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Summary

Over the last years, embedded sensors have gained in accuracy and precision, while
following the demands of miniaturization and lower power consumption. Scavenging
human kinetic energy to produce electricity is an attractive alternative for the power
supply of these low-power-consumption devices. E-textiles for health-monitoring or
biomedical implants are some of the possible applications that could benefit from a self-

powering system.

In this context, in 2013, a first prototype of soft energy scavenger was developed by our
research group through the collaboration between LaMCoS and G2Elab laboratories.
This electrostatic generator was based on the dielectric elastomers generators (DEGs)
technology, which relies on the mechanical deformation of a thin layer of dielectric
material (acrylic or silicone) sandwiched between two compliant electrodes and an
electret material, namely an insulator developing a surface potential. The main
advantages of these hybrid scavengers are their low-cost, compliance, light-weight and
adaptability to complex shapes. In addition, they can work on a large scale of
temperatures and frequencies (<100Hz), which make them attractive to harvest and

convert human kinetic energy.

The objectives of this PhD work were focused on the first prototype optimization to
realize a second-generation device with higher energy output, better suitability for
wearable applications and longer lifetime. New alternatives hybrid scavengers based
on different operating principles but also various association of materials were

designed.

To these aims, the first stage of the study consisted in the investigation of new
conformant electret materials representing the charges reservoir for electrostatic
generator polarization in the scavenger structure. Different variants of poly(p-
xylylene) polymers, better known with the commercial name of Parylene, were tested
as new potential electret materials, mainly due to their highly conformability and
possibility of CVD-deposition on complex shapes. The surface potential decays (SPDs)
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on electrets charged by corona discharge method were monitored over time for different
Parylene types, samples thicknesses and charging voltages. These characterizations
were aimed to evaluate the performance of Parylene electrets and to monitor the
charge dynamic under mechanical conditions close to the final applications but also
under harsher environmental temperatures. As a result of these tests, fluorinated
Parylenes (AF-4 and VT-4) showed excellent long-term charge retention performance

(over 1.5 years) both for positive and negative charges.

The second part of the work was related to the design of optimized soft generators
realizing the electromechanical coupling and hybridizing two different electroactive
materials. Two different working modes for the scavengers were developed: the first
one 1s based on electret mode while the second one employs an electroactive material
(electret or piezoelectric materials) as polarization source of a classic DEG. Through
numerical simulations, optimizations were performed with the aim of maximizing the
power output and increasing the lifetime of the devices. Finally, centimeter scale
prototypes were realized as new promising solution for autonomous wearable
generators and characterized with the final objective to exploit the mechanical

deformation given by human body at knee level while walking.
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Chapter 1. Context and objectives

Chapter 1. CONTEXT AND OBJECTIVES

In the last years, the willing of increasing life quality resulted in the integration of
sensors and intelligent devices in our everyday life. These devices are evolving into an
interconnected network also named Internet of Things (IoT), which is estimated to
involve around 30 billion of objects by 2020 [1.1] .The increase in the number of these
electronic devices has faced the challenge of powering systems through new
sustainable ways of electrical energy generation. In our environment, energy is present
in a number of different forms, such as light, heat, sound and motion. These sources
can be employed for electrical energy generation through the “energy harvesting
process”. This introductive chapter aims at giving an overview of the principle and the
main technologies for ambient energy scavenging and the motivations for the
technologies chosen in the present work with the perspective of harvesting human

kinetic energy while walking.

1.1 General context

The term “energy harvesting” refers to the process consisting in the conversion of the
lost ambient environmental energy into electrical energy for low power levels (<1W).
For higher level of electrical power, the term “energy production” is generally referred
to well-known structures such as wind or hydro turbines. In the last year, small-scale
energy harvesters have been developed to supply low-power consumption embedded
electronic devices, with the willing to replace batteries in sensor nodes (i.e. a node
including sensors, microcontrollers and wireless transceivers). Thanks to the ultra-
low-power electronic developments, the power consumption and size of electronic
devices and components have significantly decreased. Small-scale devices power
consumptions levels  typically stand between few  microwatts  for

MicroElectroMechanical Systems (MEMS) sensors and actuators, to few hundreds of
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Chapter 1. Context and objectives

milliwatts for Global Positioning System (GPS) and MP3 players. Most of the
embedded or wearable devices normally remain in sleep mode for the higher
percentage of time (close to 99% of operation time) and wake up for operation (sensing)
only few milliseconds [1.2]. The average power consumption of such embedded sensor
node can thus be reduced below 100 pW. Figure 1. 1 shows the typical power
consumption of some of the most employed small-scale electronic devices extracted

from [1.2].

