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Abstract—A nonlinear vibration energy harvester (VEH) 

based on electromagnetic transduction in a quasi-periodic system 

is proposed. The quasi-periodic system is obtained by varying the 

mass of one of the moving magnets which leads to the vibration 

energy localization. The mechanical nonlinearity is introduced by 

considering large displacements of the beams. It is shown that the 

introduction of the nonlinearity and the functionalization of the 

energy localization phenomenon lead to the enlargement of the 

bandwidth and the increase of the vibration amplitudes. 

Keywords: Vibration energy harvesting, energy localization, 

nonlinearity, quasi-periodic structure. 

I. INTRODUCTION 

Over the past few years, the diversity of ambient sources of 
energy arouses researchers to make its scavenging a focus of 
interest [1]. Therefore, various techniques based on different 
conversion mechanisms have been developed. Although the 
evolution in this domain is continuous, most devices operate on 
a narrow frequency band, which limits their application in areas 
where energy prevails over a large frequency band [2]. To 
overcome this problem, several approaches have been proposed 
such as the introduction of nonlinearities [3] and the energy 
localization [4], etc.  

In this context, a multimodal vibration energy harvester 
(VEH) is proposed. While focusing on the performances’ 
improvement, introducing nonlinearity by considering large 
displacements of beams and perturbing the structure by 
changing mass of one of the moving magnets [5] is investigated. 
The nonlinearities and the mistuning introduced in the model 
allow enlarging the bandwidth and increasing the average 
harvested power. 

II. SYSTEM MODELLING 

A. Design 

The harvester proposed, inspired from the work of 

Mahmoudi and al [4] and depicted in FIGURE 1, is based on 

magnetic transduction. It is composed of two weakly coupled 

magnets guided by elastic beams. The magnetic forces lead to 

"nonlinear magnetic stiffness". Wire-wound copper coils are 

wrapped around the moving magnets. When the device is 

subjected to a harmonic base excitation, each moving magnet 

oscillates around its equilibrium position and a current is 

induced in each coil. 

 

FIGURE  1. DESIGN OF THE PROPOSED VEH 

B. Governing equations 

In the case of mass mistuning, the system governing the 
proposed VEH can be expressed as follows: 

{
�̈�1 + 𝑐 𝑎1̇ + 𝜔0

2[(1 + 2𝛽)𝑎1 − 𝛽𝑎2] + 𝑓𝑛𝑙𝑎1
3 = (1 + 𝛾)�̈�

 𝛼�̈�2 + 𝑐 𝑎2̇ + 𝜔0
2[(1 + 2𝛽)𝑎2 − 𝛽𝑎1] + 𝑓𝑛𝑙𝑎2

3 = (𝛼 + 𝛾)�̈�
(1) 

Where 𝑎1 and 𝑎2 are the generalized coordinates, α is the mass 

mistuning coefficient, 𝑐 is the total damping factor, 𝜔0 is the 

eigenfrequency of each decoupled dof, m is the equivalent 

mass, 𝛽 is the coupling coefficient, 𝑘𝑚𝑒𝑐
𝑙   is the linear 

mechanical stiffness, 𝑘𝑚𝑒𝑐
𝑛𝑙  is the nonlinear mechanical 

stiffness, 𝑓𝑛𝑙 is the nonlinear term, 𝛾 is the mass ratio and �̈� is 

the acceleration of the basis excitation. 

III. RESULTS AND DISCUSSION 

The average power, harvested from the two moving 

magnets, is expressed as follows: 

                  𝑃 = 𝑅𝑙𝑜𝑎𝑑 (
 δ 𝜔0

𝑅𝑙𝑜𝑎𝑑+𝑅𝑖𝑛𝑡
)

2
[𝑎1𝑚𝑎𝑥

2 + 𝑎2𝑚𝑎𝑥
2 ]            (2)       

Where δ is the electromagnetic coefficient and 𝑅𝑙𝑜𝑎𝑑 and 

𝑅𝑖𝑛𝑡 are respectively the load and internal resistances of the coil 

used in the electrical circuit for energy harvesting. 
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In order to highlight the effects of introducing nonlinearity and 

energy localization on the performances of the device, we will 

consider in this study, three distinct configurations. The 

configuration 1 consists of harvesting energy from the periodic 

system. The configuration 2 corresponds to a harvested energy 

from both the perturbed and non-perturbed magnets. As for the 

third configuration, it consists of harvesting energy from only 

the perturbed moving magnet.  The effect of the introduction of 

these phenomenons is studied numerically and validated 

experimentally. We illustrate in the FIGURE 2, the 

experimental setup used for a sinusoidal excitation. 

 

FIGURE  2. TEST BENCH  

For the configuration 1, the numerical results and their 

confrontation are shown in FIGURE 3. Simulations are 

performed with an acceleration equal to 1 𝑔. 

 

FIGURE  3. RESULTS OF CONFIGURATION 1 

In order to study the quasi-periodic system, we should 

determine the optimal mistuning value, giving the maximum of 

the harvested power. This mistuning which gives the maximum 

amplitudes is equal to 𝛼 = 1.06.  

The results of the configurations 2 and 3 are illustrated 

respectively in the FIGURES 4 and 5. 

It is show that the harvested power from the configuration 2 is 

enhanced by 15.87%. Configurations 1 and 3, show that the 

harvested powers are nearly identical.  We can, then, conclude 

that the introduction of the localization phenomenon offers the 

opportunity of harvesting energy from one perturbed magnet 

and having one electric system of harvesting instead of two. 

Focusing on the effect of the nonlinearity and comparing the 

results of the best configuration (3) and the configuration 1, we 

notice from FIGURE 6 that the bandwidth is enhanced by 29%. 

 

FIGURE  4. RESULTS OF CONFIGURATION 1 

 

FIGURE  5. RESULTS OF CONFIGURATION 1 

  

 

(A) (B)  

FIGURE 6. BANDWIDTH OF CONFIGURATION 1 (A)  

AND 3 (B) 
 

IV. CONCLUSION  

In this paper, a new concept combining the benefits of 

dynamic nonlinearities and energy localization is proposed. It 

has been proved that the mechanical nonlinearity introduced in 

the periodic system enlarges the bandwidth, while the energy 

localization by the mass mistuning enhances the average power.  
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Abstract—In this paper, a performance comparison of two 

Dickson voltage multipliers realized with two different 

technologies: FDSOI 28 nm and BiCMOS 55 nm is presented. 

The I-V characteristics measurement of diodes in both 

technologies reveals that FDSOI has a threshold voltage and 

leakage current smaller than that of BiCMOS. It is also 

ascertained through the measurement results that the efficiency 

of the two stages rectifier realized with the FDSOI is better than 

that of rectifier obtained using BiCMOS. Power conversion 

efficiency (PCE) of 44 % is achieved in FDSOI, whereas, a PCE of 

37 % is observed in BiCMOS. Furthermore, the effect of 

increasing the number of stages is presented. 

I. INTRODUCTION 

The next internet revolution already on the way, will be 
Internet of Things (IoT) with a large number of wireless micro 
sensors spread in our environment to monitor our “life” in a 
more cleverly way (health, security, transportation, energy…) 
[1-2]. The drawback of IoT is their power requirement: “How 
supply these without spreading pollution around us due to 
dispersion of heavy metal in their battery?” Although, thanks to 
recent improvements in last microelectronic technologies new 
circuits are now able to consume very low electrical power 
level. For example, a 32 bits, 50 MHz, ultra-low voltage 
microcontroller can be powered by only 0.37 V and requires a 
sleep power around 50 nW [3]. In the same time, average RF 
power density of Wireless Local Area Network (WLAN) or 
Global System for Mobile Communications (GSM) can now 
reach up to 10 nW/cm

2
 as shown in [4]. Moreover, in wireless 

circuit, antenna occupies a large volume of the IoT for a small 
time of use (less than one minute per day). The idea is to reuse 
the antenna to harvest the ambient RF energy and relieve the 
battery. The lifetime of the battery of IoTs could be reinforced. 

To convert RF to DC non-linear elements need to be used, 
usually Schottky diodes, but a sensitivity of -40 dBm at 
2.45 GHz has been obtained with tunnel diodes [5]. Howbeit, 
these types of diodes are still difficult to integrate in 
microelectronic technologies and circuits. Recently a three 
stages voltage multiplier, designed in 0.18 µm CMOS 
technology that can achieve 1 V output voltage for an input 
power of -27 dBm [6]. 

In this paper, we compare measured performances of one 
and two RF-DC converters design with two technologies: one 
is one of the latest bulk BiCMOS 55 nm technology and the 

second one is the FDSOI 28 nm described as well adapted to 
low power applications.  

II. RECTIFIER PRINCIPLE 

RF-DC Dickson voltage multiplier is widely used for RF 

energy harvesting. Each stage of Dickson rectifier is realized 

with two diodes and two transistors. This architecture can 

rectify both part of the signal, negative and positive parts. By 

increasing the number of stages, the output voltage increases 

until reaching a limit value where leakage currents and 

threshold voltages become dominant. A two stage Dickson 

voltage rectifier is presented in Fig. 1. The power conversion 

efficiency (PCE) is the key parameter and it is defined by: 

     
    
 

     
 

 

       
 

 

 
Fig. 1: Two stages Dickson voltage multiplier with dynamic back gate bias. 

 

III. RECTIFIER DESIGN 

To design integrated RF-DC rectifiers, it is necessary to replace 

Schottky by transistors, configured as a diode (gate connected 

to the drain). Classical bulk microelectronic as BiCMOS 

technology is widely used in the integrated circuit. However, it 

suffers from parasitic and leakage currents in substrate due to 

the reduction of transistor size. FD-SOI is a promising 

alternative. In FD-SOI technology, a buried oxide layer (BOX) 

is placed between the active area and the bulk to reduce 

leakage currents. Moreover, thanks to the BOX a back gate is 

obtained which allow to control leakage current and the 

threshold voltage. One and two-stages rectifiers are realized in 
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BiCMOS 55 nm and FD-SOI 28 nm technology. The 

transistors are chosen to reduce losses in the circuit by 

decreasing series resistance. To reduce the series resistance, 

transistors with interdigit fingers are used. On the other hand, 

the (W, L) ratio is conserved for transistors in both 

technologies. 

IV. FDSOI AND BICMOS STATIC COMPARISON 

Fig. 2 shows the absolute value of I-V characteristics of the 

two transistors in both technologies. The simulation and the 

measurement results are in coherence with each other. The 

FDSOI transistor has a smaller threshold voltage compared to 

BiCMOS transistor. 

 
Fig. 1. I-V characteristics in FDSOI and BiCMOS technology for a N-type 

transistor connected as a diode 

Furthermore, for small reverse polarizations (<0.6 V), the 

leakage currents of BiCMOS are slightly smaller than those of 

the FDSOI. Nevertheless, beyond this reverse bias voltage, the 

leakage current of the FDSOI becomes considerably smaller 

than that of BiCMOS. 

V. RECTIFIERS COMPARISON 

In this section, a comparison between one and two-stages 
rectifiers is performed. The transistors used have the same W/L 
for both rectifiers. Figure 3 represents the PCE measured for 
both technologies as a function of the load resistance for same 
input power (0 dBm). The maximum PCE achieved with two 
stages is 35 % and 28 % with an RLoad of 10 kΩ and 7 kΩ for 
FDSOI and BiCMOS, respectively. 

As shown in Figure 5, the maximum PCE for two-stage 
rectifier is obtained for load resistances that are bigger than 
those of a single stage. This shift is due to the fact that the two-
stage voltage converter, can deliver an output voltage bigger 
than that of one stage, for higher load resistance. In addition, 
for a single stage, the PCE is slightly higher than that of two 
stages. This degradation is due to the fact that the output 
voltage is not exactly the double of that of a single stage, 
because of the voltage drop across the two transistors added for 
the second stage, and also because of leakage currents. So, by 
increasing the number of stages, the maximum of the PCE 
cover higher load resistance, but the maximum value of the 
PCE will decrease because of the voltage drop and leakage 
current. 

 

Fig. 2: comparison of the PCE vs. RLoad for two stages Dickson rectifier 

designed in FDSOI and BiCMOS technology 

VI. CONCLUSION 

This paper describes the design of one and two stages of RF 
rectifiers for energy harvesting. One has been designed in the 
bulk technology, BiCMOS 55 nm, and the other one SOI 
technology, FDSOI 28 nm. These rectifiers have been 
optimized to reduce losses, especially for transistor equivalent 
series resistance. Static I-V diode measurements represent a 
lower threshold voltage and less leakage current for FDSOI 
technology compared to that of BiCMOS. On the other hand, a 
PCE of 35 % is obtained in FDSOI rectifier against a PCE of 
28 % for BiCMOS rectifier for the same conditions (an input 
RF power 0 dBm @ 2.45 GHz with an RLoad of 10 kΩ and 7 kΩ 
respectively). Furthermore, by increasing the number of stages 
of a rectifier, the maximum PCE is obtained with higher load 
resistances, since the output voltage of the rectifier can reach 
higher values. In addition, FDSOI is an appropriate technology 
for energy harvesting due to the low threshold voltage, less 
leakage currents and an appropriate use of the thanks to the 
Back Gate which can improve the PCE. 
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Abstract—The polydimethylsiloxane (PDMS) composite films 
containing of BaTiO3 particles with average size of 70 nm and 
500 nm are prepared and characterized, respectively. Then 
Triboelectric nanogenerators (TENG) are designed at different 
BaTiO3 size and mass ratio. In addition, multi-wall carbon 
nanotubes (MWCNT) are also used for uniform dispersion of 
BaTiO3 particles in composite films for TENG device. With the 
synergistic effects of BaTiO3/MWCNT fillers, discrete conductive 
micro-networks surrounded by BaTiO3 particles form and then 
the effective filler-matrix interface effect in the three-phase 
composite is enhanced leading to superior triboelectric output 
performance. Moreover, triboelectric output performance of 
TENG changes with different sized BaTiO3 particles. As to BT-
70-MWCNT/PDMS composites, with the same mass ratio of BT, 
the peak output current is always higher than that of BT-500-
MWCNT/PDMS.  

I. INTRODUCTION 

The increasing energy crisis and environmental pollution 
stimulate the development of renewable energies, which 
contribute to reducing the greenhouse effect and the 
consumption on traditional fossil fuels.[1] As a new type of 
renewable energy harvesting system, TENG has been proved 
as an alternative and promising tool to harvest renewable 
energy in recent years.[2] Due to inherent capacitive 
characteristic of TENG,[3] it is highly desired to achieve 
higher output power by increasing the relative capacitance 
(effective ε/d value, in which ε is the relative permittivity and d 
is the film thickness). For triboelectric application, more 
research attention has been given to choosing different types of 
ceramic or conductive fillers, filler loading and surface 
structure design, rather than considering the filler-matrix 
interface effect.[4-6] Thus, it is desired to clarify the effect of 
filler size and filler-matrix interface on the triboelectric 
performance of BaTiO3/polymer composite based TENG. 

II. EXPERIMENT 

Two kinds of tetragonal BaTiO3 nanoparticles (BT NPs) 
were chosen: 70 nm and 500 nm in average. BT NPs were 
dispersed in PDMS elastomer. After degassing, the mixture 
was cast onto a petri dish and cured at 80 � for 2 h. For BT-
MWCNT/PDMS composites, MWCNT with weight ratio of 1 
wt% was chosen, using the same process. The film thickness 
was 300 µm in average. For TENG device, an aluminum foil 
was prepared as top electrode and positive triboelectric 
material. The composite film acts as the negative triboelectric 

material with a bottom electrode. A linear motor system was 
setup as mechanical source. 

III.  RESULT AND DISCUSSION 

Figure 1 shows the mechanism of a TENG using composite 
film and Al foil as negative and positive triboelectric materials, 
respectively. In brief, the TENG works thanks to the coupling 
effect between triboelectrification and electrostatic induction: 
i.e., electrification furnishes static polarized charges while the 
later one converts mechanical energy to electricity during 
periodic motion.  

 

Figure 1(a-e) Mechanism of TENG under an external force; (f) 
Schematic structure of TENG; (g) Equivalent circuit model. 

Figure 1(f) displays the equivalent circuit model of an 
arbitrary TENG.[7] For contact-mode TENG, the output 
voltage equation can be written as Eq. (1): 

                        V = − �
���
�	�
 + � +

��
��

                            (1) 

where ε0, εr, σ, Q, S, x and d are vacuum permittivity, 
relative permittivity of the composite film, triboelectric charge 
density on the film, transferred charges at a certain x, surface 
area of the film, gap between the composite surface and 
aluminum, and thickness of the film, respectively. The 
capacitance between the two electrodes at a certain x(t) for the 
TENG can be obtained by Eq. (2):  

                              C�x� = ���
����� �

�

                                      (2) 

On the basis of this mechanism, output performance 
increases with the increase of relative permittivity εr or with the 
decrease of the effective thickness of composite film.  

Figure 2 shows the Voc (open-circuit voltage) and Isc (short-
circuit current) of the TENG using films filled with two 
different sizes of BT NPs under a periodic compression under 
frequency of 2.8 Hz. Clearly, both Voc and Isc are enhanced for 
TENG based on PDMS filled by both sizes of NPs. For TENG 
with pure PDMS, the Isc and Voc are ~6.9 mA m-2 and ~71 V. 
Output performance is gradually enhanced as wt% of BT NPs 
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increases to 13 wt% for both samples. At 13 wt%, the Isc and 
Voc for both sizes of BT NPs are almost the same. However, for 
BT-500-MWCNTs/PDMS, in Figure 3, the output performance 
is gradually enhanced as the mass ratio of BT-500 is increased 
to 20 wt%. As to BT-70-MWCNT/PDMS, with the same mass 
ratio of BT-70 at 20 wt%, the Isc and Voc are much higher than 
the values of BT-500-MWCNT/PDMS. Furthermore, the 
optimum BT mass ratio for BT-70-MWCNT/PDMS is 25 wt%, 
the corresponding Isc and Voc are 93 mA m-2 and 170 V, 
respectively, and the surface charge density is ~160 uC m-2. It 
is noted that output signals increase firstly and then decrease as 
function of the filling content. As mass ratio of BT NPs further 
increases, Isc and Voc decrease probably for the reason of 
exposed NPs on the PDMS surface,[4] thus effective contact 
surface area is decreased for high BT content. From these 
results, it can be concluded MWCNT enhanced the size effect 
of BT NPs and showed better synergetic effect with smaller BT 
NPs on the triboelectric output performance.  

