circuit voltage (Voc) and/or short-circuit current (Isc) dur-
ing one period of the mechanical forcing,”’ but again with some
drawbacks. First, it is challenging to carry out this measurement
accurately with standard apparatus given the high amplitude of the
dynamic voltage (often several hundred volts) and the low capac-
itance of TENGs (typically below a few nano-farads). It requires
high-voltage measurement apparatus with input impedance in the
TQ range or high-gain current amplifiers.”” More importantly, Voc
and Isc measurements alone cannot discriminate between the effects
of electrostatic induction and those of the amount of charge in the
triboelectric layer if the dynamics of TENG’s variable capacitor is not
precisely known. In Sec. II B 3, an indirect measurement technique
is used to obtain Vg, which relies on an independent measurement
of the variable capacitance dynamics Creng(£).”*

2. Transducer’s dynamic capacitance measurement

The dynamic capacitance of the TENG is calculated from the
phase-shift measurement A® of a RCreng circuit powered by a high-
frequency AC source Vgen. From the obtained curve, we can extract
the TENG’s extremal capacitance ratio 1 = CT‘"“ under the desired
mechanical excitation. The phase-shift A® between Vgen (Signal 1)
and Vreng (Signal 2) in the Re - Creng () circuit depicted in Fig. 3(a)
is quantified over time to assess Cteng(t). Vigen is a sinusoid of con-
stant amplitude with an angular frequency w significantly higher
than the mechanical movement of the TENG electrode(s). Then,
Creng(2) is expressed as™

_tan[49(0)]

chw

Creng(t) = (5)
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FIG. 3. (a) Circuit for Creng(t) dynamic measurement based on signals dynamic phase-shift. (b) Signals used for the extraction of Crgyg(t).

The sensitivity of A® to the variation of Creng is maximum at
the cutoff frequency of the RoCreng network, corresponding to
A® = -1t/4. Therefore, the optimal choice of Re, reducing the error
propagating from the inaccuracy in phase measurement, is given by

1

-
CrENGW

(6)

RCDopt =

where Creng denotes the expected average value of Creng(#) (its
value can be approached by a first set of measurements using a
non-optimal Ro).

The TENG capacitance was measured by using this method
with w = 21:9.5 krad s™! while the road bump is actuated by a walking
pedestrian at ~2 Hz. A is assessed by calculating the time differ-
ence between consecutive zero-crossings of both signals (Fig. 3). A
preliminary static measurement of Crmax, with the pedestrian stand-
ing on top of the TENG, is obtained with an LCR meter and gives
10 nF, yielding an estimation of 10 kQ for Rept. Figure 4 illustrates
successive dynamic measurements of Crgng, where Crmin = 420 pF
and Crmax = 6 nF, showing a Creng ratio 7 of 14.3 in use.

3. Transducer’s build-in triboelectric voltage
measurement

The measurement of the built-in voltage Vrg is based on
observation of the evolution of the half-wave or full-wave rectifiers
supplied by the TENG generator (Fig. 5). The saturation voltage
across the output capacitance of these stable charge-pumps is related
to # and Vg through a simple expression that can be inverted to
determine Vrg. Vg of either full-wave (FW) or half-wave (HW)
rectifier circuit can be calculated from the following formulas:*®

(n+1)
(n-1)°

)

Ve = = Vsa-rw

1
Ve = — Vsat-nw (8)
(n

_1)’

8n
7N+
6N
5n
4n -
3N
2N
1n A

Crene (F)

0] 1 2 3 4
Time (s)

FIG. 4. Road TENG dynamic capacitance value.

where Vg.pw and Viqw are the saturation voltages of FW and HW
rectifiers, respectively. Given the high capacitance ratio of the trans-
ducer, the expected saturation voltage of the rectifiers across Crect is
anticipated to exceed 1 kV, making its measurement challenging. To
address this, an external parasitic capacitor Cpar = 4 nF is introduced
in parallel with the TENG, reducing its capacitance ratio to n = 2.3
and consequently significantly lowering the saturation voltage.

The output voltage Ve is obtained by measuring the charge
Qrect of the output capacitor Cret using a Keithley 6514 electrometer
connected in series with Ciect,

Viect = 2::: . (9)

Figure 6 shows the measurements of Ve for both rectifiers
across Creet = 10 nF. The saturation voltage of the FW rectifier
Vsarrw is 80 V, corresponding to Vg = —207 V. The saturation
voltage of the HW rectifier Vaenw is 260 V, corresponding to
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FIG. 6. Output voltage of the HW and FW rectifiers with an external parasitic
capacitor of 4 nF to determine the built-in voltage of the tribo-electret material.