Cardiac Wearable
Quartz watch pacemaker sensor node Hearing aid MP3 player Smartphone
~S5uwW ~50uW ~100pW ~1mW ~1W
T, " 1 \ >SN
I s ».\“ \ 3¢ Jo=a
|
1uw 10pW 100 pW 1mwW 10 mW 100 mW 1w

Figure 1. 1: Power requirements of selected battery-operated systems

Figure 1. 2 presents the power density available from different ambient sources
(mechanical, thermal and radiant) and their applicability to power supply low-power-
consumption devices, underlying a good match between systems requirement and
available energy for low-consumption applications. For example, energy harvesting
density from vibration mechanical sources is around 10-500 pW.cm-3 which is quite
enough to supply a vibration sensor (10 nW) or a calculator (1 pW). Replacing batteries
by an energy harvester is thus possible and various embedded applications with mean

power consumption lower than 100uW can be designed and developed.

Clara Lagomarsini — PhD thesis



Chapter 1. Context and objectives
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Figure 1. 2: Power densities overview of different ambient energy sources versus average power
consumption of some electronic devices [1.3]

In case energy scavengers are replacing conventional batteries, the benefits are both
from an environmental and from a practical point of view. Indeed, eliminating the need
of batteries recharging reduces drastically the maintenance and operation cost of
embedded devices, but also allows them to be operational in harsh environments where
batteries cannot sustain the conditions (temperature, humidity...). When the power
supplied by the energy harvesting device is not sufficient to substitute the normal
battery, energy scavengers can instead be employed as assistance energy sources to

increase the lifetime of conventional batteries.

1.2 Energy harvesting process and technologies

The complete energy harvesting process can be resumed with the schematic blocks

shown in Figure 1. 3:

Clara Lagomarsini — PhD thesis



Chapter 1. Context and objectives

1 2 3 4
Environmental |Eas Escav Power Eus
»| Energy harvester > . Storage
source l management unit

) Y

Structure Power
losses losses Application

5

Figure 1. 3: Complete energy harvesting cycle schematic blocks

-  Environmental source (block 1): energy can be captured from the
environment (Eans) in a wide range of forms (light, heat or vibrations) and
represents the input energy of the harvesting system, to be converted into
electrical energy. Only a part of the available environmental energy is captured,
depending on mechanical coupling between the structure and the environment.

-  Energy harvester (block 2): it represents the core block of the system. This
transducer, which can be realized though different technologies (see 1.3.1),
allows energy conversion to the electric domain (Escav). Depending on the nature
of the input source and to the characteristics of the scavenger, its output power
can vary in terms of amplitude, frequency and phase.

-  Power management unit (block 3): it is used to treat the output electrical
signal of the scavenger to meet the requirement of the final application (see 4.4).

- The final useful energy (Eus) can be either stored into a storage capacitor (block
4), either be used to directly supply the final application (block 5). This latter
can be, for example, one of the devices presented in Figure 1. 1. Losses are
present at each level of this energy conversion cycle, leading to global efficiency
of the scavengers from few percentages to tens of percentage, depending on the

technology used.

One of the most mature and developed technology employed for energy transduction

(block 2) consists in the photovoltaic cells, which convert ambient light into electrical

6
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energy. Thermal generators are instead employed to produce electricity from a
temperature gradient by exploiting the Seebeck effect. Nevertheless, when no light or
temperature gradients are present in the environment, other energy sources need to
be envisaged. Among them, mechanical energy sources represent one of the most
promising sources, especially in the small-scale domain, due their ubiquity, high
energy density and versatility. Various mechanical energy sources (vibration, pressure
or strain) can be found in everyday environment, such as natural phenomena (wind,
waves, seismic motion...), industrial machines and equipment, household appliances
(fans, fridge...) and vehicles (cars, planes, trains...). In addition, human movements
can be employed as high-amplitude/low-frequency kinetic energy harvesting source.
The following chapter focuses on energy scavenging applications related to human

motions, namely the application field of the devices proposed in this work.

1.3 Applications to human body

Harvesting energy from human body movements could be useful and necessary in
wearable and embedded applications for the power supply of sensors measuring vital
parameters such as heart rate, temperature or oxygen flow in the blood. These low-
power consumption sensors are generally small-size and can be fixed on cloths, watches
or bands. In [1.4], the author reports that a total power level of 1 pW is a realistic value
for body sensors nodes (i.e. temperature, blood oxygen or blood pressure monitoring
systems) power supply, as these devices present data rates lower than 32 bits.min-!. A
pulse oximeter with an average power consumption of 62 pW was instead reported in

[1.5], when measurements were performed every 15 seconds.

To produce an output level acceptable to replace or integrate batteries, the design of
the energy scavengers needs to be realized with the aim of efficiently coupling the
transduction system to the body movements, i.e. maximizing the energy extraction
from its environment. Two possible solutions to extract energy may be employed: active

and passive coupling [1.6]. In the first case, the user needs to do a specific task to obtain
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the generator movement, while in case of passive powering of electronic devices, energy
dissipated during natural movements is exploited for electrical energy generation (i.e.
walking, breathing or heart-beats). These lost ambient energy sources on human body
are characterized by low to medium amplitudes and by low frequencies (few Hz), while
the acceleration values significantly vary according to the different locations. Indeed,
while walking at 5 km.h-1, peak acceleration levels of 100 m.s2 can be reached at ankle
level with a frequency of 1.2 Hz, while the acceleration in the vertical direction is equal
to 20 m.s2. When considering other location on the body, the frequency remains

constant but the acceleration levels on the vertical axis are close to 7 m.s2[1.7].