 

Figure 2 The output current(a, c), voltage(b, d) of TENG using the 
BT/PDMS. 

 

Figure 3 The output current (a, d), voltage (b, e) and charge density 
(c, f) of TENG using the BT-MWCNT/PDMS. 

 

Figure 4 Dielectric constant of the composite films with different 
filler contents. 

The surface area of BT NPs in both sizes increases with BT 
content. Compared with BT-500, BT-70 changes dramatically 
leading to much larger surface area. It has been reported that it 
exists a macroscopic region between the nanoparticle and the 
matrix, which is different from the fillers and the matrix in 
character.[8] Smaller particles can afford larger total interfacial 
region and cause interface overlapping more easily with nearest 
neighbors, which can significantly enhance the electric 
displacement D of the composite. Dielectric properties of 
composites have been investigated. As shown in Figure 4(a-c), 
dielectric constant of both composites increases with BT NPs. 
When BT content is lower than 13 wt%, the difference of 
dielectric constant is not obvious. After adding MWCNT, from 

Figure 4(d-f), the dielectric constants for both composites are 
improved. With the same amount of MWCNT, the dielectric 
constant of BT-70-MWCNT/PDMS is always much larger than 
that of BT-500-MWCNT /PDMS. This explains why the 
current density of BT-70-MWCNT/PDMS based device is 
higher than that of BT-500-MWCNT /PDMS.  

 

Figure 5 COMSOL simulation.  

COMSOL Multiphysics simulation for electrical 
performance of TENG has also been performed, in Figure 5. 
Electrical output performance of TENG with optimized BT-70-
MWCNT/PDMS has been measured after connecting different 
resistances. The maximum output power attains 204 µW cm-2 
under load resistance of 20 MΩ. The output power of TENG 
was sufficient to light up 60 LEDs when it was connected to a 
rectifying bridge circuit and 20 MΩ load resistance actuated by 
slight hand tapping.  

IV.  CONCLUSION 

In conclusion, the triboelectric output performance of 
TENG, based on BT-MWCNT/PDMS with two different sizes 
of BT, was investigated. Results showed that for BT-
MWCNT/PDMS, BT size has an influence on the electrical 
performance of TENG. Composites with smaller size BT 
contributed to higher interfacial area and larger electric 
displacement result in better triboelectric output performance 
of TENG. The optimal output current and voltage were 93 mA 
m-2 and 170 V, respectively, when the mass ratio of BT-70 was 
25 wt% (with 1 wt% MWCNT), and the maximum charge 
density was around 160 µC m-2. The highest output power 
density was 204 µW cm-2 when the load resistance was 20 MΩ.  
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Abstract — We present an efficient measurement method, 

which allows a fast, complete and simple determination of 

transmitted power across a metal wall using piezoelectric 

transducers and the evaluation of the power transmission 

efficiency. Contrary to previously-proposed techniques, using S-

parameters, our method exploits the impedance matrix, which is 

more familiar to the electronic community and is more adequate 

at our frequencies of interest (around 0.5-2MHz). 

I. INTRODUCTION 

Powering sensors behind metal walls without drilling holes 
to pass wires is of great interests for harsh environments 
(submarines, aeronautics…) or for tightness issues (food, 
liquids, fuel tanks). Electromagnetic techniques are ineffective 
as Faraday shielding occurs. Another solution consists in 
transmitting energy and data across walls by using ultrasonic 
waves generated by piezoelectric actuators [2]. Using OFDM 
techniques some laboratories claim up to 700 Mb/s of 
throughput [3]. Other research teams [1] have proven that it is 
possible, with a single piezoelectric disk, to transmit dozens of 
watts. In this paper, we focus on the energy transfer 
characterization, to determine power transmission efficiencies 
and the best frequencies to use to maximize this efficiency. 

Originally, the transferred power was characterized by 
measuring the voltage on an output load connected to the 
receiving piezoelectric element [5]. This technique is not very 
efficient as many loads must be tested to find the optimal 
value. A more efficient technique based on S-parameters 
determination has been proposed in [1]. This technique allows 
a full description of the system’s variable of interests with only 
one sweep in frequency. 

In this paper, we present an alternative using the impedance 
matrix, which is more familiar to electronic engineers and more 
adequate at our frequencies of interest (around 0.5-2MHz). 

II. EFFICIENCY AND OUTPUT POWER FOR ANY LOAD 

The schematic of the acoustic power transmission (APT) 

system through metal walls is presented in Figure 1. The 

impedance matrix describes the electrical variables of interest 

of this system: 

 

 
  

  
   

      

      
  

  
  

  
(1) 

With U1, U2 the voltages, I1, I2 the currents, and Zij the 

terms of the impedance matrix of the APT system. These 

values are complex and frequency-dependent. 

 
FIGURE 1 : Schematic of the Acoustic Power Transmission (APT) 

system through a metal wall. The dash impedance is not taken into 

account in the impedance matrix measurement. 

From the impedance matrix, we can determine the 
transferred power and the transmission efficiency for any 
output load (ZLoad) since: 

             (2) 

The minus sign comes from the convention used in 
FIGURE 1.  

Input and output powers are determined by: 

       
    

 

 
  

 

(3) 

        
     

 

 
  

(4) 

From equations (1) to (4), input and output powers of the 
APT system, normalized by the input voltage, can be 
calculated for any load (     ) by: 
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The power transmission efficiency can be derived from (5) 
and (6) and is defined as: 

  
   

    

 
(7) 

III. EXPERIMENTAL VALIDATION OF THE PROPOSED 

CHARACTERIZATION METHOD 

The method has been qualified by experimental measurements 

performed on a squared steel block (300x300x55 mm) with 

aligned piezoelectric disks (diameter 40 mm, 5 mm thick) on 

both side (FIGURE 2). 

 

 
FIGURE 2 : Experimental test bench 

 

In particular, the output power Pout computed by our method is 

compared to the output power obtained by a direct 

measurement of U2. 

 
FIGURE 3 : Comparison of output power for a 500 Ω output load. 

We can see from FIGURE 3 that our method with an 

impedance matrix measurement is equivalent to the direct 

measurement of the output voltage (U2). 

 

It is to be noted that one measurement of the impedance 

matrix over frequency allows to fully-characterize the 

variables of interests. Using equations (5) to (7), we can 

calculate the output power and the efficiency for any resistor 

values and optimize the parameters to optimize the power 

transmission efficiency. For example, FIGURE 4 gives the 

efficiency as a function of the output resistor and the 

frequency, clearly showing optimums both for the frequency 

and for the output load. 

 

 
FIGURE 4 : Efficiency of the acoustic power transfer (the colorbar 

gives the magnitude of the efficiency). 

IV. CONCLUSION 

In this paper, a characterization method allowing to get the 
efficiency and the power transferred through a metal wall using 
a pair of aligned piezoelectric has been presented. 
Measurements have shown the validity of this method 
compared to standard direct measurements.  

Research will now be focusing on the analytical 
determination of optimal transmission frequency and output 
loads to maximize the power transmission efficiency. 
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Abstract—The present study describes a novel strategy for 

preparing thin Silicon 2D and 3D electrodes for supercapacitors 

by a spin coating method. A homogeneous solution of TiO2 was 

prepared by sol-gel technique and a stable suspension of WO3 

was obtained by dispersing the tungsten chloride in alcohol. This 

proposed methodology was successfully employed to prepare 2D 

and 3D with different aspect ratios electrodes. The 

electrochemical properties of both 2D and 3D materials were 

evaluated. The 3D TiO2 and WO3 electrode show a higher 

intensity during cyclic voltammograms and a better stability 

under galvanostatic cycling than the 2D electrode. 

I. INTRODUCTION 

With the increasing need of miniaturized energy storage 
components enabling sustained and autonomous operation of 
electronic devices for applications such as wearable gadgets or 
wireless sensor networks, micro-supercapacitors are required. 
To increase the energy density, which is dependent from the 
specific surface, new advanced concepts are proposed based on 
3D micro-supercapacitors [1]. The present study describes a 
strategy to prepare 3D electrodes for micro-supercapacitors. 
The 3D structures, composed of trenches or pillars, were 
created by Deep Reactive Ionic Etching (DRIE) after 
photolithography standard processes. Trenches with an opening 
of 5 µm and a depth of 120 µm having a footprint area of 1 cm

2
 

can develop 30 cm
2
 of useful surface area. In this work, the 

active materials are metallic oxides such as TiO2 which has 
been uniformly deposited over the 3D substrates. To prepare 
these oxides, in the last few years, synthetic routes as chemical 
vapor deposition, spray pyrolysis, pulsed laser deposition and 
radio frequency magnetron sputtering has been reported to 
control the crystallite size, shape and assembly behavior. 
Among these techniques, sol-gel synthesis emerged as a 
promising method as this process is simple, facile and low cost 
due to the requirement of less equipment. Another advantage of 
this method is the ability to control the microstructure of the 
deposited film. Here, we demonstrate also the possibility of 
using the spin-coating technique to prepare 3D nanotextured 
electrodes. Conformal thin films coating 3D micro-structured 
substrates can be obtained as the active materials penetrate 
inside the 3D structures and uniformly cover the walls [2], [3]. 
Beyond this, the electrochemical performance of the electrodes 

has been optimized by controlling microstructure and the 
thickness of the active layer and by developing substrates with 
trenches or pillars of high aspect ratio. 

II. MATERIALS AND METHODS 

A. Preparation of 3D substrate materials 

A 150 mm diameter, p-type, (100) silicon wafer 
(Sil’tronix

®
, Archamps, France) with a thickness of 600–700 

µm was used in our experiments. The standard 
photolithography technique followed by the deep etching by 
cryogenic process or by Bosch process are performed. 

B. Electrodes preparation and coating procedure 

For TiO2 preparation, the procedure based on Li’s work [4] 
was a sol-gel method. 2.86 mL of tetrabutyl titane (Acros 
Organics

®
), 0.86 mL of acetyl acetone (Merck®, purity: 99%) 

and 1.14 mL of water were mixed. Propanol (solvent, 
Honeywell®, purity ≥ 99,8 %) was added to obtain 20 mL of 
sol and to achieve 0.42 M Ti concentration. Two other mixed 
sols were prepared as below (0.21 M and 0.105 M). These sols 
were kept under magnetic stirring a few minutes. For WO3 
preparation, tungsten hexachloride precursor (Sigma Aldrich

®
) 

was dissolved in methoxyethanol (Prolabo
®
) to achieve 0.42 M 

concentration. This dispersion was kept under magnetic stirring 
for six hours. 

The layers were deposited by spin coating method. Each 
conformal thin film coating on 2D and 3D micro-structured 
substrate was obtained by following a similar protocol to that 
described by Vincent et al. [2], by adding a polyester resin (PE-
NORSODYNE

®
 S 2010 V) to the as-prepared solution with the 

alcohol solvent in a 4:1 mass ratio. Each resin/dispersion 
mixture was then deposited on a 2x2cm

2
 silicon substrate using 

a spin coater (SPS-Europe Spin150). This deposition was 
followed by thermal treatments on hot plates to remove the 
resin and the solvent. To ensure good electrical contact during 
the electrochemical characterizations, a Ti layer (200 nm) was 
deposited by physical vapor deposition (PVD Plassys MP650s) 
on the backside of the samples. This procedure was repeated 
several time to obtained 2D and 3D electrodes of different 
thicknesses.  
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For electrochemical measurements, half-cells were 
prepared in an argon-filled glove box within the form of two 
electrodes Swagelok

®
 type cell. The counter electrodes were 

lithium foils. These two electrodes were separated with two 
glass microfiber membranes (Whatman

®
 GF/C) impregnated 

with 1 mol.L
-1

 lithium hexafluorophosphate (LiPF6) dissolved 
in a 1:1:3 mixture of ethylene carbonate (EC, Sigma Aldrich

®
, 

purity 99%), propylene carbonate (PC, Sigma Aldrich
®
, purity 

99.7%) and dimethyl carbonate (DMC, Sigma Aldrich
®
, purity 

>99%) by mass. Electrochemical measurements were made 
with a Biologic

®
 VMP or solartron. Cyclic voltammograms 

(CVs) were recorded at a scan rate of 1 mV.s
-1

. Galvanostatic 
charge/discharge cycling was performed at different current 
densities.  

III. RESULTS AND DISCUSSION 

By increasing the film thickness per coating layer or per 
varying the solution concentration, the 2D and 3D obtained 
TiO2 and WO3 films composed of small and interconnected 
nanoparticles have been obtained. The figure 1 show the 3D 
pillar (of depth 144 µm) and trench (of depth 117 µm) 
structures after etching. The aspect ratio (AR) was the trench 
depth divided by the trench width. Based on the formula 
defined in the literature [5]-[6], the silicon micropillars and 
microtrenches fabricated allows to reach a high area 
enlargement factor. As a result, for trenches with an aspect 
ratio of 29, a footprint area of 1 cm

2
 is developed into 34 cm

2
 

of useful surface area. 

 

FIGURE  1. SEM image of trench (a) and pillar (b) structures 
of aspect ratio 29 

 

FIGURE  2. SEM images of pillar structures with TiO2 films 

The cross-sectional views after TiO2 deposition (Figure 2) 
show that the active materials penetrate inside the 3D structures 
and uniformly cover the walls. Different locations (figure 2 (a) 
top, (b) middle and (c) bottom) inside the pillars were inspected 
at higher magnifications. Conformal thin films coating 3D 
micro-structured substrates can be obtained. The figure 3 

shows CVs of 90 nm TiO2 deposited on 2D Si and on 3D AR 
29 Si µtrenches. We showed the increase of the cathodic peak 
during CV cycling of the 3D electrode with trenches with an 
aspect ratio of 29 by a factor of about 31, compared to planar 
electrode, due to its higher specific surface area (34 cm

2
).  
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FIGURE  3. Cyclic voltammograms of 90 nm TiO2 onto 2D Si 
(in black) and on 3D AR 29 Si µtrenches (in red) 

IV. CONCLUSION 

A novel approach to deposit TiO2 and WO3 layers driven 
by a liquid route onto a 2D and 3D Si substrate with different 
aspect ratios has been developed using a spin coating 
technique. This method was selected mainly because it is 
relatively easily, fast, and cheap, and in fact could be 
potentially used in industrial applications. The electrochemical 
characterization of the 2D and 3D materials as electrodes for 
supercapacitors proves the positive effect of increasing surface 
area on the performance. 
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Abstract—This document presents an analysis of the state of 

the art of energy harvesting systems for tyre pressure monitoring 

systems (TPMS) from an energy perspective. The work introduces 

the main energy sources inside a tyre. Then, estimations of the 

required amount of energy are derived from three different 

approaches. A comparison between these estimations and the 

provided energy of the state of the art harvesters reveals a 

significant better performance of strain-based systems in contrast 

to widely investigated shock harvesters over a wide range of 

vehicle velocities. Finally, this paper justifies these characteristics. 

I. INTRODUCTION 

Since 2008 and 2014 car companies are obliged to integrate 
tyre pressure monitoring systems (TPMS) in newly registered 
vehicles in the United States and European Union, respectively. 
Besides the most important fact of improved safety, the TPMS 
detects underinflated and overinflated tyres and helps reducing 
tyre wear and fuel consumption. [1; 2]. More accurate direct 
TPMS use an energy source to measure and transfer relevant 
data from the tyre to a receiver unit. Nowadays, button cell 
batteries are widely spread as energy supply, but due to the high 
requirements in a car tyre, they are hermetically encapsulated. 
The method of harvesting energy from ambient sources has 
demonstrated to be a promising alternative to overcome the 
detriment of limited battery lifetime and to allow more 
functionality in today's TPMS. Different ways, transforming a 
part of the tyre energy into electrical energy, have been 
investigated, mainly tyre deformations (strain-based harvesters) 
[3; 4], the change of radial acceleration (shock harvesters) [5; 6; 
7; 8; 9; 10] and the change of gravity from +1 g to -1 g [11] are 
periodically available while driving. 

Nevertheless the harsh tyre conditions, namely radial 
accelerations of a few thousand g, a temperature range from 
- 40°C to 125°C and more than 25 million cycles during one tyre 
life affect negatively the development of an energy harvester for 
TPMS. The majority of investigated harvesters for TPMS uses 
the change of radial acceleration. In general, those works 
conclude that the stored energy is enough to send a signal every 
minute and only if the velocity is higher than 20 or 30 km/h. 
Only a few tests at velocities of 200 km/h and above were 
demonstrated, resulting in system destruction. [12] 

From an energy point of view and by comparison of 
experimentally validated TPMS harvesters, this work gives an 
estimation of the amount of energy to satisfy current TPMS 
requirements from OEMs supposing an empty energy storage. 

II. ENERGY ESTIMATIONS 

A TPMS has to inform instantaneously the driver about the 
pressure state, when the vehicle starts rolling. One challenging 
scenario for energy harvesters is that the tyre pressure has 

reached a critical state while parking. The TPMS has to send a 
warning as soon as possible, even if the energy storage is entirely 
discharged. Therefore, the storage has to be charged to the 
minimal required voltage of the TPMS.  The TPMS needs a 
current for a certain amount of time (a charge) at a specific 
voltage, which is supposed to be 1.8 V, the voltage of modern 
ASICs. For the following energy estimation of a harvester, the 
authors consider a linear voltage regulator connected between 
capacitor and ASIC, because it requires few components, 
surface and it operates passively. The required energy to charge 
a capacitor with the capacitance 𝐶 to the voltage 𝑉0 is 

𝐸0 =
1

2
⋅ 𝐶 ⋅ 𝑉0

2 (1) 

with the required charge 𝑄𝑐𝑦𝑐  for one transmission cycle, the 

total energy 𝐸𝑡𝑜𝑡 equals 

𝐸𝑡𝑜𝑡 =
1

2
⋅ (𝐶 ⋅ 𝑉0

2 +
𝑄𝑐𝑦𝑐

2

𝐶
). (2) 

 
In order to charge the capacitance as quick as possible, the 
minimal amount of energy has to be calculated as function of the 
storage capacitance. It suffices to solve the extremum problem 
𝜕𝐸𝑡𝑜𝑡/𝜕𝐶 = 0, which results in 

𝐶𝑚𝑖𝑛 =
𝑄𝑐𝑦𝑐

𝑉0

 

𝐸𝑚𝑖𝑛 = 2 ⋅ 𝑄𝑐𝑦𝑐 ⋅ 𝑉0. 