Ve = —206.3 V. These consistent results by two independent mea-
surement methods validate the TENG model, confirming that this
TENG can be modeled by a DC source of Vg = —206 V in series
with the measured Creng.

C. Electrical energy generation from the road
bump TENG

TENGsS can generate very high AC voltage signals at their out-
put, in the range of hundreds to thousands of volts, but with a
relatively low current peak of microamps. Most electrical systems
need to be powered with a DC voltage, so a rectification is necessary.
It can be achieved with stable or unstable charge-pumps. A charge
pump rectifies the input AC voltage while generating a dynamic
bias (an AC voltage) at the transducer, which is required for energy
conversion. A high voltage is also required for a good energy yield.
Unstable charge-pumps, such as the Bennet doubler, theoretically
have no maximum output DC voltage;’” they are used when the ini-
tial bias voltage of a capacitive transducer is low. In this case, the
bias voltage can be increased way beyond the initial bias voltage. On
the other hand, stable charge-pumps such as the full-wave (FW) or
the half-wave (HW) diode bridge rectifiers experience a saturation,
resulting in a DC output voltage of the same order of magnitude as
the internal bias voltage of the transducer.” Since the internal bias
voltage of the TENG is generally very high, stable charge pumps are
mainly used with these devices.

ARTICLE
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FIG. 5. Circuits for V1g measurements.
(a) Half-wave rectifier and (b) full-wave
rectifier.

In the following experiments, we focus on the HW rectifier,
since it will be shown in Sec. IIT A 3 that it is the best circuit for
our practical case. Figure 7(a) shows the output voltage for the first
human steps across a value of Creet 0f 100 nF, which is more than
one order of magnitude higher than the maximum value of Crgng.
The energy harvested at each step is shown in Fig. 7(b): it increases
because the rectifier output voltage is still lower than half its sat-
uration value.”® However, it is only a few uJ. Considering that the
primary purpose of this study is to harvest enough energy from one
passing vehicle to power a sensor and send the measurement data
to a base station, the harvested electrical energy is insufficient. This
illustrates the need to optimize the system to enhance the energy
conversion efficiency for a few actuations.

I1l. OPTIMIZATION FOR A LIMITED
NUMBER OF ACTUATIONS

Most of the time, small- or medium-sized mechanical energy
harvesters do not collect enough energy to continuously power a
system, especially if it includes data transmission. Instead, multi-
ple small amounts of electrical energy are accumulated in a large
capacitor over a long period of time. Then, when enough energy
is stored in the capacitor, a switch is activated to release a suffi-
ciently large amount of energy for the intended task. This is why
the output capacitor Crect of the HW or FW rectifiers is usually one
to two orders of magnitude larger than the minimum value of the
TENG capacitor. Furthermore, we have shown in previous stud-
ies that with stable charge pumps the maximum energy conversion
is obtained when the output voltage is equal to half the saturation
voltage and that the number of mechanical cycles required to reach
this optimum is proportional to Crect/Cmin,”® Which can be a large
number. In addition, the maximum average power in conventional
unconstrained power maximization settings is an increasing (but
saturating) function of Cre, all else equal. However, in our appli-
cation, only a maximum of 4 actuations (one per wheel) can be
obtained for one passing vehicle. Consequently, our optimization
problem is quite different than in traditional settings, as we need to
maximize the converted energy under a constraint on the number of
total actuations at which this energy is evaluated.

A. Description of the method

In the optimization described in Ref. 28, it is assumed that
many mechanical cycles are necessary to reach the optimal voltage
value. With very few cycles, the previously derived formulas are no
longer valid because the optimum output voltage cannot be reached
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FIG. 7. (a) Voltage across Crect = 100 nF
using a half-wave rectifier only and (b)
converted energy histogram for each of
the first ten mechanical actuations.
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under all conditions. In this section, we would like to determine if
there is an optimal value for Cre: when there are only 1-4 actuation
cycles before Cre is discharged to power a system.

1. Equations for the available harvested energy

The system to be optimized is shown in Fig. 8 and consists
of a TENG, a stable charge pump as a conditioning circuit (CC),
and an ideal switch that discharges its output capacitor Cre into a
load each time the switch is operated at Crmin. It should be noted
that such an operation requires a synchronization of the switch with
the motion of TENG’s mobile electrode. AW denotes the electrical
energy supplied to the load during the switch actuation. It is calcu-
lated as the initial total energy stored in (Crect + Creng) minus the
energy remaining in the two capacitors after the switch actuation,

AW = (WTENGb + WCrectb) - (VVTENGn + WCrecta)a (10)

where the “b” and “a” indices define the time instants immediately
before and after the switch activation and subsequent capacitor dis-
charge, respectively. For analysis, we assume that Vg is constant
and Crect is completely and rapidly (relative to the period of mechan-
ical motion) discharged after the switch actuation. Consequently,
during the capacitor discharge, Creng remains at Crmin. The energy
terms in Eq. (10) are then defined as follows:

\/rect =/
SW

C;/g ce
A Crea
=

______________

Load

FIG. 8. System used for analysis.