The major body motions during walking were analyzed in [1.8], in order to evaluate
the force and the torque generated through the relative displacement of human

segments. Results are shown in Table 1. 1.

Work [J] Power [W] Max torque Negative work
[Nm]

[%] [J]

Heel strike 1-10 2-20 - 50 1-5
Ankle 33.4 66.8 180 28.3 19
Knee 18.2 36.4 40 92 33.5
Hip 18.96 38 40-80 19 7.2
Elbow 1.07 2.1 1-2 37 0.8
Shoulder 1.1 2.2 1-2 61 1.3

Table 1. 1: Summary of total work (with negative work percentage) and maximal torque done by the
muscles at each joint or body segment during each step of the walking cycle and power exerted by
three male subjects of average weight 82 kg and average height 1.80 m walking at a natural speed of 1
Hz (i.e. two steps) [1.8], [1.9]

The designed passive energy harvesting device should obviously be able to withstand
the above reported maximal torques. The mechanical energy necessary to induce the
scavenger movement (namely the absorbed energy) should be lower than the work
produced by normal tasks (reported as “work” in Table 1.1), in order not to require

additional effort by the user. From the above reported study, the higher mechanical
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work generated while walking is at ankle (33.4 J), hip (18.96 J) and knee levels (18.2
J).

Human breath can instead be employed in an energy harvesting system either by
exploiting the air flow emitted during breathing [1.10] , either by employing the chest
movement (using a tight band around the chest) [1.11], [1.12]. In this last case,
considering a respiration rate of 10 breaths/minute and an overestimated force applied
of 100 N over a maximal 0.05 m distance, the total mechanical power that can be
exerted is equal to 0.83 W [1.13].

Finally, blood pressure can also be considered as a potential source for harvesting
energy for wearable devices [1.14], [1.15]. In this case, the maximal mechanical power
available is equals to 0.93 W when considering a resting heart rate of 60 beats per
minute, and a heart stroke volume of 70 ml passing through the aorta per beat [1.13].
One can note that, among the three highlighted solutions, movements induced by
walking seem to be the most attractive source for energy harvesting applications as it
presents the highest input mechanical energy and as passive solutions can be designed
(Figure 1. 4). Scavenging a mean power of 100 uW to supply an embedded device from
ankle, knee or tip movements (available energy >35 W) appears a reasonable and

achievable goal.

Shoulder ~ 2 W

Blood pressure ~ 0.9 W Elbow ~ 2 W

Breath ~ 0.8 W

Hip~38W

Knee ~ 35 W

Ankle ~ 60 W
/

Heel
strike: 2-20 W——=

7N

Figure 1. 4: Total available power from human-body everyday activities
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1.3.1 Energy harvesting strategies for wearable devices

In human kinetic energy harvesting, a dedicated mechanical extraction mechanism is
necessary to efficiently harvest the irregular and occasional movements made by the
user, as underlined in the previous section. The second stage of a harvesting device is
then composed by the transduction mechanism that must convert the input extracted
mechanical energy into electricity. Among the different available technologies,
electromagnetic, piezoelectric and electrostatic are the most employed technologies to
convert mechanical energy from motion. A brief description and comparison of the

different technologies will be provided in the following paragraphs.

1.3.1.1 Electromagnetic scavengers

Electromagnetic converters are based on the electromagnetic induction phenomenon,
namely the generation of a voltage (electromagnetic force) across a conductive material
when it is exposed to a variable magnetic field. The technique is usually realized,
according to Faraday’s law, through the relative motion between a coil and a
permanent magnet. The schematic of a simple architecture of a vibration-based

electromagnetic system is shown in Figure 1. 5.

| Spring Magnet

Figure 1. 5: Basic architecture of a vibration-based electromagnetic energy harvester [1.16]

These systems are usually employed for low frequencies (2-20 Hz), low impedance and

medium size devices [1.16].
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1.3.1.2 Piezoelectric scavengers

The direct piezoelectric effect was discovered in 1880 by Jacques and Pierre Curie and
denotes the capability of a material of generating electric charge in response to an
applied mechanical stress. Piezoelectricity appears from the internal crystalline
structure level: the mechanical stress induces in fact an internal dipole moment in the
material, which in turn produces electrical charge across its surfaces. Piezoelectric
materials include single crystal (e.g. quartz), piezoceramic (e.g. lead zirconate titanate
PZT), polymeric materials (e.g. polyvinylidenefluoride PVDF) and composite materials
(e.g. macro fiber composite MFC). Various structures can be designed to exploit
piezoelectric effect including beam, cantilever, stack or more complicated one.
Piezoelectric devices are high impedance, high voltage, and compact size devices and

can present high power density level.
1.3.1.3 Electrostatic scavengers

Electrostatic converters are based on the principle of variable capacitance coupled with

a supply source.