(3) 

(4) 

FIGURE 1 illustrates the relation between required energy as 
function of capacitance for different charges, assuming that the 
minimal voltage 𝑉0 equals 1.8 V. Supposing a required charge 
of 100 μC, the minimal energy is 360 μJ with an optimal 
capacitance of 56 μF. 

 

FIGURE 1: Required energy as function of capacitance for different 

charges and  𝑉0 = 1.8 𝑉 
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For calculation of the average energy per tyre revolution as 
function of velocity, two cases are studied: First, the TPMS must 
have sent the first pressure signal at the latest after a specific 
time and second, after a specific distance. A third case, taking a 
battery as initial point ends up in similar results. 

A. Time Constraint 

Let 𝐸0 be the required amount of energy and 𝑇0 the maximal 
acceptable transmission period, then the energy per tyre 
revolution 𝐸𝑟𝑒𝑣  is the quotient of required energy and number of 
tyre revolutions 𝑛, which can be rewritten as function of velocity 
𝑣 

𝐸𝑟𝑒𝑣 =
𝐸0

𝑛
=

𝐸0 ⋅ 𝑝

𝑇0

⋅
1

𝑣
   , (5) 

whereas p is the tyre perimeter which supposed to be 2 m. 
EQUATION (5) indicates, that a velocities increase reduces the 
requirements on the energy per revolution.  

B. Distance Constraint 

Let 𝑥0 be the maximal permissible distance in which a signal 
must have been transmitted after the start, then the energy per 
revolution 𝐸𝑟𝑒𝑣  can be calculated as 

𝐸𝑟𝑒𝑣 =
𝐸0

𝑛
=

𝐸0 ⋅ 𝑝

𝑥0

. (6) 

Assuming an energy of 360 μJ, the required energy per 

revolution equals 7.2 μJ and 3.6 μJ for a distance of 100 m and 
200 m, respectively. 

III. SYSTEM COMPARISON 

Based on the deduced time and distance constraints, 
FIGURE 2 illustrates quantified values from past works 
(coloured dots) in contrast to the constraints (blue lines).  For an 
easier differentiation, the published values are categorised 
according to their energy source: Red, green and grey represent 
strain-based, gravitational based and shock energy harvesters, 
respectively. From this illustration, a significantly better 
performance of strain-based systems can be concluded. These 
systems fulfil generally the energy requirements, followed by 
gravitational valve based harvesters. No presented linear shock 
energy harvester is able to provide enough energy within the first 
100 m. If the constraint is loosened to 200 m, only the systems 
from Jousimaa et al. and from Keck fulfil the energy 
requirements. Regarding the weakest constraint (time), there are 
still two experimentally validated studies which do not achieve 
this energy boundary. Furthermore, the presented boundaries 
suppose net energy values. Losses due to rectification and 
storage are not considered and have to be added. Hence, the 
required energy is even higher than the boundaries represent. It 
can be demonstrated that shock energy harvesters, specifically 
linear mass-spring-damping systems are not made to 
compensate a quadratically increasing force with a linear spring. 
In contrast to the increasing radial force, the tyre strain is 
approximately constant along the entire velocity range. That is 
why strain-based harvester produces a velocity independent 
energy per tyre revolution. 

 

  
 

FIGURE 2: Energy per revolution - comparison of different 

constraints and published experimental works 

IV. CONCLUSION 

The presented study evaluated typical energy harvesting 
systems from an energy point of view. The amount of energy, 
necessary for TPMS was estimated with two different 
approaches and further compared with the state of the art of 
TPMS energy harvesters. As an outlook, this work justified why 
strain-based harvesters are more promising for a successful 
industrialisation than other systems.  
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Abstract— This paper reports on the design and experiment of 

a highly-coupled piezoelectric energy harvester. Such a device is 

necessary to benefit from non-linear electrical techniques to 

improve the frequency bandwidth. A previously developed 2-

degree of freedom (2-DOF) analytical model is improved with the 

Rayleigh method and is used to understand electromechanical 

interactions and for a preliminary design. As a result, we built a 

PZT-5A cantilever embedding a long proof mass. The tests 

demonstrate a strong electromechanical coupling coefficient 

(𝒌²=10.2% for the 1st mode), which represents 𝒌𝟐/𝒌𝟑𝟏
𝟐 = 𝟔𝟕% of 

the material coupling.  

I. INTRODUCTION 

Highly coupled generators are a relevant solution for 

broadband vibration harvesting. When associated with 

electrical methods that influence the mechanical resonator 

dynamics, their harvesting bandwidth can be enlarged thanks to 

the strong electromechanical coupling of the system [1-2]. 

Thus, harvesters embedding single crystals have been designed 

in order to maximize the global coupling. In a previous work 

[3], we explained the benefits of long proof mass systems to 

homogenize the strain distribution in the piezoelectric material. 

We also presented a PMN-PT prototype exhibiting a global 

electromechanical coupling coefficient  𝑘2 = 17%.  

 Here, we propose to take benefit of long proof mass systems 

to design a highly coupled PZT-5A based cantilever. This 

material is widely used for energy harvesting as it has a high 

Curie temperature (𝑇𝑐° = 360°𝐶) and a lower cost than single 

crystal materials [4]. 

 In section II, we present the Rayleigh method applied on the 

mode shape computed from the 2 degree of freedom (2-DOF) 

model presented in [3]. A design methodology is described in 

section III and the modelling, simulations and measurement 

results are presented and compared in section IV. 

II. ANALYTICAL MODEL 

 The studied system is a bimorph piezoelectric cantilever 

whose electrodes are connected in parallel as shown in FIGURE 

1. We firstly neglect the beam mass, as for the 2-DOF model 

presented in [3]. We consider the proof mass 𝑀𝑡 as well as its 

rotary inertia 𝐼𝑡 and the distance 𝐷𝑡  of its center of gravity with 

the end of the bending beam.  

  Thereafter, we propose to take the kinetic influence of the 

beam mass into account thanks to the Rayleigh Method. This 

method has been extensively detailed for long proof mass 

systems in [5] where the mode shape were determined with the 

continuous beam model. By considering energy conversion 

law, we deduce a single degree of freedom system for each 

resonant mode: 

{
𝑀𝑗�̈� + 𝐾𝑗𝑟 − 𝛩𝑗𝑣 = −𝐵𝑓𝑗

𝑤�̈�

𝛩𝑗�̇� + 𝐶𝑝�̇� + 𝑖 = 0
 (1) 

Where 𝑀𝑗, 𝐾𝑗, 𝛩𝑗 , 𝐵𝑓𝑗
 and 𝐶𝑝 are the equivalent inertial 

mass, stiffness, coupling term, forcing vector and clamped 

capacitance respectively. 𝑤�̈�  is the base acceleration, 𝑣 is the 

voltage across the electrodes and 𝑖 is the current flowing 

through the electrodes. 𝑟 denotes the displacement at the 
beam end, while the subscript 𝑗 ∈ [1, 𝑁] represents the 
resonant mode of interest. 
 By considering the mode shapes given by the 2-DOF model, 

we can analytically express the system coefficients (1) as well 

as the resonant frequencies and coupling for both first and 

second flexural resonant modes. This simplifies both the 

understanding of the electromechanical interactions and the 

design. 

 For instance, we can prove that the proof mass density does 

not affect the global coupling once the proof mass is much 

heavier than the beam. Only the proof mass shape has an 

influence on the strain distribution. Furthermore, to increase the 

first mode electromechanical coupling, it can be shown that the 

rotary inertia to mass ratio 𝐼𝑡/𝑀𝑡 and the distance 𝐷𝑡  should be 

maximized. 

III. DESIGN PROPOSITION 

The proposed methodology consists in designing a 

cantilever offering the same expected power as the prototype 

presented in [3] and the best possible coupling for the first 

resonant mode. We expect the quality factor to be the same for 

both systems. The PZT-5A from Noliac company is selected 

  
FIGURE 1 : CLAMPED-FREE BEAM SYSTEM ON THE LEFT AND BEAM DURING 

BENDING ON THE RIGHT 
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(Table 1) and we use steel as the substrate and proof mass 

material. 

TABLE 1: MATERIAL COEFFICIENTS FROM NOLIAC NCE51 (PZT-5A) 

𝑑31 𝑠11
𝐸  𝜖33

𝑇  𝑘31
2  

-208 pm.V-1 17×10-12 Pa-1 1900 F.m-1 15.13% 

 

 Optimal geometrical parameters have been determined 

thanks to the proposed 2D model with plane stress assumption 

and 3D FEM simulations were performed for an accurate 

estimation of the theoretical electromechanical coefficient. The 

system has been assembled with epoxy glue (FIGURE 2). The 

substrate and PZT patches thicknesses are equal to 0.4mm and 

0.3mm respectively. We performed admittance measurement to 

experimentally determine the system parameters (FIGURE 3). 

  

 
FIGURE 2 : PROTOTYPE WITH PZT-5A 

 

 
FIGURE 3 : MEASURED ADMITTANCE OF THE PROTOTYPE AND MATCHING 

WITH THE MODEL PRESENTED IN [1]. 

IV. DISCUSSIONS  

The assembled prototype shows a large electromechanical 

coupling coefficient (𝑘2 = 10. %) which is, as far as we know, 

the best value obtained for a vibration energy harvester made 

with PZT-5A material. The quality factor 𝑄  and the figure of 

merit 𝑘𝑒
2𝑄 = 𝑘2𝑄 / 1 − 𝑘2  are equal to 50 and 5.6 

respectively. 

We can notice a difference between the simulation and 

modelling results (Table 2). Since the length-to-width ratio of 

the beam is equal to 3, neither plane stress nor plane strain 

assumption are fully respected for our cantilever. Even though 

experimental results seem close to our 2D analytical model, this 

cannot prove an exact validation of beam modelling. When we 

take the imperfectly clamped end and the glue into account in 

3D simulations, the resulting global electromechanical 

coupling coefficient k² decreases. This is explained by losses of 

elastic energy in non-piezoelectric material. As an example, we 

reach a coupling of 10.5% if we consider that the piezoelectric 

patches are at a distance of 50µm from the clamped-end block 

and the proof mass and if the glue thickness is equal to 5µm (the 

epoxy Young modulus is estimated to be 4GPa).  

On the one hand, the relatively high width-to-length ratio 

and the clamping end effect on lateral strain artificially increase 

the coupling between model and simulations. On the other 

hand, the fabrication process decreases the coupling between 

simulations and experiment. As a result, a model fitting the 

experimental data cannot guarantee the model validation and 

can be explained by a combination of several errors that vanish. 

The 2D model is however a relevant tool for the design of 

highly coupled generators. 3D FEM including glue thicknesses 

and unperfected clamping must be used to have a good 

performance prediction. 

TABLE 2: COUPLING AND RESONANT FREQUENCY OBTAINED WITH THE 

MODEL, 3D FEM AND EXPERIMENT 

 𝑓𝑠𝑐 𝑘2 

Proposed modelling 34.2 Hz 11.8% 

3D FEM with perfect clamping 34.8 Hz 14.2% 

3D FEM with glue 

and imperfect clamping 
30.8 Hz 10.5% 

Experiment 33.3 Hz 10.2% 

V. CONCLUSION 

In this paper, we propose a design methodology in order to 

maximize the coupling of linear piezoelectric energy harvesters. 

The proposed methodology, based on the resolution of a 2DOF 

model coupled with the Rayleigh method and 3D simulations, is 

applied to design PZT-5A-based energy harvester. We have 

been able to obtain experimentally a coupling of 10.2%, which 

represents 𝑘2/𝑘31
2 = 67% of the material coupling. Differences 

between model, simulations and experiment are explained by the 

influence of the clamped-end imperfections and the glue. 

Future work will focus on improving the fabrication and the 

understanding of the clamping condition influence. 
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Abstract— Bulk piezoelectric cantilever beam are mostly 

assembled under serial bimorph topologies where the 

piezoelectric material is laminated around an inner shim 

material. The two PZT skins exhibit an individual thickness 

ranging from few tens to hundreds of micrometers according to 

the targeted application and its miniaturization requests. 

Designing such devices become a challenge and one needs FEM 

(finite element model) to properly define material thicknesses and 

overall piezoelectric energy harvester geometries. Unfortunately, 

bulk piezoelectric material are characterized using thicker 

samples which provide results slightly different of the actual 

characteristics of thinned-bulk piezoelectric materials. Previous 

works have addressed an approach to study the thin piezoelectric 

material layer relying on the electrical admittance analysis. Then, 

the effective coefficients of thinned-bulk piezoelectric material 

are identified and entered in a 3D FEM of the PZT layer. The 

electrical admittance is calculated, showing a good agreement 

with the experimental measurements. 

I. INTRODUCTION 

 The two main piezoelectric structures used in vibration 

energy harvesting are the unimorph, constituted of one 

piezoelectric layer bonded on an elastic layer, and the 

bimorph, made of two piezoelectric layers separated with an 

inner elastic shim material [1]. Thinned-bulk piezoelectric 

energy harvesters show the capability to address lower 

frequencies (<200Hz) required for most ambient vibration 

applications [2-3]. To understand and predict the behavior of 

such cantilever-based mechanical energy harvesters, 

numerical models have to be developed and compared to 

experimental measurements. This objective first requires an 

accurate set of material properties. 

 To this aim, an original method has been proposed in a 

previous work [4], based on the only electrical impedance 

measurement of the piezoelectric layer in free-free mechanical 

boundary conditions: the effective values of the electrical, 

mechanical and piezoelectric tensors are identified using 

successively a one-dimensional analytical model and a three-

dimensional finite element (FE) model of the electrical 

impedance. 

 Firstly, the fabrication process of thinned-bulk 

piezoelectric harvesters is presented. Secondly, the means of 

numerical and experimental investigation are detailed. 

Thirdly, the numerical results are compared and discussed 

with respect to experimental electrical measurements. 

II. FABRICATION PROCESS OF PIEZOELECTRIC HARVESTERS 

Fig. 1 shows the manufacturing process flow of thinned-bulk 

piezoelectric energy harvesters. Firstly, a PZT subtrate of 

500µm thickness is bonded on a thin brass foil using a 

conductive epoxy resin at room temperature to shape an 

unimorph structure, a 2
nd

 PZT layer is bonded to shape a 

bimorph structure. Secondly, the PZT layers are grinded down 

and polished to their desired thickness. Then, the sample is 

metallized with chromium and gold electrodes. Finally, the 

unimorph/bimorph is cut into its final dimensions. 

 

 
Fig. 1. Fabrication process of bulk piezoelectric energy harvester: (a) 

unimorph structure, (b) bimorph structure. (1) Flat PZT substrate 0.5mm; (2) 
Bonding of elastic material layer to form (a) and 2nd PZT layer to form (b); (3) 

Grinding/polishing of PZT layer; (4) Top & bottom layer plating; (5) 

Trimming to final dimension. 

III. MEANS OF INVESTIGATION 

A. Experimental approach  

A unimorph of 4mm x 39mm area, 12/150µm brass/PZT 

layers thickness and a bimorph of 4mm x 39mm area, 

150/12/150µm PZT/brass/PZT layers thickness are 

manufactured using our process flow described previously. 

The electrical impedance of each sample is measured by using 

an impedance analyzer HIOKI
©
 IM3570 in the frequency 

range of 40 kHz – 100 kHz with 0.1V sinusoidal electrical 

solicitation. The experimental set-up is presented in Fig. 2. 
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Fig. 2. Scheme of the experimental set-up. 

B. Numerical modelling 

For each structure, the elastic, dielectric, piezoelectric 

tensors of thinned PZT layer have been identified (see Table 

II) using the method developed in [8] with mechanical and 

dielectric losses taken into account. The material properties of 

brass foil have been obtained from the manufacturer. 

 
TABLE I. IDENTIFIED MATERIAL PARAMETERS OF THINNED-PZT LAYER 

   
 [m

2
/N] θ   

     
 /   θ   

     [pC/N] 

1.14e-11 1.9E-3 1244 4E-3 -124 

 

Then, a numerical study based on the FE method has been 

carried out with COMSOL Multiphysics® FEA software. The 

unimorph structure was meshed with 1000 hexahedral 

elements and the bimorph structure was meshed with 1500 

hexahedral elements. It should be noted that the epoxy 

adhesive layers and the metallized layers are not taken into 

account in the 3D FE models because their thicknesses are 

negligible compared to those of PZT layers and shim. A 

frequency domain study has been then performed to model the 

electrical response of each structure in free mechanical 

boundary conditions. 

IV. RESULTS AND DISCUSSION 

A. Unimorph cantilever beam 

Fig. 3 shows the comparison between the FE model and the 
measurement of the impedance modulus of the unimorph in 
free-free mechanical boundary conditions. A good agreement is 
observed between model and experiment. This qualitative 
assessment is reinforced by a coefficient of determination of 
71%. More precisely, the computational model has correctly 
predicted the electrical impedance modulus with a maximum 
variation of about 23% in terms of impedance value at the 
resonance peak. In the same way, less than 1% deviation is 
observed in terms of resonance and anti-resonance frequencies. 