1234567 8 910
Steps

CTmin
WrenG, = —— Verecy»
C
WCrect,, = 7r2ect VCl’eCtz’ (11)

WTENGa = WCrecta =0.

Expanding Eq. (10) with Eq. (11) leads to

1
AW = Evfectocmn(c +1), (12)
where { = CT““
In a stable charge pump, the general law governing Vi«
throughout Creng’s variation cycles i is given by

Viectiy, = & Viect, + ﬁa (13)

where « and f are coefficients that depend on the TENG’s para-
meters and the charge-pump architecture, respectively.”® For the
HW rectifier,

¢
OHW = 5,
(+1
Baw = —VTE (n=1) o
(+1°

where # = gﬁ

For the FW rectifier, the evolution of the output voltage
depends on the value of the load capacitor Crect. If Crect < CTmax, the
operation of the charge pump is degenerated so that the saturation

arrives after the first cycle, yielding for all i > 0 [Eq. (7)],%

-1
Vrect, = _VTE 1 .
n+1

For Crect > Crmax» the evolution is given by (13) with

3
+1 +1 (15)
Brw = —Vr1E 2¢_(n=1)

(C+1) (C+n)

Knowing « and f3 for a given circuit, the expression of Ve for
a specific switch actuation cycle can be injected into the pre-derived
expression of AW in Eq. (12). Therefore, we get the equation of the
available energy with respect to Crect, and we can look for a possible
optimum.
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FIG. 9. Schematics of the experimen-
tal setups for the TENG characteriza-
tion. (a) Setup for the dynamic capac-
itance measurement. (b) Setup for the
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2. Characterization of the TENG used for validation
of the optimization

To evaluate the proposed optimization, experiments are con-
ducted with a simple transducer consisting of two 9 x 9 cm? copper
electrodes, one of which is covered with a 100 ym thick PTFE film
from Goodfellow. One electrode is fixed, and a linear motor con-
trols the position of the second one. The same method is applied
as in Sec. II B to extract the parameters introduced in the analyti-
cal model. A schematic of the experimental setup is shown in Fig. 9.
The measurements of the dynamic capacitance using the phase-shift
technique and the saturation voltage with a FW rectifier are shown
in Fig. 10. We get

Crmax 417 pF
7= Tmax _ P =33,
CTmin 127 pF (16)
(n+1) _

Vit = — Vg =-188 V.

(n-1)

3. Calculation and SPICE simulation of the available
harvested energy

The calculations of the energy available after n = 1, 2, 3, and
4 cycles are performed with a Python scrip, using the recurrent
Eq. (13) with the initial value Vrecto = 0. For each value of 1, the value
of Vet at the end of the nth cycle is calculated and then Eq. (12) is
applied to obtain AW for each n. The SPICE simulation, which uses

Computer

measurement of Vre.

=000

TBS 2000
oscilloscope

a behavioral model of a variable capacitor and ideal diodes, provides
exactly the same results.

Figure 11 shows the curves of the total energy AW supplied to
the load and the average energy per mechanical cycle as a function
of the value of Creet for n = 1-4, for both HW and FW rectifiers. For
the HW rectifier [Fig. 11(a)], AW displays a maximum for n = 2-4
that increases with the number of cycles, and the optimum value of
Crect increases with the number of actuation steps. However, if only
one cycle is used, Crect should be minimized. Looking at the average
energy per cycle [Fig. 11(b)], it appears that the best configuration is
a one-cycle operation when Cre is close to zero.

For the FW rectifier [Fig. 11(c)], the total energy AW is the
same for any # if Crect < Crmax, since the saturation takes place after
the 1% cycle, as mentioned in Sec. I1T A 1, and it is maximum for the
smallest value of Crect. It should be noted that at low Crect in the pF
range, AW is similar to that of the HW rectifier. For Crect > Crmax»
AW displays a maximum that increases with #. The optimum Crect
for the FW rectifier is one order of magnitude above Crmax, Whereas
it is of the same order for the HW rectifier.