Based on the classification proposed by Gilbert et al. in [1.17], we propose a division of
these converters into two main categories: those involving vibrations (vibration energy
harvesting: VEH) and those aiming harvesting intermittent movements (i.e. walking
movements). In the first category, the capacitance variation is usually obtained by
attaching one electrode of a capacitor to an oscillating mass, the second one remaining
fixed. The capacitance change can be obtained either by varying the distance between

the two capacitor plates, either by changing the overlap between the two plates.

Among the scavengers harvesting intermittent and slow movements, dielectric
elastomers generators (DEGs) can be considered one of the most promising
technologies. These converters are made of a thin elastomeric dielectric film
sandwiched between two compliant electrodes, whose capacitance variation is obtained
by the mechanical stretch of the membrane.
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The most relevant drawback of the electrostatic harvester is represented by the

necessity for an external voltage source for capacitance charging. This problem can be

addressed by using electrets materials, 1.e. dielectrics with a permanent electric charge

or dipole polarization, to provide the bias voltage.

1.3.1.4 Technologies comparison

A comprehensive comparison between the harvested energy densities of the different

technologies is desirable but difficult to achieve, due to the different possible operation

modes of the scavengers (vibration based, strain based...). General characteristics of

scavenged energy density can therefore be underlined. The principal advantages and

drawbacks of the different technologies are reported in Table 1. 2.

Energy harvestin Scavenged ener
gy v g Advantages Drawbacks v .g gy
technology density trends
-Li tput volt
-No need of external OW outp .VO ages . . .
larizati -Difficult to integrate | -High on a microscopic
olarization .
. P with MEMS level
Electromagnetic -High currents output .. .
. fabrication processes -Decreases with
-Robust design .
-Poor performance in volume [1.18]
micro-scale
. -High output
-Simple structure . ' d P
impedance . .
-No need of external . P ) -High at macroscopic
. -Brittleness in PZT
. . polarization .. level
Piezoelectric S -Poor coupling in
-MEMS compatibility PVDF -Decreases at
-High output voltages microscopic level [1.18]
-Low output currents
-High output voltages -Need of an external VEH: -Low at
-Easy to integrate with | polarization source for macroscopic level
MEMS (VEH) electret-free converters | -Increases as volume
Electrostatics -High power densities -Low output currents decreases
(DEGs) -High output DEG: -High energy
-High strains (DEGs) impedance densities for small and
large-scale devices

Table 1. 2: Schematic comparison between the main energy harvesting technologies
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Electromagnetic and piezoelectric technologies offer the advantage over the other
principles of not requiring an external voltage for energy conversion and present a high
harvested energy (up to 100 md.cm3). Electromagnetic scavengers show
complementary behavior in terms of output signal, impedance matching and optimal
load in relation to piezoelectric techniques. On the other hand, the integration of
electromagnetic harvesters into MEMS or wearable applications results more difficult
due to the use of coil elements.

The main advantages of piezoelectric materials in energy harvesting are their large
power densities and ease of application. Piezoelectric systems are good candidates for
small-scale vibration harvesters; although, they present low coupling strength at
micrometric scale and they require large load impedances to reach the optimal working
point [1.2].

Electrostatic VEHs present instead the highest potential for integration with
microelectronics and their energy density increases with size reduction.

For low-frequency applications, such as those related to wearable sensors, polymer-
based devices (i.e. DEGs) constitute a valid alternative because of their high energy
density (up to 1 J.cm3), inexpensiveness, compliance and high strains (up to 400%)

[1.19].

The technology choice should thus be done based on the desired location of the
scavenger and the input mechanical available source. When relative displacement
induced by vibrations, impact or force is the mechanical source, either electromagnetic
or electrostatic transduction can be used. Velocity is more typically associated with
electromagnetic transduction as a magnetic flux variation is needed. The strain or
stress, resulting in a deformation within the mechanical system, typically employs
active materials (i.e. piezoelectric or dielectric materials). A comparison between these
last two categories was performed in [1.20], where one of most widely employed
piezoelectric polymer PVDF and classic dielectric elastomers materials (silicone and

acrylics) were reviewed. Their results are summarized in Table 1. 3.
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Piezopolymers | Dielectric elastomers (DE)
PVDF Silicone Acrylic
Density [g.cm-3] 1.7-2.1 1 1

Young’s modulus [GPa] 2.5-3.2 1x10-3 2x10-3
Maximum stress [MPa] 5 3 7.2

Maximum strain [%] 0.1 100 400

Maximum energy
scavenging density 0.06 1.63 4.1
[J.cm3]

Table 1. 3: Comparison between the main technologies for strain energy harvesting

As shown in Table 1. 3, acrylic DE results in the better performance in term of

maximum scavenged energy density, obtained under high deformation conditions.