B. Bimorph cantilever beam 

Fig. 4 shows the comparison between the FE simulation and 

the measured value of the impedance modulus of the bimorph 

in free-free mechanical boundary conditions. The shape of the 

simulated impedance is relatively similar to the measured one: 

all the peaks observed on the experimental curve appear in the 

simulated one. However, the coefficient of determination is 

quite low: almost 42%. The computational model predicts the 

electrical impedance with a maximum deviation of about 35% 

in terms of electrical impedance value at resonance peak. 

However, less than 2% deviation is observed in terms of 

resonance frequencies. 

 

Fig. 3. Impedance modulus versus frequency for the unimorph. 

 

Fig. 4. Impedance modulus versus frequency for the bimorph. 

V. CONCLUSION AND FUTURE WORKS 

The 3D FE modelling of different energy harvesters was 
successfully carried out and compared to experimental 
measurements: the discrepancy between modelling and 
experiment is less than 2% in frequency. This shows the good 
accuracy of our modelling tool to predict the electrical behavior 
of energy harvesters in free-free mechanical boundary 
conditions. In our work, the goal is to build an efficient 3D FE 
model for   the   design   of   a   cantilever-based   mechanical 
energy harvester in vibration. The next steps are to include the 
clamping fixture in the 3D FE model and to study the response 
of the harvester when a vibration is applied to the device in 
order to predict the electrical power delivered by our 
harvesters. 
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Abstract—This paper reviews the activities carried-out on 

piezoelectric energy harvesting based optimization at the 

Automatic Control and MicroMechatronic Systems (AS2M) 

department of FEMTO-ST institute. Seeking for a best 

compromise between the size and the harvested energy, three 

main approaches were investigated: parametric optimization, 

hybrid approach and topology optimization. This paper will 

highlight the principle of each approach.  

I. INTRODUCTION 

The literature exhibits an amount of works regarding 

piezoelectric energy harvesting topics. These works can be 

classified into five categories, all of which have the target to 

provide better performance in terms of output energy, power 

density, output voltage or ratio between output electrical 

energy and input mechanical energy. They are: i) materials 

improvement and new materials synthesis, ii) multilayered 

piezoelectric harvesters, iii) hybrid harvesters which combine 

piezoelectric harvesting with other transduction, iv) multi-

frequency (or broadband) piezoelectric harvesters, and v)  

electrical circuits studies. Since few years, a sixth category has 

been raising in order to complement with the above five 

categories: optimization of the harvester structure itself. Our 

works at the AS2M department mainly deal with optimization 

of piezoelectric energy harvesting systems for various 

applications, including animal tracking devices powering [1], 

sensors powering [2]. Whilst the explored optimization itself 

falls in parametric and topology optimization approaches, 

though we also study hybrid harvesting technique. This paper 

presents these past and ongoing works at AS2M regarding 

piezoelectric energy harvesting. 

II. PARAMETRIC OPTIMIZATION 

This approach focuses on the optimization of the geometrical 

parameters of the energy harvesting devices. It is widely used 

when piezoelectric beams are used to harvest energy. It can be 

applied to optimize the thickness or the number of layers. 

A. Thickness optimization 

The energy harvester investigated in [3] is based on layers 

thickness optimization (see Fig.1). Considering a bilayer 

unimorph piezoelectric cantilever which is composed of two 

elements: a passive layer and an active PZT layer. A 

parametric optimization approach is applied to seek for the 

optimal ratio between these two thicknesses in order to 

maximize the output charge at the electrodes. For that, a 

theoretical model of the device, which links the external 

excitation to the furnished energy, is derived. Then a gradient-

based optimization is carried-out to find the optimal thickness 

ratio (     ) that increases the output charge. As a result, the 

device transmittance is maximized and it allows producing 

more charge for a given total thickness. Comparison with 

existing mechanical piezoelectric harvester structure is made 

which clearly demonstrates that the proposed structure permits 

to gain up to five times in terms of the output charge and a 

significant gain in terms of output electrical power for the 

same condition. Note that interval techniques [4] are also 

being used in order to find a set of dimensional parameters 

(thickness, length, width…) that would provide in a 

guaranteed way a desired quantity of output charge. For e.g. 

these interval techniques have been used to find such 

parameters for actuators which would provide desired 

resonance frequency and displacement [5]. 

 
FIGURE 1: Unimorph piezoelectric energy harvester. 

B. Layer number optimization 

In [6], another energy harvester is investigated (see Fig.1). 

Unlike the previous one, it studies the effect of number of 

piezoelectric layers on the output charge. Various conditions 

were used for the study: fixed total thickness, fixed individual 

thickness, varying length, varying surface… It comes out that 

the bimorph structure, i.e. a bilayered cantilever all based on 

piezoelectric materials, would be the best compromise 

between output charge and sizes. 

III. HYBRID APPROACH 

In this work, we study structures that can recuperate energy 

from ambient vibrations and ambient varying temperature 

nearby cars engines. Based on piezoelectric materials, one 

major challenge in this work is when the temperature does not 

vary anymore and, for instance, stays at high value. To reach 

the target, we endeavor in studying a structure that can harvest 

as maximal energy as possible during the temperature 
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variation through pyroelectric effect, and that could also 

exhibit sustained vibration when the temperature is constant 

and high such that piezoelectric effect could still be exploited. 

IV. TOPOLOGY OPTIMIZATION 

In topology optimization based piezoelectric energy 
harvester the goal is to optimize the electrical output of the 
harvester regarding the mechanical input while respecting 
constraints on weight, volume and size of the harvester. In this 
case, we have a design space with predefined boundary 
condition and loading configuration without any prior 
knowledge of piezoelectric optimized structure within the 
design space.  

In [7], The algorithm which has been written to optimize 
the topology of piezoelectric material within the design space, 
is an extension of 99 line topology optimization MATLAB 
code written by Sigmund for compliance problems. This code 
is based on a method called Solid Isotropic Material with 
Penalization (SIMP) in which design space is discretized by 
finite number of elements while density of each element is an 
optimization variable. In SIMP approach, there is a relation 
between element’s density and young’s modulus of elasticity of 
isotropic material. Therefore, optimization algorithm updates 
the density of each element in each iteration of optimization to 
find the optimized structure within the designed space to 
minimize the deflection of the structure due to mechanical 
force with respect to volume constraint.  

The algorithm of Sigmund, solves compliance problem 
which considers only the mechanical behavior of the system. 
However, for piezoelectric energy harvesters, 
electromechanical coupling of piezoelectric material should 
also be considered in order to optimize the electrical output of 
the harvester. To do so, first, electrical and mechanical energy 
of the piezoelectric material due to mechanical input is defined 
with the help of the piezoelectric constitutive equation. Then, 
the ratio of the electrical to mechanical energy is defined as 
objective function to be optimized. Since the piezoelectric 
materials are not isotropic, SIMP method is modified to relate 
the density of each element with the piezoelectric stiffness, 
coupling and dielectric matrices. With the new topology 
optimization algorithm written for piezoelectric material, it is 
possible to optimize the structure of piezoelectric energy 
harvester for different configuration of loads and boundary 
condition. For example, in Fig.2, the optimized structure under 
the harmonic force, produced more voltage in comparison to 
full plate while it has less volume. This is due to the fact that 
the optimized structure has better strain distribution and 
displacement in comparison to full plate. Furthermore, the full 
plate suffers more from charge cancelation due to simultaneous 
compression and tension in different parts of the plate which is 
less likely to happen in optimized structure.  

 

FIGURE 2: a) Design with load and boundary condition b) first iteration of 
topology optimization c) Finial result of topology optimization d) full plate 

displacement spectrum e) Optimized structure displacement spectrum f) Strain 

distribution in optimized structure[7] 

The future perspective of topology optimization approach 
on the piezoelectric energy harvester is to obtain a multi degree 
of freedom structure that can harvest the energy from different 
directions. 

V. CONCLUSION 

This paper gives the approaches carried out at the AS2M 

department of FEMTO-ST regarding the piezoelectric enegry 

harvesting. Principally based on optimization of the harvesting 

structures, the works can be classified into parametric 

optimization, hybrid structures, and topology optimization. 

While they are ongoing, some preliminary results mainly on 

topology optimization was given. 
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Abstract— This paper presents the design and implementation 

of an RF energy harvester system at 5.8 GHz for low power 

wireless transmission applications. A rectenna is combined to a 

commercial power management circuit and a load which emulates 

the behaviour of a sensor. The complete system is experimentally 

tested and excellent performances are demonstrated. The energy 

harvester is able to extract 4.62 mJ in 40 s and 192 s for -6 dBm 

and -10 dBm input power respectively allowing us to power 
wirelessly low power electronic devices.  

I. INTRODUCTION 

Researches in energy harvesting technology to power sensor 

nodes with a green and a renewable energy from ambient 

environment sources is in great development due to the need of 

autonomous sensor networks toward the expansion of the 

concept of Internet Of Things “IOT” in our human life. 

However, such power sources like solar, vibration and thermal 

are not always available and electronic devices can operate in 

inconvenient conditions where it is impossible to power them 

directly. WPT “Wireless Power Transfer” is well aware to 

provide energy for ultra-low power electronic devices and 

involves the proliferation of WSNs “Wireless Sensor 
Networks”. The harvesting node is then powered through an RF 

source that spreads energy in a dedicated way to an energy 

conversion circuit “rectenna”. A rectenna “rectifying antenna” 

captures an RF electromagnetic wave via an antenna and 

convert it into a DC power by a rectifying circuit. Different 

kinds of rectennas have been developed for wireless power 

applications at 2.45 GHz. Recently, research in WPT focuses 

on the design of RF energy harvester to extract energy from a 

low power RF dedicated source at high frequencies. In fact, 

energy beamforming technique focuses on unlicensed 5.8 GHz 

ISM band due to a smaller component size of antenna and 

devices. On the other hand, in order to efficiently acquire and 
manage the output DC voltage generated by the rectenna at low 

RF input power levels, a Power Management Unit (PMU) is 

introduced between the rectenna and the sensor. In this context, 

the aim of this paper is to present the design and measurement 

results of an RF energy harvester at 5.8 GHz and low input 

power level.  

II. RF WIRELESS POWER TRANSFER SYSTEM  

The block diagram of the WPT system is illustrated in Fig. 1. A 

dedicated RF source focuses the energy toward the sensor node. 

The RF energy harvester system is based on: 

 A rectenna formed by a 5.8 GHz patch antenna and a rectifier 

designed and optimised at 5.8 GHz and -5 dBm RF input 

power, 

 A commercially PMU BQ25570 from Texas Instrument [1], 

 A 700 Ω DC load which emulates the behaviour of the ultra-

low power sensor CC2650 from Texas Instrument [2]. The 

sensor needs at least 1.8 V supply voltage and consumes 2.5 

mJ. 

Rectifier PMU
Load

(Sensor)

Receiving 

antenna
RF source

Rectenna 

d

 

Fig. 1. WPT system building blocks 

A. Measurement results of the rectifier combined to a PMU 

and a load  

First, a rectifier circuit with a single series diode is designed 

and optimised at 5.8 GHz and -5 dBm RF input power in 
microstrip technology. A design methodology is followed in 

order to achieve a high conversion efficiency [3]. A 

HSMS286B commercial Schottky diode is used and the circuit 

is implemented on a Teflon substrate with a thickness of 0.508 

mm and a Dielectric constant of 2.2 (Fig.2). After that, the 

rectifier circuit is combined with the PMU TI BQ25570 and the 

load. In this first setup, the receiving antenna is replaced by an 

RF signal generator, so that the RF harvester is accurately 

characterized. The PMU is used in order to efficiently extract 

power from the rectifier and to boost the output DC voltage to 

the level required by the sensor. The energy is stored in a super 
capacitor Cbat. As an example, Fig. 3 illustrates the steady state 

operation waveforms of the PMU at -5 dBm RF input power 

after overcoming the cold start phase. The output DC voltage 

Vout is set to 1.8 V for a 1 s period of time “Tp” when the 

capacitor voltage Vbat reaches a programmable threshold 

voltage. For a Cbat constant value, the recharge time “Tr” and 

the average DC output power Pout are plotted versus the RF 

input power in Fig.4. Pout is calculated by the following 

equation: 

𝑃𝑜𝑢𝑡 =
𝑇𝑝

𝑇𝑝 + 𝑇𝑟

𝑃𝑝 (29) 
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Where Pp is the DC power drawn by the load (Pp = 4.62 mW) 

during the period Tp= 1 s. 

As shown in Fig.4, when the received RF input power increases, 

the average DC output power increases and the recharge time 

decreases. The efficiency 𝜂𝐺  of the complete system “rectifier+ 
PMU + load” is expressed by: 

𝜂𝐺 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛

  (28) 

Where Pin is the RF input power.  

The measured efficiency 𝜂𝐺 against RF power is plotted in 

Fig.5. At an input power level of -10 dBm, the efficiency is 24 

% and reaches a maximum of 58 % at 2 dBm. The lowest 

operational input power level of the system is -12 dBm. 

 

Fig.2. Photograph of the rectifier 

 

Fig. 3.  (Vout) “red” and (Vbat) “green” waveforms at -5 dBm  

B. Complete WPT system Measurement Results  

As shown in Fig. 1, the receiving part is formed by a 50 Ω 

patch antenna, a rectifier, a PMU and a load. The dedicated RF 

source is formed by a horn antenna presenting a gain of 19 dB 

and connected to an RF power generator. The Equivalent 

Isotropically Radiated Power (EIRP) is fixed at 39 dBm. In 

order to be placed in the far-field region, the patch antenna is 

kept away at a minimum distance of 1.2 m from the horn 

antenna. The measured received power is then around -6 dBm 

at 5.8 GHz. At this input power level, according to Fig. 4, the 

required recharge time Tr is equal to 40 s in order to recharge 

the Cbat capacitor to 111 µW. The WPT system performances 

are summarized in Table 1. The RF power sensitivity, referred 

as the minimum power necessary to enable harvesting, is -12 

dBm. This value define the maximum operative distance “d” of 

the system. In fact, the system is able to maintain a stable output 

DC voltage while the RF power decreases until -12 dBm and 

the distance increase to 2.2 m. The DC output voltage is set to 

1.8 V during 1 s as the RF input level is varied from -12 dBm 

to -6.1 dBm with different recharge times.  

 

Fig. 4. Average DC output power and recharge time                                  

versus RF input power  

 

Fig. 5. Global system efficiency versus RF input power  

TABLE 1. SUMMARY OF THE WPT SYSTEM PERFORMANCES 

Frequency 5.8 GHz 

Equivalent Isotropically Radiated Power (EIRP) 39 dBm 

Distance transmitter-receiver (d) 1.2 m2.2 m 

RF power received by the rectenna ( Pin ) -6.1dBm-12 dBm 

System DC output voltage for a period of 1 s 1.8 V 

System average DC output power (Pout) 111 µW5.4 µW 

Recharge  time (Tr) 40 s857 s 

III. CONCLUSION 

A low power RF harvester system was presented in this 

paper. It is made of a patch antenna, a single diode rectifier, a 

commercially available power management circuit TI 

BQ25570, a 1 mF storage capacitor and a load. The complete 

system operating at 5.8 GHz was experimentally tested and 

excellent performances were achieved at an input power level 

as low as -12 dBm. This means that, for example, 4.62 mW of 

DC power can be drawn for 1 s every 857 s at a distance of 

about 2 m from a 39 dBm EIRP source at 5.8 GHz using a 7 dB 

gain receiving antenna. 
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Abstract—This paper presents a system-level 

electromechanical model of a magnetoelectric transducer for 

wireless power transfer. Based on a single-degree-of-freedom 

(SDOF) model, we estimate the equivalent parameters of a 

lumped-mass model. Impedance measurements at several 

actuation levels allow us to quantify the evolution of the main 

parameters of interest and the figure of merit (FOM) for the 

future optimization of the electrical interface between the 

transducer and the circuit to supply.  

Keywords: magnetoelectric transducers, wireless power 

transfer, single-degree-of-freedom model (SDOF), admittance 

measurements. 

I. INTRODUCTION 

Magnetoelectric (ME) transducers have proven to be a 
good candidate to power an embedded biomedical device 
wirelessly [1,2]. These composite materials use a 
magnetostrictive (MS) layer - to transform a magnetic energy 
into a mechanical motion – bonded to a piezoelectric layer, 
which create the electric energy. An optimization of the 
electrical interface between the transducer and the load (either 
an electrical circuit or a battery) is then required. Though very 
useful when optimizing the ME transducer itself, elaborate 
finite-element models [3] are hard to use when trying to 
optimize the power transfer from an electromagnetic source to 
an electrical load because of their computational complexity. 
For that reason, very few works have studied how realistic 
electrical interfaces [4,5,6] affect the power transfer of ME 
transducers. To that purpose, system-level models are required. 

In this paper, we focus on the system-level 
electromechanical parameters of a ME transducer in the 
absence of an electromagnetic field. We show how the addition 
of a MS layer to a piezoelectric resonator modifies the quality 
factor and the coupling coefficient of the generator and, all in 
all, the figure-of-merit that one must optimize to design the 
power transfer interface. 

II. MODEL OF AN ELECTROMECHANICAL TRANSDUCER 

Even though piezoelectric elements sometimes exhibit 
nonlinear behaviors [7], they are usually modelled as a coupled 
single-degree-of-freedom mechanical resonator, when operated 
at low levels close to one of their resonance frequencies. Such 
a model (see Figure 1) is made of an effective mass 𝑀 
suspended by a spring of stiffness 𝐾. The factor 𝛼 (N.V

−1
) 

accounts for the bidirectional coupling between the mechanical 
and the electrical domains. The capacitor 𝐶𝑝 represents the 

capacitance of the piezoelectric element. The damper 𝑐 models 
the mechanical losses of the system. 

In the absence of a magnetic field, we assume that the 
model of a single-degree electromechanical resonator (Figure 
1) remains valid when the MS layer is bonded to the 
piezoelectric element. 

 

FIGURE  1. ELECTROMECHANICAL MODEL OF A LINEAR 

ELECTROMECHANICAL RESONATOR. 