B. Experimental validation

Experiments with the HW rectifier are conducted with the
TENG presented in Sec. II B, for which Crmin = 127 pF, Crmax = 417
pF, and Vg = —188 V. The experimental setup is shown in Fig. 12.
The TENG is connected to the rectifier with the electrode covered
with PTFE connected to the ground. Each diode of the HW rectifier
in Fig. 12(a) corresponds to eight HV diodes connected in series to

FIG. 10. TENG characterization for opti-
mization study. (a) Dynamic capacitance
measurement and (b) full-wave rectifier
output.
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FIG. 11. Harvested energy obtained
with SPICE simulations and analytically

(identical results) for the first four actu-
ations. (a) Accumulated energy AW
for the half-wave rectifier, (b) average
energy per mechanical cycle for the half-
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wave rectifier, (c) accumulated energy
AW for the full wave rectifier, and (d)
average energy per mechanical cycle for
the full-wave rectifier.
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obtain a reverse breakdown voltage around 1.6 kV. V. is obtained
by measuring the current through Crect with a FEMO DLPCA-200
transimpedance amplifier, which is then integrated and divided by
Crect~

Figure 13 shows the calculated available harvested energy from
the measurement of Vyec for a Crect sweep between 100 pF and 1 nF.
As expected, it clearly shows an optimum of Crect, except for a single
actuation with the HW rectifier where Crect should be minimized.
For those small number of actuations, Crect should have a small value
for maximizing the available energy. It can be noted that if higher
values of Crect are chosen, the harvested available energy becomes
independent with Crect.

IV. DATA TRANSMISSION
A. The power management system (PMS)

Under optimum conditions, the output signal of the TENG
speed bump after rectification can reach high values, from 300 to

2000 3000 4000 5000
Crect (pF)

FIG. 12. (a) Schematic and (b) exper-
imental setups for testing the effect of
Crect ON the available harvested energy.

2kV. Although this high voltage can improve the level of energy con-
version, it must be reduced to 1.8 V for practical use. A solution, to
simultaneously maintain a high voltage across the TENG terminals
for high energy conversion efficiency and to supply the load with a
low voltage, is to implement two-stage power management architec-
ture with an autonomous plasma switch.”” At each switch actuation,
the energy stored in Cre is transferred to a larger capacitor Cstore
through a Buck DC-DC down converter (Fig. 14). The previous opti-
mization study indicates that there exists a value for Cre in the range
of the TENG capacitance that minimizes the number of mechanical
steps required to reach the switch actuation voltage.

The plasma switch controls the charge transfer between Crect
and Ciiore. It is fully autonomous and does not need any additional
electronics. It is based on the electrostatic discharge between two
metallic wires: at a certain high voltage threshold defined by the
gap between both switch electrodes, a current will flow through
due the electrical breakdown in a specific gas, here the ambient
air.
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FIG. 13. Experimentally measured harvested energy after different number of first
mechanical steps with a HW rectifier.

According to Paschen’s law,”” the breakdown voltage increases
as the electrode gap increases, and there is a minimum breakdown
voltage around 300 V with a gap of ~5 ym’’ in air. Therefore, the
ON-actuation voltage of the switch can be controlled by adjusting
the gap properly. If the breakdown voltage can be affected by the
environmental changes, fortunately, the fluctuation of breakdown

pubs.aip.org/aip/aed

voltage due to humidity change is less than 10%,’” while the effect of
temperature on the breakdown voltage is negligible.”’

1. Plasma switch characterization

To characterize the plasma switch, we measure the voltage
across Crect = 10 nF for several steps with the speed bump TENG
shown in Fig. 1 and circuits A + B shown in Fig. 14. The obtained
curve is plotted in Fig. 15(a). It shows that the switch has an ON-
actuation voltage of around 940 V and OFF-actuation voltage of
around 740 V. 120 V are obtained after the first step, correspond-
ing to the generation of 72 yJ. If Crect is decreased to 1 nF, only one
step is needed to actuate the plasma switch at 928 V [Fig. 15(b)]. This
translates 430 yJ per step: hence, more than 370 uJ has been gained
after decreasing the rectification capacitance from 10 to 1 nF.