1.4 Location and technology choice

The goal of this PhD work is to develop energy harvesting devices to extract the human
kinetic energy while walking and convert it into electricity to supply low-power
consumption systems. A mean output power of 100 uW is the target as it is classically
required for embedded sensor node (paragraph 1.1). Regarding the mechanical input
source available on human body (paragraph 1.3), our system will be integrated at knee
level to exploit the relative movement between the upper and lower part of the limb,
namely a variation of angle. Indeed, the mechanical energy available at knee level is
high enough to design a passive structure able to harvest a small amount of energy
without requiring additional efforts from the user. Moreover, as most of the embedded
sensor are located in the upper part of the human body (chest...), this location is closer
to the final application than ankle location avoiding the need of long wires between the
scavenger and the sensor node. Hip could also be a logical location to scavenge human
kinetic energy. Nevertheless, the scavenger should exploit low frequency vibrations
and thus using classic rigid technologies such as electromagnetic one, leading to high
encumbrance and possibility to disturb the user during normal activities. For these

reasons, knee level was selected. As reported in [1.21], the angle variation at kneecap
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level is between 5° and 60° while walking (6,,) and between 5° and 120° while running

(6,), as shown in Figure 1. 6.

_thigh

Figure 1. 6: Relative movement imposed by knee displacement while walking/running (a) and possible

insertion point of the scavenger behind the knee

A harvester can easily be integrated behind the knee straddling the two segments of
the leg (Figure 1.6b). As it, the variation of the angle can be converted in a strain whose
value depends on the two insertion points of the scavenger on the limb and on the
scavenger length. Based on the results obtained on [1.21] and in order to avoid any
excessive additional mechanical work for the user, the scavenger device will be

subjected to a maximal uni-axial deformation of 50% of its initial length.

Considering the resulting strain induced by the leg movement, the normal
walking/running frequencies (1-3 Hz) and the maximal encumbrance of the system
(10x5 cm? surface area, low thickness), electrostatic converters based on DEs were
selected as energy harvesting technology in this work. Indeed, compared to
piezoelectric material, DEs can sustain high level of deformations, develop a high
energy density (paragraph 1.3.1.4) and are very soft materials, which are
advantageous for embedded scavengers (lower additional mass, perfectly compliant, no

disturbance for the user).
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1.5 Objectives and organization of the work

The main objective of this work is to design soft electrostatic generators based on
dielectric elastomers to supply wearable devices. As the main drawback of DEs
technology consists in the external voltage supply, hybrid structures guaranteeing the
replacement of external voltage need to be conceived. To do so, two different hybrid

solutions will be proposed:

- In the first one (whose basic schematic is represented in Figure 1. 7), dielectric
elastomers are coupled with electret materials to improve the performance of an
electret-based electrostatic generator. This work, based on the technology developed
by our research group [1.22] in 2013, aims designing an optimized prototype in term of

output energy, decreasing the encumbrance and increasing the lifetime of the device.

Figure 1. 7: Blocks schematic of the electret-based working mode of the electrostatic device

- In the second working mode, the dielectric elastomer membrane plays the
active role of an electrostatic transducer (DEG transducer) and is coupled with
different active materials (electret or piezoelectric material) with the aim of
eliminating the need of an external voltage source. The basic blocks schematic of this

operating principle is shown in Figure 1. 8.

Figure 1. 8: DEG-based schematic of the working principle
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Focusing on our objectives, the following challenges have been faced:

- Investigation studies on electrets materials employed as polarization sources for

electrostatic energy harvesting devices. In order to find a conformant electret
material with high stability, experimental studies on polymeric electret
materials were performed. Specifically, poly(p-xylylene) polymers (known with
the generic name of Parylene), were studied as electret materials for our
applications and compared to results obtained from conventional electrets. As
we aim developing wearable scavengers, used in different temperature and
relative humidity environmental conditions, these parameters were also
considered to evaluate their influence on the electret material performance.

- Concerning the first working mode (Figure 1. 7), the main goal consisted in the

optimization of the devices (shape, size, material used...) to maximize the energy

extraction and energy conversion. Based on the analytical modelling of the
system and the results of Finite Element Method (FEM) simulation, a
centimeter scale prototype was realized and tested. Possible solutions for the
power management circuit were also investigated in order to consider the full
energy harvesting cycle.

- Concerning the second working mode based on DEG devices (Figure 1. 8),

possible polarization solutions based on active materials were investigated. As

explained in paragraph 1.4, these types of generators were selected as energy
harvesting technologies due to their high scavenged energy density. In order to
eliminate the external polarization source, these DEGs were coupled with two
active materials: electrets and piezoelectric. For this latter, two different devices

were designed: one based on PZT ceramics and one based on a piezoelectric

polymers (PVDF).

In the second chapter, the state-of-the art on piezoelectric and electrostatic scavengers
will be presented. This chapter will describe the working principle, the equations

governing these technologies, the performance and working conditions generally
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employed for these systems. Examples from the literature will be developed with
applications focusing on human body energy scavenging. From this overview, the

technology choice made in this work will be underlined.

The third chapter is dedicated to the characterization of different Parylene variants as
electret materials for energy harvesting applications. We will present the physical
principle of electret materials and the experimental techniques employed in this work
for electret characterization. Then, results obtained on the suitability of different
Parylene species for our applications will be presented for various testing and

environmental conditions.