The MS layer is supposed to modify the equivalent 
coefficients 𝑀, 𝐾, 𝑐, 𝛼 and  𝐶𝑝. The validity of this assumption 

will be verified in section III. The equations governing the 
systems behavior are the following: 

{
𝑀

𝑑2𝑥

𝑑𝑡2 + 𝑐
𝑑𝑥

𝑑𝑡
+ 𝐾𝑥 + 𝛼𝑢 = 0

𝑖 = 𝛼
𝑑𝑥

𝑑𝑡
− 𝐶𝑝

𝑑𝑢

𝑑𝑡

 (1) 

For the study, we also define the quality factor 𝑄 =
𝑀𝜔0/𝑐 and the modified electromechanical coupling 
coefficient 𝑘𝑚

2 = 𝛼2/𝐾𝐶𝑝. The natural (short-circuit) angular 

frequency is written 𝜔0 = √𝐾/𝑀. Based on this model, a 

parameter identification procedure can be performed.  

III. EXPERIMENTAL VALIDATION OF THE MODEL 

A. Experimental setup 

Our first sample is composed of a 7mm-width PZT-5H 
piezoelectric plate which is put into oscillation in the in-plane 
direction by applying a voltage with an impedance analyzer. A 
frequency sweep is performed close to its resonance frequency. 
Similar measurements are then performed on the same sample 
after gluing a MS layer (Terfenol-D) with insulating epoxy 
glue. A picture of the composite transducer obtained after the 
bonding process is reported in Figure 2. In the following 
paragraphs, the piezoelectric sample will be denoted “P” and 
“P-T” will be the magnetoelectric composite obtained with the 
Terfenol D. 
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The measurements were taken using a sample holder 
prototype fabricated with a 3D printer (see Figure 3). Apart 
from the electrical contacts, the whole holder prototype is made 
of plastic to avoid the use of electromagnetic-sensitive 
materials for future applications in medical implants. All the 
measurements were taken with an HP 4194A impedance 
analyzer. 

 

FIGURE  2. P-T SAMPLE: MAGNETOELECTRIC COMPOSITE TRANSDUCER 

(LIGHT GREEN : PIEZOELECTRIC LAYER - DARCK: MAGNETOSTRICTIVE LAYER)  

FIGURE  3.  THE SAMPLE HOLDER (LEFT: PICTURE, RIGHT: SCHEMATIC) “M” 

DENOTES A MECHANICAL CONTACT AND “E” AN ELECTRICAL CONTACT. 

B. Experimental results 

1) Model validation 
Admittance curves measured on the “P sample” and “P-T 

sample” are reported in Figure 4. For both samples, the linear 
SDOF model fits very well with the measurements, for each 
actuation level. 

 

FIGURE  2. ADMITTANCE MEASUREMENTS AND FIT FOR THE “P SAMPLE” 

(LEFT) AND “P-T SAMPLE”(RIGHT) FOR DIFFERENT ACTUATION LEVELS. 

2) Equivalent electromecanical parameters 
Based on the admittance measurements of section B.1, we 

report, in Figure 5, the parameters obtained at different 
actuation voltages. As one can expect from a linear model, all 
the parameters estimated on the P-sample are constant. On the 
contrary, significant variations of the estimated parameters are 
observed on the P-T sample. The addition of a MS layer 
strongly impacts the electromechanical behavior. The results 
show clearly that, on the P-T sample, all the parameters are 
function of the voltage level. In particular, the quality factor of 
the P-T sample decreases by around 50% between 0.1V and 
1V. 

One of the most important characteristic when trying to 
optimize a power transfer system is the figure-of-merit (FOM) 
𝑘𝑚

2 𝑄 (see Figure 6). Due to the sharp decrease of the quality 
factor, the FOM of the P-T composite also decreases strongly 
(28%). 

IV. CONCLUSION 

In this paper, we have estimated system-level parameters of 
a ME transducer for wireless power transfer. Contrary to the 
piezoelectric element alone, we have shown that the coupling 
coefficient and the quality factor of the composite strongly 
depend on the voltage. In particular, the quality factor of the 
composite decreases sharply with the voltage level (more than 
50% between 0.1V and 1V) which has a strong consequence of 
the figure-of-merit 𝑘𝑚

2 𝑄. 

 

FIGURE  3. PARAMETERS ESTIMATED FROM THE ELECTROMECHANICAL 

MODEL 

 

FIGURE  4. EVOLUTION OF THE FOM. 

The origin of such a variation is still unsure but it may be 
related to losses such as eddy currents in the MS layer. System-
level conclusions can readily be used for the design of an 
optimized electrical interface for power transfer. Further work 
will aim at quantifying the impact of adding an electromagnetic 
field on the overall behavior. 

REFERENCES 

[1] T. Rupp, BD. Truong, S. Williams, S. Roundy, Materials (Basel). 
2019;12(3):512, 2019. 

[2] K. Malleron, A. Gensbittel, H. Talleb and Z.Ren, Microelectronics 
Journal, 2018, , ISSN 0026-2692. 

[3] H. Talleb, Z. Ren, IEEE Transactions on Magnetics, 2015, 51(3), 1-5. 

[4] A. Badel and E. Lefeuvre, Nonlinearity in Energy Harvesting Systems, 
E. Blokhina, A. E. Aroudi, E. Alarcon and D. Galayko, Eds., Cham, 
Springer, 2016, pp. 353-357. 

[5] Y. C. Shu and I. C. Lien, Smart Materials and Structures, vol. 15, pp. 
1499-1512, 2006.  

[6] H. A. Sodano, D. J. Inman and G. Park, Shock and Vibration Digest, 
vol. 36, no. 3, pp. 197-206, 2004.  

[7] D. A. Hall, Journal of Material Science, vol. 36, no. 19, p. 4575–4601, 
October 2001. 



9
th

 National Days on Energy Harvesting and Storage (JNRSE) 2019, Blois, May 23
rd

-24
th
 2019 

1 

 

A self-powered integrated solution for frequency 

tuning of piezoelectric energy harvesters 

Adrien MOREL1
1,2*

, Anthony QUELEN2
1
, David GIBUS3

1,2
, Gaël Pillonnet4

1
 and Adrien BADEL5

2
 

1
 Univ. Grenoble Alpes, CEA, LETI, MINATEC, F-38000 Grenoble, France 

2
 Univ. Savoie Mont Blanc, SYMME, F-74000 Annecy, France 

*adrien.morel@cea.fr 

 
Abstract—This paper presents the integrated design of a 

tunable interface for wideband energy harvesting, the Short-

Circuit Synchronous Electric Charges Extraction (SC-SECE). By 

tuning both the phase of the energy harvesting event,   , and the 

angular duration of the short-circuit phase,   , this interface 

maximizes both the harvested energy while tuning the dynamics 

of the energy harvester. The proposed ASIC is self-powered, 

includes a cold start, and only consumes less than 1  , which is 

a very small percentage of the harvested energy. It includes as 

well a low-power (      gradient algorithm which controls the 

value of         and tries to maximizes the harvested power for 

any vibration’s frequency and amplitude. 

I. INTRODUCTION 

 Wireless sensor nodes designed to ensure risk 
prevention and monitoring are more and more present in our 
day-to-day life. Most of these sensors only require a small 
amount of energy to sense, process and send data. This makes 
energy scavenging a good alternative to batteries, as it may 
lead to systems combining long lifetime, robustness, and 
compactness. In closed and confined environments, where the 
thermal gradients and solar radiations are weak, the major 
energy source can be found under the form of mechanical 
vibrations. 

 Among electromechanical transducers, piezoelectric 
materials are of interest because of their good trade-off 
between power density and technological maturity. In order to 
amplify the mechanical strain applied on such materials, they 
are usually deposited on a linear mechanical oscillator having 
high quality factor. The main drawback of such structure is the 
drastic decrease of power when there is a slight mismatch 
between the vibration frequency and the harvester resonant 
frequency. Mismatches may be caused by several reasons such 
as inaccuracy in the harvester fabrication leading to a shift of 
the resonant frequencies, aging of the mechanical oscillator, 
change in the ambient vibration spectrum, among others. In 
order to face this challenge, some electrical strategies have 
been proposed in order to electrically tune the dynamics of a 
highly coupled energy harvester [1-2]. Among them, it has 
been shown that the Short-Circuit Synchronous Electrical 
Charge Extraction (SC-SECE) interface allows to drastically 
enlarge the energy bandwidth while maximizing the harvested 
power [2]. However, a self-powered implementation of the SC-
SECE has yet to be designed.  

 In this paper, we propose an integrated ASIC 
implementing the SC-SECE in       XFAB. The proposed 

design is self-powered, includes a cold-start system, and is able 
to tune the harvester dynamics in order to work at resonance on 
a relatively large frequency band. 

II. PROPOSED INTEGRATED SYSTEM 

 The proposed integrated circuit implements the SC-

SECE strategy, a non-linear extraction technique that 

alternates energy harvesting times and short-circuits times. 

Two tunable parameters are used:          and         . 
As depicted in Figure 1,    represents the angle between the 

mechanical displacement extremum and the energy harvesting 

event, and    represents the angular duration of the short-

circuit. These two parameters allow to electrically tune the 

resonant frequency of the harvester as well as its damping [2]. 

The system power path is shown in Figure 2, and the MOS are 

controlled in order to obtain the SC-SECE waveforms shown 

in Fig.1. A detailed sequencing of the proposed interface is 

given in [3], in the standard SECE case (     and     ). 

 

FIGURE 1. MECHANICAL DISPLACEMENT AND PIEZOELECTRIC VOLTAGE 

WAVEFORMS OF THE SC-SECE [3]

 

FIGURE 2. POWER PATH OF THE PROPOSED SC-SECE INTERFACE 



9
th

 National Days on Energy Harvesting and Storage (JNRSE) 2019, Blois, May 23
rd

-24
th
 2019 

2 

 

III.  IMPLEMENTATION AND INTEGRATION CHALLENGES 

A. Consumption of the self-powered interface  

 In order to control the various power MOS shown in 

Fig. 2, many analog senses and a low-power MPPT algorithm 

have been designed. The main constraint we had, while 

designing these circuits, was their energy consumption which 

should not be greater than a small percent of the harvested 

energy. Figure 3 shows the main analog and digital functions 

of the control interface, as well as their respective energy 

consumptions. The total power consumption of the senses 

does not exceed    , which is much smaller than the 

harvested energy in most case            . 

 

FIGURE 3. SIMPLIFIED VIEW OF VARIOUS ANALOG SENSES  

 The MPPT algorithm itself does not consume much 

power       , and proves that designing a self-powered 

algorithm is feasible and not a major constrain.  

B. Losses in the harvesting interface 

 The other losses in the interface are not linked with 

the senses shown in Figure 3, but with the power path itself 

(Figure 2). The total losses in the harvesting interface can be 

expressed as the sum of switching losses    , conduction 

losses      , and transfer losses       : 

                       (1) 

 

              
       

   
 

 
  
  

     

  
   

    (2) 

 Where         are the width and length of each 

transistor in the power path,      the vibration frequency,     
 

the gate capacitance per transistor unit length,    the sheet 

resistance of the MOS channel,    the RMS current in the 

inductance, and    the inductance parasitic resistance. Since 

     is usually relatively low           , the switching 

losses are usually much lower than the conduction and transfer 

losses. For a particular technology, there are three possibilities 

to reduce those losses: 

-Decreasing   . This can be done thanks to circuit techniques, 

such as the Multi Shot-SECE [4], or by making faster 

harvesting events with a harvester/inductance of smaller size. 

-Increasing   . However, this increases the surface of silicon 

used for the interface. In our case, to obtain an efficiency of 

    we had to use a silicon surface of     . 

-Decreasing   . However, this usually lead to an increase of 

the inductance size. 

C. Power limits of the interface 

 One major limit of any SECE-based interface relies in 

both the interface breakdown voltage and saturation current of 

the inductance. Indeed, the maximum extracted power from 

the harvester is given by:  

                 
            

    (3) 

 With    the capacitance of the piezoelectric material, 

,     the limit voltage that may be supported by the electrical 

interface, and      the saturation current of the inductance  . If 

we want to increase     , there are three possibilities: 

-Increasing    by an appropriate harvester design. However, 

since    is proportional to the surface of the piezoelectric 

material, this increases the harvester size. 

-Increasing      thanks to the choice of high voltage 

transistors/technology. In our case, we chose to use high 

voltage transistors from XFAB whose maximum     and     

are 20V. However, the higher the voltage limit of a transistor, 

the greater its   . Therefore, choosing high voltage transistors 

will both increase their size and their conduction losses. 

-Increasing      
  by choosing an appropriate inductance. This 

choice should be made carefully since there is a direct relation 

between the saturation current value of an inductance and its 

size. All these tradeoffs have been summarized in Table1. 

TABLE 1. TRADEOFFS FACED DURING THE INTERFACE INTEGRATION  

 

IV. CONCLUSION 

 In this paper, we present the design of an ASIC 
implementing the SC-SECE strategy. Transient waveforms and 
power frequency responses obtained with this circuit will be 
presented during the conference. 
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Abstract—Investigating the parameters controlling the ionic 

conductivity of Li+ in (MgCoNiCuZn)O high entropy oxides, we 

will describe, the charge compensation mechanisms that occur 

when Li+ substitutes a 2+ element. Thanks to thermogravimetric 

analysis and X-ray photoelectron spectroscopy, we found out that, 

for low fraction of Li+, compensation involves a partial oxidation 

of Co2+ into Co3+ and then, for large fractions of Li+, a combination 

of cobalt oxidation and a formation of oxygen vacancies.  

I. INTRODUCTION 

A new class of materials has been discovered in 2015 [1], the 
high entropy oxides (HEOx, by analogy with the High Entropy 
Alloys - HEA). The particularity of these materials is their 
stabilisation by minimizing the total Gibbs Energy, given by Eq. 
(1), thanks to their configurational entropy at high (and 
reasonable) temperature. 

 𝛥𝑟𝐺 =  𝛥𝑟𝐻 −  𝑇𝛥𝑟𝑆 (1) 

To obtain these compounds, by maximizing their 
configurational entropy, we need to mix, at least, 5 binary oxides 
in equimolar proportions and heat them (above 875°C for this 
composition), followed by quenching to froze the structure at 
room temperature. In these conditions, they form a solid 
metastable solution in a simple rocksalt structure where the 
cations are randomly dispersed on the cationic sublattice (see 
Fig. 1 below).  

FIGURE  1. SCHEMATIC ROCKSALT STRUCTURE OF THE (MGCOCUNIZN)O 

HIGH ENTROPY OXIDE. IN GREY, THE ANIONIC SUBLATTICE OF OXYGEN, IN 

OTHER COLORS, THE CATIONIC SUBLATTICE OF RAMDOM ELEMENTS 

First studies, performed in our lab, have shown the large 
possibilities of composition by substituting cations or 
modulating their ratio from the initial formula (MgCoNiCuZn)O 
when keeping the charge balance between cations and anions 
(M2+ and O2-) [2] and their very promising properties such as 
their colossal dielectric constant [2], their alkali conductivity 

(Li+ and Na+) and their electronic insulation [3]. These 
specificities make them promising candidates for solid-state 
electrolytes.  

With the ambition to improve the ionic conductivity of Li+ 
in these compounds, currently 1 mS.cm-1 at room temperature in 
(MgCoNiCuZn)0.7Li0.3O [3], we have studied the 
(MgCoNiCuZn)1-xLixO series, x=0 to 0.30, to understand charge 
compensation mechanism of lithium insertion and its influence 
on Li+ conductivity. 

II. EXPERIEMENTAL METHODS 

A. Synthesis 

The (MgCoNiCuZn)1-xLixO series (x=0 to 0.30) were 
synthesized from mixed and ball milled oxides and carbonates 
precursors. The heating treatment, 950°C during 12h, were 
performed in a tubular furnace and the quenching process were 
realized by dropping the samples in liquid nitrogen. 

In parallel, thermogravimetric analysis (TGA), under 
flowing oxygen, were performed to follow mass evolution 
during synthesis. 

B. Structural characterisation 

The structural information was determined by X-ray 
diffraction (XRD) measurements. The lattice parameters were 
obtained by refining diffraction patterns using FULLPROF 
software [4] and Le Bail fitting method [5]. 

C. Chemical characterization 

X-ray photoelectron spectroscopy (XPS) analysis were used 

to investigate the chemical composition of several samples 

from the series and follow the chemical evolution with the 

lithium insertion.  

D. Electrochemical properties analysis 

Ionic conductivity was obtained by using electrochemical 

impedance spectroscopy (EIS) from 10 MHz to 10 mHz with a 

100 mV AC perturbation. DC conductivity was estimated from 

the real part of the complex conductivity, at low frequencies 

(constant value on a large logarithmic range), using Eq. (2). 

𝜎∗(𝑓)  =
𝑒

𝑆
∙

1

𝑍∗(𝑓)
 (2) 
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III. MAIN RESULTS 

With the study of the lattice parameter, we put forward two 

mechanisms occurring when adding lithium in the system. The 

lattice parameter decreases proportionally with the lithium 

concentration, up to about 20% of lithium. After this quantity, 

another linear trend appears with a smaller slope.  

These two variations, below and above 20% of lithium, are 
consistent, respectively, with a charge compensation mechanism 
involving, at first, M2+ cations oxidation into M3+ (in our case, 
Ni2+ or Co2+) and then, eventually, oxygen vacancies generation. 

XPS analysis allowed us to identify the cation involved in 
the first charge compensation mechanism: the cobalt. Thus it 
was possible to follow the evolution of Co2+ and Co3+ compared 
to the lithium concentration. Conversely, Ni2+ concentration stay 
equal on each sample of the series. 

However, by calculating weight loss during synthesis and 
proposing several scenarios of charge compensation, it appears 
that another element was oxidised between 16.67% and 21% of 
lithium fraction and then, the system starts generating oxygen 
vacancies. 

The DC ionic conductivity of the different samples exhibit 
interesting performances in comparison with LiPON ones, 100 
times more conductive at 80°C from 25% of lithium in the 
compound. However, we can also observe a slowdown of these 
properties from 20% lithium fraction. This fraction, as identified 
previously, is also the starting point where the system starts to 
create oxygen vacancies. Counterintuitively, these defects may 
trap the moving Li+ and play a negative role on the lithium 
mobility.  