2. Experiment with the BLE module

This experimental setup consists of the speed bump TENG,
the HW rectifier that has been proven by calculation and simula-
tion to be more efficient that the FW rectifier, the plasma switch,
a Buck DC-DC down converter, a commercial energy harvesting
voltage regulator (LTC-3588), and a BLE module (RIOT-001). The
BLE module integrates four low power sensors: temperature, humid-
ity, atmospheric pressure, and luminosity. A dedicated application
allows to track on a smartphone the data that are sent continuously.
Each diode of the rectifier can withstand up to 3.2 kV. Cre, the out-
put capacitor of the HW rectifier, has a value of 1 nF. The Buck
circuit converts the rectifier output from 940 V to less than 10 V

Circuit A Circuit B Circuit C
Plasma
Buck Converter
N \/rect | B -S-VY - :_ N _M _\_/s_to_re_: S \/reg ey
1] — — | L y <=
D. T | i =1
. | ! O 4
i Crect : : 6 g Al Q n : . q
| 1= ! ! < 8 3 FIG. 14. I;ull circuit for powering a BLE module and transmit
: B — | or ! g ) sensors’ data.
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FIG. 15. (a) Voltage across Creet = 10
nF showing the plasma switch hystere-
sis. (b) Voltage across Cret = 1 nF of a
HW rectifier from one mechanical cycle.
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FIG. 16. Voltage evolution across Core during initial charging and transmission
with the BLE module.

across Csore = 47 yF. At the regulator output, the BLE module is
supplied with 1.8 V. Consequently, every time the plasma switch
is actuated (with Creet = 1 nF it occurs at every mechanical step),
a charge transfer from Crect to Cstore is achieved.

As shown in Fig. 16, 25 steps are needed to activate the plasma
switch from a discharged system, and 3.3 m]J are consumed to wake-
up the BLE module. Then, 182 yJ are transferred to Core at each
switch actuation (increasing voltage), which triggers the sending of a
data packet at the energy cost of around 166 yJ (decreasing voltage).
The sensors’ data can then be read on an android app.

V. CONCLUSION

In this paper, we have demonstrated that there is an opti-
mal configuration for maximizing the harvested energy in the early
stages of a TENG operation by appropriately selecting the value
of the DC output rectifier capacitor Cret. Through a combination
of analytical studies, simulations, and experimental verification on
a dedicated test bench, we found that the available energy can be
increased by a factor of three to six by tuning the output capacitor
of TENG’s rectifier at a low value close to the minimum value of
TENG’s capacitor. This optimization has been applied to two dif-
ferent energy conditioning circuits, the half-wave and the full-wave
rectifiers, and has been carried out for systems where the harvested
energy is extracted after the first, second, third, or fourth mechan-
ical actuation step. It was found that for more than one actuation
step before extracting the harvested energy, the optimal configura-
tion is with Crect close to the minimum value of the TENG capacitor
and the half-wave rectifier outperforms the full-wave rectifier. For
a single actuation step, Crect must be minimized and the half-wave
and full-wave rectifiers are equivalent as long as Crect is less than the
maximum value of the TENG’s capacitance. Both SPICE simulations
and experimental results confirmed the theoretical analysis.

The optimal configuration requires a DC output voltage of
940 V. A second stage following the rectifier is then required to
reduce the output to a few volts in order to power typical elec-
tronics devices. It should also be noted that the experiments differ
slightly from the theory, as the rectifier output capacitor is not fully
discharged after each actuation.

Consequently, we have implemented a two-stage power man-
agement system (PMS) including a custom-made plasma switch.

pubs.aip.org/aip/aed

This system ensures that a buck DC-DC converter operates
autonomously without any additional control electronics. The two-
stage PMS enabled the continuous driving of a 1.8 V RIOT-001 BLE
module by the triboelectric transducer, with data transmitted on
each actuation.

The optimization of Cret maximizes the energy converted from
the mechanical domain. Other improvements in overall system effi-
ciency are possible, such as fine-tuning the buck converter’s passive
components. In particular, increasing the inductance of the Buck
converter could improve the charge transfer from the high-voltage
to the low-voltage stage. In addition, the wake-up energy require-
ment of the BLE module remains a challenge, as it far exceeds the
energy generated per mechanical actuation of the TENG. A potential
solution is to maintain the BLE module in a wakeful state, ensuring
that the voltage at the BLE input remains above 1.8 V.

In conclusion, the integration of the TENG, optimized two-
stage PMS, and BLE module yields promising results for practical
applications of road transducers applications, where the system must
sense and transmit data when vehicles or pedestrians pass. Tribo-
electric generators represent a novel and viable energy harvesting
technology that could be deployed on roads at low cost as an alter-
native to other energy harvesting methods. This work brings us a
step closer to commercial applications of triboelectric energy har-
vesting systems, particularly when combined with a tailored power
management circuit.

SUPPLEMENTARY MATERIAL

See the supplementary material for the video of the road TENG
in action enabling data transmission from four low-power sensors
via Bluetooth.
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