In the fourth chapter, the first scavenger design (Figure 1.7) will be presented, mainly
focusing on issues about design optimization, materials influence on device
performance and size reduction. Results obtained on the experimental realization of
an operational prototype will be presented and issues about the power management

circuit will be considered.

The last chapter will present the second scavenger working mode (Figure 1.8),
employing dielectric elastomers as active transducers for energy generation. The two
polarization solutions coupling dielectric elastomers generators with active materials
(electret and piezoelectric) will be presented, focusing on the device experimental
realization and performance. The results obtained on three operational prototypes will
be presented, and possible improvements on their performance will be discussed at the

end of the chapter, opening new perspectives for future works.

A global balance will finally close this thesis, were the most relevant points of this
project will be summarized. Outlooks for future development works will be proposed,
aiming to better develop the new technology based on hybrid devices and to realize a

final complete structure embeddable on human body
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Chapter 2. STATE-OF-THE-ART: PIEZOELECTRIC
AND ELECTROSTATIC TECHNOLOGIES

The objective of this chapter is to review the two technologies employed in this work
for energy harvesting devices conception and development, namely the piezoelectric
and the electrostatic ones. First, the basic principles of the two techniques will be
described together with the equations helping the reader to understand the working
mode of these technologies. The materials employed for devices fabrication will be
reviewed, together with their principal characteristics. Then, the state-of-the-art
relative to wearable devices will be presented, to give an overview on the maximum
amount of energy that can be harvested by these devices in different configurations. In
the last paragraph, the employment of electret materials as polarization source will be

introduced.

2.1 Piezoelectric technology

Piezoelectricity originates in materials presenting high asymmetry in the dielectric
crystal, which leads to a non-coincidence between the positive and negative charges
barycenter. At rest, the system is at the electrical equilibrium but, when a mechanical
solicitation is applied, the charges barycenter is shifted. As a consequence, an electrical
dipole is formed in the unit cell of the crystal. The summation of the individual dipoles
results in a polarization which induces an electric potential across opposite electrode

faces (direct piezoelectric effect). Conversely, the application of an electric field through

the material induces a modification in the mechanical structure due to a change

between the charges barycenter (converse piezoelectric effect). The piezoelectric effect

is represented in Figure 2. 1.
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Figure 2. 1: Direct and converse piezoelectric effects representation [2.1]

For practical applications, the direct piezoelectric effect can be exploited to realize
sensors or energy scavenging devices, while the converse piezoelectric effect is

employed for the realization of actuators.

2.1.1 Basic principles and equations

The constitutive equations for a piezoelectric material are given by [2.2]:

S=s"-T+dE

{Q =d T+ E

2.1
where S, T and D respectively represent the mechanical strain, the mechanical stress
and the electrical displacement (charge density). E indicates the electric field, while s
and &7 respectively stand as the compliance under zero or constant electrical field
(namely the index E) and the dielectric permittivity under zero or constant stress
(specified by the superscript T). d describes the piezoelectric constant, where the
superscript t means the transposed matrix. The first equation provides a linear
relation between the generated electrical charges and the applied mechanical stress
(direct piezoelectric effect), while the second describes the linear relation between the

applied electric field and the resulting mechanical strain (converse piezoelectric effect).
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Piezoelectric materials are anisotropic, which means that their behavior depends on
the direction of the strain and on the polarization orientation. It is thus necessary to
define tensors to describe the piezoelectric material properties (i.e. compliance and
permittivity matrix). These quantities are defined through a crystal coordinate system,

denoted through 123 axes (Figure 2. 2).

Figure 2. 2: Piezoelectric material mechanical axis position

The axis 1, 2 and 3 are used for translations, while 4, 5 and 6 are referred to rotations.
The quantities introduced in the system of equations (2.1) can be expressed as
following: E and D through a 3-components vector, 7" and S through 6-components

tensors. The piezoelectric coefficients d are expressed through a 6x3 tensor, the
dielectric permittivity & through a 3x3 tensor and the compliance matrix through a 6x6

tensor.

As explained, the absence of a center of symmetry is a necessary condition for the
material to exhibit a piezoelectric effect. Although the symmetry does not directly
define the value of the piezoelectric coefficients, considerations about symmetry are
important to define the number of piezoelectric coefficients. The piezoelectric tensor,
in fact, has a maximum number of 18 independent components. This number,
although, can be drastically reduced if certain symmetries exist in the crystal structure
or microstructure [2.3]. For the PZT ceramic, as example, due to the hexagonal crystal
symmetry, the compliance matrix, the piezoelectric coefficient and the permittivity

matrix can be respectively written as [2.2]:
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It can be noticed that only three independent elements are present within the
piezoelectric tensor d. Following the reference system of Figure 2. 2, one can note that
the coefficient dis is related to shear stress. As this latter is not practical for energy
harvesting applications, in the next paragraph the two working modes generally
employed for energy scavengers will be described, namely the longitudinal (33) and

translational (31) modes.