All the results established on this study carried out a recent 

paper [6] and the pictures are protected under copyright. 

IV. CONCLUSION 

The study of the (MgCoNiCuZn)1-xLixO high entropy oxides 
series allow us to highlight the different charge compensation 
mechanisms occurring when increasing the amount of lithium. 
First, the complete oxidation of Co2+ into Co3+ until 16,67% of 
lithium, then another unknown mechanism up to 20% of lithium, 
which have to be determined (with EPR, NMR for example) and 
finally the generation of oxygen vacancies. However, regarding 
the DC ionic conductivities, the presence of oxygen vacancies 
seems to have a negative impact on the lithium mobility. We 
propose to control their generation by properly adjusting the 
different cationic ratios (mainly the cobalt one) for the next steps 
of the study and will attempt to test this hypothesis.   
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Abstract—This work reports the impact of using multisine 

signals in wireless power transmission (WPT) systems especially 

on the Cockcroft-Walton voltage multiplier developed for an 

electrostatic vibration energy harvester where the bias voltage 

has an important task to decrease the charging time of the 

capacitor plates. Several indicators such as peak-to-average 

power ratio (PAPR), instantaneous power variance (IPV) are 

calculated and used to predict the voltage gain of multisine 

signals compared to single tone signal. The measurement results 

show the improvement of DC voltage output with multisine 

signals where 8-tone signal’s output is 1.6 V (2 dB voltage gain) 

higher than 1-tone signal at 0 dBm.  

Key words—Wireless Power Transmission, power optimized 

waveforms, voltage gain, PAPR, IPV. 

I. INTRODUCTION

Nowadays, the development of Internet of things, smart 

buildings, smart cities is leading our world to the new era in 

which millions of smart sensors and smart devices have to be 

powered up and connected together. For that reasons, WPT is 

one of the most effective ways we can rely on. In WPT, 

increasing the output dc voltage and/or the RF-to-dc 

conversion efficiency at low power input is one of the biggest 

challenges. The process of finding a better solution is 

underway. By considering some types of waveform such as 

multisine, OFDM, white noise and chaotic signal and their 

PAPR, the DC output (voltage and efficiency) is improved 

with higher PAPR at certain power levels [1]. Using multisine 

excitation, the N-tone sinusoidal signals with 0° phase 

difference between the tones, can significantly increase the 

voltage DC output and also the power gain [2-5].  

In electrostatic vibration energy harvester, the mechanical 

vibrations are converted into electricity by a mechanical 

attraction force, which depends on the voltage supplied from 

the rectifier to the capacitor plate. Therefore, the voltage 

output of the rectifier is needed to be higher to reduce the time 

of charging the capacitor. With 2.4-GHz Cockcroft–Walton 

multistage rectifier [6,7], which is designed and optimized to 

operate at low power levels and provide high output DC 

voltage, the voltage output is notably improved.  

In this paper, the measurements were performed in order to 

demonstrate the impact of multisine signals on the 

improvement of DC output of multistage rectifier.  

II. MULTISINE SIGNALS 

Multisine signals are considered as the most popular 

waveforms in WPT. Each multisine signal is a combination of 

several continuous sine waves with different frequencies, 

and/or different phases, amplitudes and frequencies spacing. 

The multisine signal’s formula is as follow: 

���� � �� �	
 �� ���� � ��
� �� � �� � ����� � ��� �� ���	��

�

� !
(1)

Where�"�, #� $ %�are the amplitude, phase and the number of 

subcarriers; &�= 2.�.f where f is the center frequency; '& = 

2.�.�'f where 'f is the frequency spacing between the carriers. 

FIGURE 1. MULTISINE SIGNAL WAVEFORMS IN TIME DOMAIN

FIGURE 1 shows the multisine signal waveforms in time 

domain with different number of subcarriers. As can be seen, 

these multisine signals have different peaks even though 

having the same average power. Consequently, they acquire 

different PAPR values, which can be calculated by the 

following formula: 

PAPR � �( )*+!, -./0/�1�
20

3/�1�24
(2)

Where  x(t) is the time domain waveform of the signal; <x(t)> 

is the average value of x(t). 

The PAPR of multisine signals is increased by 3 dB when the 

number of subcarriers is doubled. As the signals have a higher 

PAPR, higher peaks will be produced in the short period of 

time to overcome the threshold voltage of the Schottky diode 

used to build the RF-to-dc rectifier, which turns on the diode 

completely so that the higher DC output can be reached. The 

PAPR can be considered as a good indicator for low and 

medium input power levels, nevertheless, at high  power input, 

other parameters should be regarded such as IPV [8,9], which 

can be calculated by the following formula: 

IPV � 56�7 � 78��9 (3)
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Where P is the instantaneous power, PA is the average power 

and E[ ] denotes the expectation [9].  

IPV and PAPR of multisine signals are calculated and 

displayed in TABLE 1. 

TABLE 1. PAPR AND IPV OF MULTISINE SIGNALS

Signals 
Parameters 

IPV PAPR (dB) 

1-tone signal 0.5 3 

2-tone signal 1.25 6 

4-tone signal 3.13 9 

8-tone signal 7.06 12 

III. MULTISTAGE RECTIFIER AND MEASUREMENT RESULTS 

FIGURE 2a shows the prototype of the multistage rectifier 

optimized at the frequency of 2.4 GHz and at -15 dBm power 

input level. It contains 6 identical cascaded stages. Each stage 

consists of two Skyworks SMS 7630 Schottky diodes and two 

equal capacitors of 180 pF. The procedure of optimizing and 

simulating is completed by Advanced Device System (ADS).

a)    b) 

FIGURE 2. RECTIFIER PROTOTYPE AND MEASUREMENT SETUP.

The measurement has been performed with the setup shown in 

the FIGURE 2b. To make the VDC comparison clearer, the 

voltage gain is plotted using the formula:

  Voltage Gain � �:( )*+!, ;<=>?@A;BCDE?F           (4) 

Where Vsignal is the voltage output of the signal to compare 

with 1-tone signal’s voltage output. 

From FIGURE 3 and FIGURE 4, the maximum voltage output 

of 8-tone signal and 1-tone signal are 7.9 V and 6.3 V, 

respectively, at 0 dBm, which is a very good agreement with 

simulation results. The 8-tone signal gives the highest voltage 

output in all the input power range from -25 to 0 dBm. In 

terms of voltage gain, 8-tone signal has the highest gain of 2 

dB, while 4-tone signal has the highest gain of 1.9 dB 

compared to 1-tone signal.  

IV. CONCLUSION

This paper presents the effects of multisine signals on the 

voltage output of the multistage rectifier. The measurements 

were performed to show that multisine signals with higher 

PAPR tends to produce higher output DC voltage at low and 

medium power levels, which is important to improve the 

performance of electrostatic vibration energy harvester. The 

voltage gain of 8-tone signal is 1.6 times (2 dB) higher than 1-

tone signal at 0 dBm.  

FIGURE  3. MEASURED OUTPUT DC VOLTAGE AGAINST INPUT RF POWER.  

FIGURE  4. MEASURED VOLTAGE GAIN.
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Abstract—Piezoelectric thick films can be deposited on 

metallic supporting cantilevers to harvest higher power than thin 
films microstructured on Si wafers. Screen-printing process is a 
low-cost additive technology attractive for the PZT (PbZrTiO3) 
films micro-structuration but the electromechanical properties 
are decreased because of residual porosity. Spark Plasma 
Sintering (SPS) route is here proposed to improve densification 
of supported PZT thick films on stainless steel (SS) substrate.  

I. INTRODUCTION 

Attractive for piezoelectric MEMS, PZT films are often 
microstructured on silicon (Si) supporting platforms. 
Moreover, vibration energy harvester (EH) MEMS-based on 
piezoelectric thick films (1 to 100µm) lead to better energy 
densities than the thin layers and overcomes the assembly 
difficulties of bulk ceramics. Screen-printing process is an 
interesting option to microstructure these PZT films as it is a 
low-cost process for PZT-MEMS manufacturing. There is no 
need for thinning piezoelectric ceramics prior to electrodes 
deposition, and gluing step is not necessary [1]. Also, for 
vibration EH, metallic passive substrates are increasingly 
replacing Si substrates because of their higher flexibility [2-4]. 
Previous work proved the feasibility of a screen-printed energy 
harvester constituted of Au/PZT/Au/Stainless Steel (SS) 
multilayer structure [5]. But the co-sintering of such multilayer 
structure faces several issues including the use of sintering 
aids, the volatility of PbO and the presence of metals that 
significantly limit the temperature window for densification. 
However, highly densified PZT is mandatory to ensure 
performant electromechanical properties [6]. In order to avoid 
the use of sintering additives which decrease the firing 
temperature but also can modify the microstructure, we aim a 
two-fold strategy based on Spark Plasma Sintering. The 
objective is to improve PZT densification without any sintering 
aids while reducing the sintering temperature to a temperature 
suitable for the densification of the Au/PZT/Au/SS multilayer 
assembly in one step. This densification route of a multilayer 
for EH remains challenging. Only a few studies were reported 
on the use of SPS for electronic applications [7-9]. Issindou et 
al [7] sintered magnetostrictive ceramics for EH. Impact of 
copper particles addition into the PZT matrix was investigated 
for actuators application [8]. Multilayers stacking including 

two spiral copper coils was studied by Mercier et al for 
transformer application [9]. Here, the conventional screen 
printing process is first described. A simple cantilever based on 
the passive SS substrate covered with electroded PZT layer is 
used as a reference. The interfaces are thoroughly investigated 
and the generated power is measured with a shaker. The second 
part deals with the SPS process applied for the sintering of this 
cantilever structure. 

II. CONVENTIONNAL PROCESS 

The fabrication of the PZT EH cantilever (Fig. 1) consists of 
subsequently screen-printing Au, PZT and Au layers on a SS 
substrate (SS301 10x2x0.250 mm3), with a drying step at 120 
°C between each deposition The layers are then isostatically 
pressed at 40 MPa before the co-firing of all the layers 2 hours 
at 900°C, in air. The pressure step improves the densification. 
The use of a sintering aid LBCu helps also improving the 
sintering [10] The final fired PZT thickness is approximately 
50µm. The apparent porosity of the PZT printed layer is around 
20%. EDS analysis shows that the interface layer (ca. 10 µm) 
contains elements coming from Au glass frit and SS substrate 
(Si, Al, Cd, Pb, Fe, Cr, Ni and, Mn).  

Fig 1. Cantilever (left) scheme and photograph and (right) SEM cross-
section after co-sintering at 900°C. 

After polarization of the layers at ~1 kV/mm and 280°C, 
the piezoelectric resonance can be checked by measuring the 
admittance. With a charge of 2.64 M., a power of 1.3µW is 
produced by the harvester at 0.5 g amplitude with a natural 
frequency of 129.3Hz (Fig. 2). The harvested power is lower 
than those reported in the literature (Table 1). However, the 
substrate thickness and properties, the mass tip, the type of 
cantilever (i.e. unimorph or bimorph) and better piezoelectric 
properties represent several degrees of freedom to improve the 
performances. We focus on the last option in the next part. 
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Ref. 
SS dimension / PZT thickness 

/ Proof mass 
Power/ frequency/ 

acceleration 

[2], 2011 
110µm/ Screen-printed PZT-5H/ 
70µm (bimorph)/ Tungsten 3.1g 

240µW/ 67Hz/ 0.4g 

[3], 2013 
300µm/ PZT RF Sputtering -
2.2µm/ Proof mass 25mg 

6.7µW/ 367Hz/ 1g 

[4], 2018 
30µm/ PZT Aerosol 10µm 
(bimorph)/ Tungsten 0.46g 

304µW/ 120Hz/ 0.5g 

Our 
work 

250µm/ Screen printed PZT + 
LBCu 50µm/ No proof mass 

1.3µW/ 129.3Hz/ 0.5g 

Table 1. Comparison with literature results. 

 

Fig. 2. Harvested power by the cantilever fabricated by the 
conventional process (2.64M� load). 

III. SPS PROCESS 

SPS optimization of the PZT ceramics was first investigated 
under vacuum and 100MPa and at temperatures between 
800°C and 900°C. Results show high densification close to 
98%, even at 875°C. Also, a special protective layer based on 
SrCO3 has been successfully tested (Fig. 3 and Fig. 4) to avoid 
the post-annealing treatment usually required to re-oxidize the 
PZT. With sputtered Au electrodes and after the poling step, a 
best electromechanical of 36% is measured. This encouraging 
result has led us to transfer SPS sintering on the simple 
multilayer Au/PZT/Au/SS cantilever. A modified graphite set-
up has been designed for these experiments (Fig. 3) and the 
sintering temperature lowered down to 850°C.  

 
Fig. 3. (Left) Scheme of the SPS principle including the use of 

protective layer and (Right) Specific SPS designed mold. 
 

Without sintering aid, a similar microstructure as for the 
conventional process is observed (Fig. 5a). Delamination 
between the Au bottom electrode and the PZT are nevertheless 
observed preventing the EH test. By reintroducing the LBCu 
sintering aid and hence reducing the co-sintering temperature 

down to 780°C, no delamination occurs. The PZT 
microstructure looks also more homogenous with a higher 
grain size (Fig. 5b) similar to that of the conventional process 
(Fig. 5c). In this case, instead of using the SrCO3 protective 
layer, a carbon felt is placed on the Au layer. A post-thermal 
treatment step is nevertheless necessary, at 600°C during 2h, to 
remove the carbon contamination before the polarization.   

 

Fig. 4. (Left) Admittance B(G) circle for different SPS ceramics 
(Right) SEM image for ceramic sintered at 875°C (with SrCO3). 

 

 

Fig. 5. PZT SEM microsections of cantilevers sintered (a) by SPS, 
850°C, 5 min (SrCO3 use + no LBCu) (b) by SPS 780°C, 5 min (LBCu 

use + no SrCO3 (c) conventional firing at 900°C, 2h (LBCu). 

CONCLUSION 

For a simple cantilever constituted of a SS substrate where 
Au/{PZT + sintering aid} /Au are screen-printed and co-
sintered at 900°C, harvested power at a µW level was 
measured, insufficient to envisage supply of MPTT power 
optimization circuit. Among the numerous options to improve 
such performances, we focused on the improvement of the PZT 
densification in one step by SPS. This allowed us to reduce the 
sintering temperature (<850°C). PZT microstructure with or 
without sintering aid appears to be similar to that of the 
conventional process. Further electromechanical tests are under 
progress to improve the cantilever performances. 
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Abstract—Microdisks of PbZr0.52Ti0.48O3 (PZT) are prepared 

by screen-printing associated with a polyester sacrificial layer. A 

printed disk sandwiched between printed AgPd electrodes can be 

totally released from substrates during sintering at 900°C. With a 

nanometric PZT powder, electromechanical and dielectric 

properties of the printed disk are improved. Piezoelectric 

vibration energy harvesters can be fabricated with these printed 

disks bonded on a resonant cantilever. 

I. INTRODUCTION 

Common piezoelectric energy harvesters (EH) of 

millimeter size are cantilevers, unimorph or bimorph, with two 

pieces of bulk piezoelectric material sandwiching a metallic 

stainless substrate [1]. One option for reducing the size of these 

EH while keeping a good level of harvested power is a thinning 

of the bulk ceramic. Once thinned, this bulk ceramic can be 

bonded on metallic supports [2], but also on silicon substrates 

[3]. For instance, a power of 3 µW at 15 Hz and 10 mg was 

measured with two PZT layers (50 µm thick each) of the 

thinned bulk ceramic reported on a stainless substrate (bimorph 

type) [2]. Here, we propose a process to achieve performing 

thin PZT (100 µm) micro-ceramics obtained by successive 

layer printing.  Compared with a previous process developed 

in our lab [4], a low cost AgPd (90:10) electrode, a nanometric 

PZT powder size and a new sacrificial layer are used to 

improve the electromechanical properties of the disks.   

II. METHODOLOGY 

A. Sample preparation 

Screen-printing pastes used in this work are shown in 
TABLE 1. Electrode and sacrificial layer pastes are 
commercial whereas a PZT paste is home-made. It is prepared 
by mixing of milled PZT powder (by an attritor) with particle 
size of under 1 µm, 3 wt% LBCu sintering aid (26.7 wt% 
Li2CO3, 40.0 wt% Bi2O3 and 33.3 wt% CuO) and a suitable 
mass of organic binder (ESL V400) to form the printable PZT 
paste. Each paste is screen-printed on a ceramic AlN substrate 
with sequences in TABLE 1. A mask’s diameter of PZT disks 
is 9 mm and masks’ thicknesses of sacrificial layer, electrode 
and PZT layer are 50, 15 and 150 respectively. After screen-
printing, each layer is dried at 120°C for 30 minutes except the 

PZT layer which is dried at 120°C for an hour with slow 
heating up. Then, printed disks are pressed with isostatic 
pressure before co-firing at 900°C for 2 hours. This co-firing 
leads to PZT sintering and elimination of the sacrificial layer at 
the same time (FIGURE 1).  

TABLE 1. SCREEN-PRINTING LAYERS AND SEQUENCES OF SCREEN PRINTING 

 

 

FIGURE  1. DRAWING OF SEPARATION BETWEEN A SINTERED DISK AND A 

SUBSTRATE AFTER DECOMPOSITION OF SACRIFICIAL LAYER 

B. Characterization 

For the printed AgPd/PZT/AgPd disks, diameter changes 
(before and after sintering) of the PZT layer and its electrodes 
are observed by an optical microscope (OM). The lateral 
shrinkage percentage is then calculated. Next, sintered 
AgPd/PZT/AgPd disks are cross-sectioned in order to observe 
thicknesses and microstructures by OM and SEM respectively. 
The porosity percentage is analyzed by ImageJ. Density of 
sintered PZT disks without electrodes are measured by a gas 
pycnometer. The sintered AgPd/PZT/AgPd disks are polarized 
at 280°C for 10 minutes under a nitrogen atmosphere. An 
Agilent E5063B network analyzer is used to measure the 
capacitance (Cp) at 1 kHz for calculation of the relative 

permittivity (r). Impedance spectrum for the planar vibration 
mode is also investigated with this network analyzer.  

Order Layer 

nature 

Active 

element 

Commercial 

name 

Manufacture 

1 Sacrificial 
layer 

Polyester ESL 244-T ElectroScience 
Laboratory 

2 Bottom 

electrode 

AgPd  - EXXELIA 

3 Piezoelectric 
material 

PZT Pz26 and ESL 
V400 

Ferroperm and 
ElectroScience 

Laboratory 

4 Top 
electrode 

Ag/Pd  - EXXELIA 
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III. RESULTS AND DISCUSSION 

A. Microstructures 

Top and bottom sides of the sintered AgPd/PZT/AgPd disk 
are shown in FIGURE 2(a) and (b). Bottom electrode displays 
uniform releasing from a substrate. The thicknesses of top 
electrode, PZT layer and bottom electrode are around 12, 115 
and 12 µm respectively. The disk’s diameter is approximately 
7500 µm. Pores within the disk are presented in FIGURE 2(c) 
and (d). The porosity percentage, the lateral shrinkage 
percentage, and density of the disk are around 6%, 14%, and 
7.5 g/cm

3 
respectively. The density is clearly improved 

compared to a previous printed disk [4], as it can see in 
TABLE 2. 

 

 

FIGURE  2. OM IMAGES OF THE SINTERED DISK (A) TOP,  (B) BOTTOM 

ELECTRODES; AND SEM IMAGES OF CROSS-SECTIONAL AREAS OF SINTERED  

DISK AT (C) X500, (B) X1500 MAGNIFICATION 

B. Electromechnical and dielectric properties 

Impedance modulus and phase angle as a function of 
frequency for the AgPd/PZT/AgPd disk are plotted in FIGURE 
3(a). The effective electromechanical coupling coefficient (keff) 
is calculated from Eq. (1).  

       
  
     

 

  
  (1) 

where fa and fr are anti-resonance and resonance frequencies 
measured from the impedance spectra respectively. 

 Maximum phase angle  of the disk are around 88° 
(FIGURE 3(a)). This value is slightly lower than the ideal 
value (90°). It means that the disk has small energy loss. 
FIGURE 3(b) shows that the abscissas of the left part of an 
admittance circle of the disk reach to zero. This implies that the 
dielectric loss is very low. According to TABLE 2, the %keff of 
the disk is increased compared to the previous printed disk [4]. 

Furthermore, the r of the disk is very close to the value of a 
Pz26 ceramic co-fired at 1200-1300°C. The improvements of 

electromechanical and dielectric properties of the disk are 
related to an increase of densification in PZT microstructure 
and electrode materials. The nature of the sacrificial layer is 
also an important parameter improving the densification. 

 

FIGURE  3.  (A) IMPEDANCE MODULUS AND ANGLE AS A FUNCTION OF THE 

FREQUENCY AND (B) ADMITTANCE CIRCLE FOR THE PRINTED DISK 

TABLE 2. DENSITY AND ELECTROMECHANICAL PROPERTIES OF THE PRINTED 

DISK COMPARED WITH  OTHER DISKS OF PREVIOUS RESEARCH 

Sample Density (g/cm3) %keff r 

Printed disk (polyester sacrificial 

layer + AgPd electrodes) 
7.5 42 1200 

Previous printed disk [4] (SrCO3 

sacrificial layer + Au electrodes)  
5.0 15 - 

Pz26 ceramic [5] 7.7 57  1300 

IV. CONCLUSION 

The printed AgPd/PZT/AgPd microdisks (with the PZT 
layer is about 100 µm thick) are successfully fabricated by the 
screen-printing associated with sacrificial layer technique. The 
electromechanical coefficient higher than 40% is obtained.  In 
the future, these microstructures will be bonded to a cantilever 
structure designed for an ambient energy harvesting 
application. The process could be also adapted to free lead 
materials such as KNN. 
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Abstract—With an increasing number of wearable devices of 

all shapes and forms, which are equipped with new types of 

sensors to count steps, measure heart rate or even detect a fall, 

there is a requirement for more energy. Energy harvesting is one 

of the possible ways to increase the energy capability of such 

devices. The solar cells offer a renewable green source of energy 

to increase the power of wearable devices. At present, there is no 

binding uniform methodology for Solar Cell characterization 

under real light conditions of everyday life. The article presents a 

daily generation of energy in various daily life activity such as 

walking, car driving or office working with indoor illuminating. 

The solar cell, working in Maximum Power Point Tracking, 

attached to the hand of the person has been used. The presented 

results show expected amounts of generated energy in everyday 

life activities, which could be used for a better characterization of 

solar cells in the future. 

I. INTRODUCTION 

The world market for wearable electronic, such as smart 
watches, fitness bracelets or wearables for medical application, 
such as Smart patches, continue very fast with its growth [1]. 
With an increasing number of wearable electronics also new 
functions of such  devices increases.  New types of sensors 
offer new functions such as monitoring of the wearer heart rate, 
stress level or, for example, can detect a fall of the wearer. On 
the other hand, with increasing number of functions there is a 
need to increase the energy capability of these devices [2] and 
[3]. One of the possible ways to increase the energy capability 
is energy harvesting. The energy harvesters generate a small 
amount of usually renewable green energy in form of solar 
power, thermal energy, wind energy or potential gradients to 
power low-energy devices. Solar cells energy finds its use in 
various wearable applications such as watches, bags, clothes or 
even sunglasses. At present, to characterize these solar cells 
under the real light conditions of everyday life, there is no any 
binding uniform methodology. The performance of solar cells 
and panels is given in Wp (watt peak). The performance 
depends strongly on the illumination and on the angle of the 
incident light. Therefore, the performance of the cells is 
measured under the defined conditions: energy density of solar 
radiation 1000Wm

-2
, Air mass AM1.5 and temperature of 

25°C. In practice, most of the time, the performance of the 
solar cell lower is lower due to orientation of the cell to the sun 
or others sources of light. In addition, the light goes through 
different layers of atmosphere depending on the time of day 
and amount of incident solar radiation is heavily dependent on 
the cloud. This article presents the expected performance of 
solar cell under the ordinary daily life activities such as driving, 

office working or walking in the shopping mall. The SOLEMS 
solar cell working in Maximum Power Point Tracking (MPPT) 
regime [4], attached to a hand of a test person has been used to 
measure the expected values of average power supply. The 
measured values could be used for better characterization of the 
cells performance used for the wearable devices in real 
conditions (i.e. indoor and outdoor illumination). 

II. METHODS 

The SOLEMS solar cell of size 50 mm x 50 mm with 10 
stripes has been used for the experiment. The cell has been 
attached to the arm above the elbow of the person, see Fig. 1. 

 

FIGURE 1. MEASURED SOLAR CELL ATTACHED TO THE ARM OF THE PERSON 

Since the efficiency of the solar cell power depends on both 
the amount of light falling on the solar panels and the electrical 
characteristics of the load, measured power of the cell has been 
optimized using MPPT. The P-V characterization of the 
SOLEMS cell is in Fig. 2. 

 

FIGURE 2. THE MPPT OF THE MEASURED SOLAR CELL 

The load has been simulated according to measured MPPT 
by passive non-linear circuit that input impedance has been 
optimized to track the yellow line in Fig. 2 (MPPT).  Various 
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daily life scenarios have been performed to measure the 
accumulated energy. Having a breakfast, a lunch, driving a car, 
working in offices under different scenarios (close to the 
window, or without direct sunlight) and walking in a shopping 
mall has been acquired. 

III. RESULTS 

Examples of operational measurement with optimal MPPT 
simulators are presented in next figures. Fig. 3 show example 
of recorded values correspond to current (blue) and voltage 
(red) generated by Solems solar cell during a three hour car 
drive. The measured data showed the overall accumulated 
energy recalculated to one hour is approx. 4.6 Ws, which 
corresponds to the mean power delivery of 1,25 mW.  

 

FIGURE 3. TYPICAL MEASURED VALUES GENERATED BY SOLEMS SOLAR CELL 

CORRESPOND TO CURRENT (BLUE) AND VOLTAGE (RED) DURING A CAR 

DRIVING 

Another example of energy generation in an office with two 
different scenarios through five consecutive days is in Fig. 4 
and Fig. 5. Fig. 4 presents the overall daily energy generation 
in an office when the solar cell has been located in a place with 
no direct sunlight. 

 

FIGURE 4. DAILY GENERATION OF ENERGY, OFFICE WITH NO DIRECT SUN 

Fig. 5 shows the same office and the same solar cell but this 
time oriented close to the windows.  

The overview of accumulated energy and equivalent mean 
power delivery during the daily life scenarios are shown in 
Table 1. 

 

FIGURE 5. DAILY GENERATION OF ENERGY, OFFICE, CLOSE TO WINDOWS 

TABLE 1. SOLEMS SOLAR CELL DAILY LIFE SCENAIROS MEASUREMENT 

Activity 
Accumulated 

Energy (mWs) 

Equivalent Mean 

Power Delivery 

(mW) 

15 min Breakfast 59,983 0,066 

45 min Car Driving 3449,174 1,250 

60 min Shopping 

mall walk 
2197,505 0,600 

30 min Sitting in Car 

(Direct Sun) 
6751,285 3,630 

70 min Restaurant 

Lunch 
210,875 0,050 

IV. CONCLUSION 

The article presents amount of accumulated energy of 
Solems solar cell, working in optimal MPPT load, during the 
common daily life scenarios. Measured values could help with 
better characterization of solar cells used for example for 
wearable devices. 
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Abstract 

Nanostructures and nanostructured materials as 2D and 3D 

nanowire networks or phononic crystals are potential 

metastructures for nanoelectronics and thermoelectric 

applications. This new class of nanoarchitectured materials have 

interesting physical properties due to their low mass density and 

their high surface-to-volume ratio. Here, we report on thermal 

transport properties in 2D and 3D interconnected nanowire 

networks as well in phononic crystals taking into account the 

existence of native oxides. 

I. INTRODUCTION 

With the rapid development of new fabrication techniques, 

new classes of materials with particular physical properties 

have emerged. For example, ultrathin membranes with or 

without holes or pillars are interesting candidates to tune heat 

transport. Among them, the so-called phononic crystals (PnC) 

are structures with periodic or not hole patterning, which have 

attracted scientific interest these past years due to new 

physical phenomena but also for their potential applications in 

several applications. Concerning, 2D or 3D nanowires 

networks, they are proposed as optoelectronic or biological 

devices and sensors due to their mechanical strength and 

flexibility. These networks ordered or disordered migh be 

useful for complex integrated nanoelectronic circuits [1]. The 

characteristic sizes of phononic crystals or nanowire 

neteworks are now of the order of some tens of nanometers. 

     The thermal properties of such nanostructures or 

nanostructured materials is known to diverge from classical 

physics [2], especially in semiconductors where heat is mostly 

carried by lattice vibrations (phonons). Interestingly, 

nanostructuration usually reduces the thermal conductivity due 

to boundary or interface scattering, while the electrical 

properties could be preserved [3]. The design of 

nanostructured materials with ultra-low TC, sometimes sub-

amorphous while keeping a large crystalline fraction, is now 

possible [4,5]. Nanoporous materials may have even lower 

thermal conductivity because of the removal of material [6,7]. 

      Two model systems are presented here: phononic crystals 

and 2 and 3D nanowire networks. For the first group, several 

systems are modeled to investigate the impact of amorphous 

shells around the holes and amorphous edges at top and 

bottom surfaces of the membrane on the thermal conductivity. 

The shell contains either amorphous silicon (a-Si) and/or silica 

(a-SiO2 ). Concerning the nanowire networks, the networks 

are consisting of interconnected silicon nanowires with a 

square cross section forming a 2D or 3D network (figure-1). 

 

II. SIMULATION METHODOLOGY AND RESULTS 

A. Molecular Dynamics  

All simulations were performed with LAMPPS  open source 

software [8], using the Stillinger-Weber potential for silicon 

with modified coefficients [9]. The structures are built from a 

slab of bulk crystalline silicon, deleting atoms of certain 

regions to obtain the desired nanostructuration. Periodic 

boundary conditions are applied along two or three directions 

to model an infinite phononic crystal or 2D or 3D nanowire 

network, respectively. Then a conjugate gradient minimization 

is done and the structures are relaxed at 300 K under NVT  

ensemble during 200 ps. Finally, the thermal conductivity at 

room temperature is extracted thanks to Green-Kubo 

formalism, estimating the correlation of flux fluctuations 

during 10 ns with a time window of 40 ps.  

 

 

FIGURE  1. VISUALISATION OF 2D AND 3D NANOWIRE NETWORKS (UPPER 

ONE SIMULATION CELL, DOWN AFTER PERIODIC BOUNDARY CONDITIONS)  

B. Results 

The impact of amorphous phases around the holes and at the 

upper and lower free surfaces on thermal transport in silicon 

phononic membranes is depicted in figure-2 [10]. The 

reduction of the TC due to silicon dioxide (yellow shells) is 

greater than that due to amorphous silicon (red shells). 

Increasing the thickness of the amorphous shells of holes or 

edges of membranes (exposure of the membranes to 

nonprotective conditions) leads to an important decrease of the 

thermal conductivity, even to ultralow subamorphous thermal 

conductivity keeping a large fraction of crystalline material. 
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We found also that, when an amorphous phase is added, the 

key parameter to control heat transfer is the crystalline neck 

distance and not the distance between the two voids. 

Decreasing the neck distance between holes varying their 

diameter or their period results in a sharp decrease of their 

effective thermal conductivity. This effect is more pronounced 

for phononic crystals with small dimensions, particularly 

when the neck is small. We have shown that external 

amorphous surfaces of membranes reduce further the TC for 

both plain membranes and phononic crystals ones. 

Interestingly, when the crystalline thickness of the membrane 

is kept constant and thicker external amorphous layers are 

added, the thermal conductivity decreases sharply. That means 

that phonons become more confined in the same crystalline 

volume when amorphous material is added around them. 

Subamorphous TC appears in several studied systems, making 

phonon engineering possible upon controlling the native 

oxides. 

 

FIGURE  2.THERMAL CONDUCTIVITY OF PLAIN MEMBRANE AND PHONONIC 

CRYSTALS WITH AND WITHOUT AMORPHOUS SHELLS AND EDGES AS A 

FUNCTION OF THE NON-CRYSTALLINE FRACTION.  

Concerning the 2D and 3D nanowire networks, the reduction 

of the thermal conductivity compared to the bulk crystalline 

silicon (at 300 K, 150W/mK) can reach 3 or 4 orders of 

magnitude in 2D and 3D networks, respectively [11]. Such 

low values seem surprising but can be explained by the 

extremely high porosity, which reaches 81% for 2D networks 

and 97% for 3D networks studied here. The lowering of 

thermal transport is more pronounced in the 3D networks than 

in the 2D networks, because 3D structures have higher 

porosity and their nodes have more branches, which leads to 

increased backscattering and larger thermal resistance in such 

nodes. A model based on equivalent thermal resistances 

reproduces the main trends of the molecular dynamics results 

and confirms these interpretations. 

  
FIGURE  3.THERMAL CONDUCTIVITY OF 2D AND 3D NANOWIRE NETWORKS 

AS A FUNCTION OF THE PERIOD OF NODES WITH A CONSTANT NANOWIRE 

DIAMETER OF ~3NM AT ROOM TEMPERATURE. 

III. CONCLUSIONS 

The hierarchy of the impact of the orientation and the 
nature of interfaces on the reduction of the thermal 
conductivity of phononic crystals and the dimensionality of 
nanowire networks is studied here. A crucial parameter is the 
porosity but also the orientation of the surfaces in respect to the 
heat flux. Surfaces perpendicular to the heat flux impact greater 
the thermal transport, while native oxides lead to the further 
reduction of the effective thermal conductivity. 
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Abstract— In this paper a new topology of step down DC-DC 

converter using a piezoelectric component as storage element is 

presented. DC-DC conversion process is based on electrical-

mechanical-electrical transducer with Zero Voltage Switching 

(ZVS) for reducing losses. The experimental results in open loop 

operation are presented and it validates the converter operation 

principle for 30V to 10V at 2W power conversion. 

I. INTRODUCTION 

 Today DC-DC converters are widely used in various area 
of power supply and energy interfaces such as computer power 
supplies, mobile phones, lightning applications … etc. In these 
applications, high efficiency with best integration of converters 
are very important requirements. Several solutions are 
proposed in the literature to fulfill these requirements. These 
solutions include inductor based and switched capacitors based 
converters. The first converters are most commonly used, 
however, they are difficult to integrate on silicon. The second 
converters are easily integrated on silicon but they need high 
area [1]-[2]. To overcome these drawbacks, a new inductor-less 
DC-DC converter based on piezoelectric components with high 
efficiency is proposed in [3]. Piezoelectric components have 
small sizes, they are easily integrated on silicon. In addition, 
efficiency of this new converter can be improved from 
coupling and quality factor of piezoelectric components [4]. 
These converters are based on electrical-mechanical-electrical 
transductions. Indeed, during the resonance, piezoelectric 
component takes energy from the DC source and stored as 
mechanical deformation. After that, it transmits this stored 
energy to the DC output as load. A dead-time between each 
exchange energy phase allows operating in Zero Voltage 
Switch (ZVS) mode for minimal switching losses. 
Consequently, a further improvement of efficiency is reached 
[4]. Moreover, a variable resonant frequency can achieve large 
amplitude of oscillation.  
In this paper, a new topology of DC-DC resonant converter is 
presented based on the same main process but dedicated for 
large input/output voltage ratio. This new topology enables to 
transfer power to the output at each constant voltage phases. 
Finally, it enables a higher power capability compared to the 
topology given in [5]. 