2.1.2 Working modes

The two working modes employed for piezoelectric energy harvesters are normally the
33 and the 31 modes. For both modes, the voltage is generated along the 3-direction,
while the applied stress is respectively along the 3-direction and 1-direction, as shown

in Figure 2. 3 [2.4].
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31 mode 33 mode

Figure 2. 3: Piezoelectric generators working modes: 31 mode and 33 mode

When the piezoelectric material is operated in 31 mode, the constitutive equation

describing the direct piezoelectric effect can be simplified to:

Dy=du T+ el By @5

Instead, for the 33 mode, the stress acts in the same direction as the voltage appears

and the above equation becomes:

Dy=da T+ el Ey @0

For each solicitation mode, the energy converted from the mechanical to the electrical
domain can be derived through an electromechanical coupling coefficient ki, defined
through the following equation [2.4] :

2 electric energy output

= : : @.7)
mechanical energy input

This coefficient relates the converted energy to the total available energy to evaluate

the electromechanical efficiency of the system.

Referring to the two previously described working mode, this coefficient respectively

becomes:
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ka1 = (2.8)

2.9

The higher the coupling coefficient k, the more mechanical energy is scavenged. When
operating in 33 mode, the coupling coefficient is generally higher. Nevertheless,
obtaining high deformation is easier for 31 configurations compared to the 33 ones

[2.5].

2.1.3 Piezoelectric materials

Piezoelectric materials can be divided into natural and synthetics [2.6]. Quartz (SiO2)
1s the most employed natural single crystal piezoelectric material. Due to the high
precision of its oscillation frequencies, this material is often employed as resonator in
digital watches. Among the man-made piezoelectric materials, it can be included
ceramics, polymeric materials and composites. Most of ceramics presents a crystal

structure as perovskite, which basic structure is shown in Figure 2. 4.

Figure 2. 4: Schematic of a perovskite crystal [2.7]

A perovskite consists in a face-centered cubic structure with cations in the corners of
the cube and anions in its center. Among them, the most well-known ceramics are

Barium titanate (BaTiOs) and Lead zirconate titanate (Pb[Zr(x)Ti(1-x)]Os), most
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commonly known as PZT. Among the polymeric materials, the most performant is
polyvinylidene fluoride (PVDF), which piezoelectricity was discovered by Kawai [2.8].
This polymer presents the largest piezoelectric coefficient compared to other bulk
polymers [2.9], and can thus be found in the majority of soft applications. Table 2. 1

compares the performance of these two materials:

PZT PVDF
Strain coefficient ds1 [10-12 m/v] 320 20
Strain coefficient dss [10-12 m/v] 650 30
Coupling coefficient k31 [CV/Nm] 0.44 0.11
Coupling coefficient k33 [CV/Nm] 0.75 0.16
Dielectric constant &, 3800 12
Elastic modulus [109 N/m2] 50 3
Tensile strength [107 N/m?] 2 5.2

Table 2. 1: Comparison of two piezoelectric materials used in this work [2.10]

As shown in Table 2. 1, ceramic materials strain coefficients and electromechanical
coefficients are significantly higher than PVDF, resulting in higher output voltages.
Nevertheless, due to their high stiffness and brittles, PVDF materials are preferred for

compliant and low mechanical impedance applications.

Piezocomposite materials can be considered an update of the existing piezoceramic. As
described in [2.11], they can be divided in two categories: piezo-polymer with the
piezoelectric material immersed in an electrically passive matrix (i.e. PZT in epoxy
matrix) and piezo-composites, namely composite materials constituted by two different
ceramics (i.e. BaTiOs fibers reinforcing a PZT matrix). These two categories can be a
compromise between the piezoelectric properties of PZT and mechanical properties of

polymers, but their cost is higher. In this work, PZT and PVDF piezoelectric materials
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will thus be employed as polarization source for our hybrid structure working in DEG

mode.

2.1.4 Possible configurations

A thin-layer geometry shape is often employed in most of piezoelectric energy
harvesters both for reducing the total encumbrance of the structure and for obtaining
a fast response to mechanical solicitations. The most common piezoelectric structures,

as reported in [2.12], are:

- Cantilever beams:

Piezoelectric cantilever beams adopt the direct piezoelectric effect of 31-mode to

convert mechanical energy into electrical energy.

The simplest design consists in the ‘unimorph configuration’ (Figure 2. 5a), namely a
clamped-free beam which is made of one piezoelectric layer bonded with a non-active
material (usually a metallic surface to conduce the generated charges). When the
external mechanical excitation frequency equals the self-frequency of the piezoelectric
cantilever beam (first flexural mode), the structure resonates, and the maximal output
voltage is reached. The main advantage of this configuration consists in the generation
of high mechanical strains within the piezoelectric material near the clamped end. To
further improve the device output, alternative configurations may be adopted, i.e. the
‘bimorph’ structure (Figure 2. 5b), which consists of two piezoelectric layers bonded to
a central metallic one. Finally, to reduce the structure resonance frequency of the
structure, proofs mass may be added at the free side of the cantilever, as shown in

Figure 2. 5c¢.

mmm Piezoelectric material

Figure 2. 5: Different configurations for piezoelectric cantilevers structures: unimorph (a), bimorph (b)
and unimorph with proof mass at the free end (c) [2.12]
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-Cymbal:

Cymbal transducers are normally employed for applications with high impact forces.
The structure 1s made of a piezoelectric ceramic disc and two end caps at each sides of

the structure, as shown in Figure 2. 6.