II. CIRCUIT DISCRIBTION  

 The topology of DC-DC converter is shown in Fig.1. This 
converter is composed of one piezoelectric component P, four 
diodes D1, D2, D3, D4 and two NMOS FET switches S1 and S2. 
At the resonant frequency of piezoelectric P, switches S1 and S2 

are operating in ZVS mode in order to improve the efficiency. 
Indeed, in steady state resonance mode of piezoelectric P, the 
conversion is carried out with six phases: 

- Phase 1,            : S1 and D4 are turned on and S2 is turned 
off. During this phase, piezoelectric P is connected between 
Vin and Vout. P takes electrical energy from Vin and stores it as 
mechanical deformation. This phase ends by turning off S1. 
The energy acquired by the piezoelectric is controlled by t1 
duration. 

- Phase 2,           : All switches are turned off, the 
piezoelectric P is insulated. Its voltage Vp decreases from Vin-
Vout to –Vout as shown in Fig.2.This phase ends when Vp is 
equal to -Vout. 

- Phase 3,            : D1 and D4 are turned on, piezoelectric P 
is connected in reverse voltage to the output voltage to 
restore part of the mechanically stored energy. In this phase, 
ZVS mode for S2 is ensured thanks to diodes operation. The 
phase ends at half of period. 

- Phase 4,            : All switches are turned off, the 
piezoelectric P is disconnected. During this phase, the voltage 
VP increases from -Vout to Vout.  

- Phase 5,            : S2, D2 and D3 are turned on. The 
piezoelectric is connected to the output voltage to restore a 
second part its stored energy. 

- Phase 6,            : All switches are turned off. Piezoelectric 
P is insulated. Its voltage VP increases from Vout to Vin-Vout 
(i.e. Fig.2). Time t5 should be determined to ensure turn on S1 
in ZVS mode when the resonant period ended. 

 Basically, 1
st
, 3

rd
 and 5

th
 phases are used for storing and 

restoring the energy in piezoelectric P. The 2
nd

, 4
th

 and 6
th
 

phases are used to apply the ZVS mode. 

 FIGURE 1. PROPOSED TOPOLOGY OF DC-DC CONVERTER 
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 To ensure the proper operating cycle with high efficiency, the 
operation is governed by the balance equations of electrical 
charges and energy: 

      
       

       
   (1) 

      
       

       
   (2) 

And by the ZVS mode equations: 

                                 (3) 

                                (4) 

            (5) 

Where        is the stored energy in the piezoelectric material 

during the 1
st
 phase,       and       are the restored energy 

during the 3
rd

 and the 5
th
 phases respectively.        is the 

accumulated algebraic charges in piezoelectric during the 1
st
 

phase.       
  and       

 are the transferred charges to Vout 

during the 4
th
 and 6

th
 phases respectively. Using theses 

equations and the equivalent electrical model of the 

piezoelectric material (see Fig. 3) enable to determine the 

closing duty cycle of S1 and S2. The electrical model is 

described in [4]-[5]. 

 

FIGURE 2. VOLTAGE  AND INTERNAL CURRENT  OF PIEZOELECTRIC 

 

FIGURE 3. ELECTRICAL MODEL OF PIEZOELCTRIC 

III. EXPERIMENTALE VALIDATION 

 A DC-DC converter circuit was designed and fabricated for 
experimental validation. The characteristics of used 

piezoelectric are given in [5]. The output load is represented by 
a bulk capacitor of 10µF in parallel with one resistance of 50Ω. 
These components are chosen in order to get 100mV of 
oscillation voltage and an electric power of 2W under 10V. For 
this operating point, the resonance frequency is 99.4 kHz. 

Figure 4 presents the experimental results in open loop 
operation. The experimental waveforms match with the 
theoretical waveforms. The green curve in figure 4 represents 
the input current.  

 

FIGURE 4. EXPERIMENTAL WAVES FORMES OF DC-DC CONVERTER 

IV. CONCLUSION 

This paper presents a new topology of DC-DC converter 
using piezoelectric device as storage element and maximizing 
the output current in the case of a high ratio between the input 
and output voltages. An experimental test in open loop 
validates the converter process for a 30V to 10V at 2W power 
conversion. This converter will be modeled and simulated in 
Matlab Simulink software to analyze the performances in 
closed loop at transient and steady state. Results will be 
presented in the final paper.  
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Abstract— A novel hybrid material based on 3D graphene 

coupled with porphyrin-based polymer was formulated by using 

a time-saving procedure to remove Nickel from the final device. 

Specifically, a copolyformal was synthetized and characterized, 

serving also as protective coating during Nickel etching. The 

assembly between the organic semiconductor and graphene was 

achieved by the effective formation of non-covalent interactions 

at the material interface by a simple spin-coating deposition. The 

characterization of 3D graphene/copolyformal was assessed by 

using Scanning Electron Microscopy (SEM) and X-ray 

Photoelectron Spectroscopy (XPS). Photoluminescence (PL) 

analysis was used to investige the the electron-transfer process. 

Finally, we reported the calculation of copolyformal HOMO and 

LUMO energy levels measured by electrochemical techniques. 

The obtained results show potential in many application among 

which light harvesting. 

I. INTRODUCTION 

Efficient production of clean and sustainable energy is the 

most formidable scientific challenge in the next half-century. 

In fact, the demand for energy is increasing with growing 

global population. Moreover, limited resources of fossil fuels 

and the climate changes due to combustive carbon emissions 

induced researchers to find environmental-friendly energy 

sources. In particular, sunlight is the most abundant and 

cleanest source of energy. Therefore, the utilization of solar 

energy has attracted much attention by the scientific 

community. In this context, porphyrins as organic 

semiconductors are particularly interesting due to appropriate 

LUMO and HOMO energy levels and very strong absorption 

of the Soret band in the 400–450 nm region, as well as the Q-

bands in the 500–700 nm region. However, their application is 

strongly limited by a rapid electron-hole recombination 

process between LUMO and HOMO due to aggregation 

phenomena. To overcome this, we properly combined the 

copolyformal with a high surface area electron acceptor such 

as 3D graphene prepared by Chemical Vapor Deposition 

(CVD) on a Nickel foam substrate. Also, to improve the 

electron transfer process between copolyformal and graphene, 

we removed Nickel from our samples through a novel and 

time-saving method which preserved the 3D structure [1].  

 

II. RESULTS AND DISCUSSION 

Random cyclic copolymer was synthesized by interfacial 

etherification reaction by using 5,10-bis(p-hydroxyphen- yl)-

15,20-bis(p-dodecanoxyphenyl)porphyrin as porphyrin 

monomer and di(bisphenoxy-A)eicosane as co-monomer 

(Figure 1).  

 

FIGURE  1. PREPARATION OF THE COPOLYFORMAL  

Nickel foam was used as 3D scaffold template for the CVD 

growth of 3D graphene. A suitable copolyformal deposition 

was obtained by spin-coating on the 3D graphene. Then, 

Nickel was removed for the first time via a one-step etching 

process in 1 M HCl where copolyformal served also as 

protective coating. This treatment avoided the collapse of the 

3D structure. The schematic illustration of the Ni-free system 

fabrication is reported in Figure 2. 

 

 

FIGURE  2. PREPARATION OF THE NI-FREE COPOLYFORMAL-GRAPHENE 

HYBRID SYSTEM.  
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To gain a better insight into the electronic properties of the 

copolyformal (i.e. HOMO and LUMO levels) cyclic 

voltammetry (CV) measurements were performed (Figure 3). 

From the high and irreversible reduction peak at -0.6 ± 0.2 V 

vs Fc/Fc
+
 a LUMO energy level of -4.2 ± 0.2 eV was 

estimated as ELUMO = -(Ered. vs Fc/Fc
+
 + 4.8) eV. Since no 

oxidation peak of copolyformal was observed in the CV, to 

evaluate the HOMO energy level UV-Vis absorption 

measurement were performed, finding an energy gap of Eg = 

2.2 eV. The HOMO energy level was finally determined as 

EHOMO = ELUMO - Eg = -6.4 ± 0.2 eV.  

 

FIGURE  3. CYCLIC VOLTAMMETRY OF COPOLYFORMAL 

 

In this work, graphene was used to avoid the recombination of 

the photogenerated electron-hole pair from LUMO to HOMO. 

In particular, we evaluated the influence of graphene on the 

optical emission of the copolyformal. Figure 4 compares the 

photoluminescence (PL) emission (325 nm excitation) of 

copolyformal coated Ni foam (Ni-foam/Copolymer), 

copolyformal coated 3D graphene on Nickel foam (Ni-

Foam/3DG-Copolymer) and copolyformal coated Ni-free 3D 

graphene (Ni-free/3DG-Copolymer). In all cases the PL 

emission exhibits a broad band composed by two peaks 

centered at 660 and 720 nm, related to their QX(0–0) and 

QX(0–1) transitions respectively. However, it is evident a very 

effective quenching in the case of Ni-foam/3DG-Copolymer 

and a quasi-total disappearance of characteristic emission band 

for the Ni-Free/3DG-Copolymer with a slightly blue-shift of 

the signals. This key result validates that interactions between 

porphyrin aromatic moieties and graphene take place, 

allowing a remarkable electron transfer at the copolyformal 

interface. Different phenomena could justify the further PL 

quenching after nickel removal, such as the change in 

graphene electronic structure as well as an enhanced graphene 

π-delocalization after electron injection. 

 
 

FIGURE  4. COMPARISON OF THE PHOTOLUMINESCENCE SPECTRA OF 

COPOLYFORMAL-BASED HYBRID SYSTEMS.  

 

III. CONCLUSION 

We reported a novel hybrid material based on 3D graphene and 

a porphyrin-based polymer (copolyformal) by using a time-

saving procedure to remove Nickel. HOMO and LUMO energy 

levels of the copolyformal were measured, finding EHOMO= -6.4 

± 0.2 eV, ELUMO= -4.2 ± 0.2 eV and Eg= 2.2 eV. 

Photoluminescence measurements proved the superior electron 

transfer process from copolyformal to graphene, avoiding the 

recombination of the photogenerated electron-hole pairs from 

LUMO to HOMO. The obtained results are particularly 

promising for light harvesting. 
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Abstract—In this article, we investigated the influence of the 

waiting time on the output power of an electret kinetic energy 

harvester (electret-KEH) working in the contact-separation mode 

and with a high resistance load. By adjusting the time duration of 

the contact status, the average output power of the was improved 

from ~150 μW to ~197 μW. This work might be inspirational in 

designing electret-KEHs in accordance with their kinetic energy 

sources and load circuits. 

I. INTRODUCTION 

Electret kinetic energy harvesters (electret-KEHs), which 
usually have compact structures in comparison with 
electromagnetic generators, are applicable in harvesting energy 
from weak low-frequency vibrations, especially in micro 
scales. Like piezoelectric kinetic energy harvesters (piezo-
KEHs), electret-KEHs work based on electrostatic inductions. 
For piezo-KEH, the electrostatic induction is caused by the 
strain-induced dipole moment in piezoelectric materials, while 
for e-KEH it is caused by preserved electrostatic charges on the 
electret materials, both have capacitance characteristics. 
Electret-KEHs basically can be regarded as a voltage source 
connected in series with a variable capacitor [1]. If an electret-
KEH is used to power a resistive load, a resistor-capacitor (RC) 
circuit is formed. And if the time constant of this RC circuit is 
too large, it will take considerable time to complete the charge 
transfer process which determines the output power of the 
electret-KEH. In this article, we reveal how the waiting time 
influences the output power of an electret-KEH connected with 
a high load resistance of 100 MΩ for the first time, which 
might be inspirational in designing electret-KEHs in 
accordance with their kinetic energy sources and load circuits. 

II. EXPERIMENT AND THEORY 

A. Material and structure of the electret-KEH 

A piece of 4 cm × 4 cm sized 55 μm-thick skived 
polytetrafluoroethylene (PTFE) film was used as the electret 
material in the electret-KEH. Since PTFE has an excellent 
insulating property and the strongest attraction to electrons in 
known solid materials during contact-electrification [2], it 
naturally possesses some negative charges after fabrication. 
The cross-section structure of the electret-KEH is shown in 
FIGURE 1(A), where -QE represents the effective preserved 
surface charge amount on the top side of the PTFE electret 
film, Q(t) is the time-dependent charge amount on the back 
electrode, and R is the load resistance in the external circuit. 
Conductive copper adhesive tape was attached on one side of 

the PTFE film to work as the back electrode, and a 4 cm × 4 
cm sized alumina foil was used as the counter electrode. 

B. Working principle 

FIGURE 1(B) shows the equivalent circuit of the electret-
KEH, where the electret film and the back electrode is 
considered to form a constant voltage source if we consider QE 
and the thickness of the PTFE film as time-independent, while 
the electret film and the variable air gap is considered to form a 
variable capacitance C(t) between the two electrodes [1][3]. 
When the counter electrode is driven by a force to approach to 
or separate from the electret film, the variation in the air gap 
leads to the variation of C(t), resulting in charges transfer 
between the two electrodes through the load resistance to get 
electric equilibrium. 

C. Measurement  

In our measurements, the relative movement between the 
counter electrode and the electret film was controlled by a 
linear motor system (Afag Electro slider ES20-100 with 
LinMot servo drive and controlling software), and R is 100 
MΩ from the oscilloscope (Wavejet 354A, Lecroy) with the 
high impedance probe for recording the output voltage of the 
electret-KEH. The transferred charge amount was measured 
with a Keithley 6514 electrometer. 

D. Waiting time 

To output more energy, the electret-KEH need to transfer 
more charge during one contact-separation cycle. For an RC 
series circuit, the charge or discharge of the capacitor takes 
time depending on the time constant (τ=R×C) of this circuit. 
With a larger τ, the charge or discharge takes longer time. For 
the electret-KEH, C(t) reaches the maximum when the counter 
electrode fully contacts the electret film due to the elimination 
of the air gap. Therefore, it takes a longer time for the electret-
KEH to complete the charge transfer when the air gap is 0 than 
larger air gap. We call the duration of that air gap is 0 in one 

FIGURE 1. (A) CROSS-SECTION STRUCUTRE OF THE ELECTRET-KEH. 
(B) EQUIVALENT CIRCUIT OF THE ELECTRET-KEH. (C) AN EXAMPLE OF 

THE TIME-VARIABLE AIR GAP CURVE DURING THE TEST OF THE 

ELECTRET-KEH. 
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contact-separation cycle as the waiting time. FIGURE 1(C) is a 
representative air gap-time curve with a waiting time of 112 
ms. To investigate the influence of waiting time on the output 
voltage and power of the electret-KEH, the same maximum air 
gap of 1.82 mm, same motion speed, acceleration, and 
deceleration were used during measurements unless otherwise 
specified in following results. 

III.  RESULTS AND DISCUSSION 

 

FIGURE 2. THE OUTPUT VOLTAGE OF THE ELECTRET-KEH MEASURED WITH A 

WAITING TIME OF (A) 12 MS, AND (B) 112 MS, RESPECTIVELY. (C) THE TIME-
DEPENDENT OUTPUT POWER OF THE ELECTRET-KEH MEASURED WITH THE 

DIFFERENT WAITING TIME. (D) THE AVERAGE OUTPUT POWER (AVGP) OF THE 

ELECTRET-KEH IN 10 SECONDS WITH DIFFERENT WAITING TIME 

As shown in FIGURE 2, positive voltage peaks appear 
when the counter electrode separates from the electret film and 
negative voltage peaks appear when it approaches the electret 
film. With waiting time of 12 ms, except that the first positive 
voltage peak is high as near 480 V, all other positive voltage 
peaks have a stable amplitude of about 260 V, and negative 
voltage peaks have a stable amplitude of about -250 V during 
measurements in 20 seconds. While with waiting time of 112 
ms, the first positive voltage peak is also near 480 V, other 
positive voltage peaks slightly decrease from about 440 V to 
about 420 V, and negative voltage peaks have a stable 
amplitude of about -250 V. 

The output power of the electret-KEH was calculated from 
the measured output voltage simply by Ohm’s law. As shown 
in FIGURE 2(C), with waiting time from 12 to 112 ms, all the 
first power peaks are almost the same since they all come from 
the first separation of the counter electrode from the electret 
film. While for the second power peak coming from the first 
contact of the counter electrode with the PTFE film after the 
separation, peak values are almost the same but the shape of 
the peak changes with waiting time, meaning the transferred 
charge amount is influenced by the waiting time. Therefore, the 
amplitude of the third power peak corresponding to the second 
separation shows a monotone increasing trend with increasing 
waiting time. FIGURE 2(D) shows the average output power 
(AvgP) of the electret-KEH in 10 seconds, with the different 
waiting time. With the waiting time increasing from 12 ms to 
52 ms, the AvgP increases from ~150 μW to ~197 μW. With 
the waiting time further increasing to 112 ms, the AvgP 

decreases to ~165 μW. This is because that though longer 
waiting time is beneficial for the KEH to transfer more charge 
and therefore convert more energy into electricity in per 
contact-separation cycle, it also decreases the number of the 
contact-separation cycle during the given period. 

To verify the that the variation of the output power is not 
caused by the variation in the surface charge amount on the 
PTFE film, we recorded the transferred charge amount of the 
electret-KEH before and after all the voltage measurements. In 
these measurements, the maximum air gap was set at 20 mm, 
the waiting time was set as 1s, and the maximum air gap was 
also kept for 1s in one contact-separation cycle. With these 
conditions, the transferred charge amount approximates the 
charge amount on the electret film [4]. As shown in FIGURE 
3, there is no apparent change in the charge amount, excluding 
the influence of the surface charge amount on the PTFE film. 

 

FIGURE 3. THE TRANSFERRED CHARGE AMOUNT OF THE ELECTRET-KEH 

(A)BEFORE AND (B) AFTER ALL MEASUREMENTS 

IV. CONCLUSION 

In summary, in the case that the electret-KEH is connected 
to a high resistance load, the waiting time has an influence on 
the output power of the KEH. If the waiting time is too short, 
the charge transfer during the contact status is far from 
complete, resulting in lower output voltage and power than 
those with the appropriate waiting time. If the waiting time is 
too long, the input kinetic power is too low, also leading to the 
lower output voltage and power than those with the appropriate 
waiting time. 
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