~ compressive load

J' /Endcap

Endcap oot gisk in
tension

Figure 2. 6: Cymbal structure representation [2.13]

When an axial stress is applied to the cymbal transducer, the steel end caps convert
and amplify the axial stress to radial stress in the PZT disc, resulting in a combination
of both the dss and the dsi piezoelectric coefficients. This transducer allows scavenging
higher energy outputs compared to the cantilevers: the cymbal structure in fact
guarantees the solicitation of a larger amount of piezoelectric material compared to the
cantilevers, where the stress is concentrated near the clamp end and decreases at
locations close to the free end. Anyway, these structures are not suitable for low
magnitude vibrations (i.e. human body and ambient environmental vibrations) and are
more adapted for high amplitude stresses, necessary to produce a significant

deformation on the PZT.

-Circular diaphragms

This configuration, similarly to the cantilevers, works under 31 operation mode. The
structure includes a circular piezoelectric ceramic disc bonded to a metal layer (Figure
2. 7). The higher output power is achieved under clamped boundary conditions [2.14].
Further improvement on the low-frequencies device performance may be obtained by
inducing a pre-stress in the piezoelectric material, which can be done either in the
fabrication stage of the piezoelectric-metal composite, either by adding proof masses to

the structure.
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Figure 2. 7: Circular diaphragm configuration [2.15]

-Other configurations

Depending on the input source harvested by the device, different configurations have
been designed to increase the electromechanical coupling. Figure 2. 8a shows a flag
design proposed in [2.16] and employed with flexible piezoelectric material to harvest
flow motions. In Figure 2. 8b a ring-MEMS (RMEMS) structure is shown [2.17], aiming

to achieve low resonance frequencies in a small encumbering structure.

a)

continuos ¢entre P striped electrodes,
front- and backside

von Kdrman
vortex street

mean flow direction

Figure 2. 8: Other configuration employed in the literature for piezoelectric energy harvesters [2.12]

Other solutions may be adopted to improve the performance of the energy harvester,
1.e. stack structures, frequency-tuning techniques (spring-mass systems, stoppers or
auxiliary beams) or modification of the piezoelectric materials properties and

electrodes configuration.

In the next paragraph, configurations mostly employed for wearable applications will

be described through practical examples found in the literature.

2.1.5 Existing wearable devices

Several examples can be found in the literature for piezoelectric energy harvester

integrated in the shoe: one of the earliest examples was proposed in [2.18], where a

31
Clara Lagomarsini — PhD thesis



Chapter 2. State-of-the-art: piezoelectric and electrostatic devices

cylindrical PZT stack was integrated with a hydraulic system to amplify the force on
the piezoelectric material. The device was made of two cylindrical tubes in the insole,
housing a PZT stack. Although the prototype was heavy and bulky, it could scavenge
an average power between 250 and 700 mW (depending on the user’s gait and weight).
One of the first energy harvesting device from human walking made of PVDF was
developed by Massachusetts Institute of Technology (MIT) researchers [2.19] to
harvest the bending movement of the sole while walking using the ds; mode. The device
(Figure 2. 9a) is made of a bimorph structure with two 8-layers stacks of 28-pm-thick
PVDF sheets. At a bending frequency of 0.9 Hz, an average output power of 1.3 mW
was obtained on a resistive load of 250 kQ.

The same researchers developed a PZT bimorph structure using two curved-shaped 5
cm X 5 cm X 15 um PZT strips (TH6R piezoelectric transducers) bounded to a steel strip
[2.20]. The device, shown in Figure 2. 9b, was installed at the heel of a Navy work boot
to harvest the parasitic energy of heel strike, harvesting up to 8.4 mW when connected
to a resistive load of 500 kQ.

More recently, a shoe-mounted piezoelectric vibration energy harvester (PVEHSs) was
presented in [2.21]. The device is made of a 2.5 um-thick PZT thin film with total
dimensions of 11.75 mm X 15 mm and deposed on a 40 pm-thick stainless steel. The
cantilever device presents a seismic mass of 0.93 gr at the free end and can harvest a

maximum output power of 20 uW, on an optimal load resistance of 33.9 kQ.

Top THER transducer
*

PZT
dimarph

Metal
midplate

Plastic sheet (2 mm)

Top 8-layer stack of PVDF (28 um)

Bottom 8-laver stack of PVDF(28 um)

h3

(.63 mm thick rigid midplate
.

= — 24

,-"j,

¥
Bottom TH6R transducer

Figure 2. 9: Examples from the literature of shoe energy harvesting piezoelectric transducers [2.22]
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Several examples of piezoelectric energy scavenging from human limbs can also be
found in the literature. In [2.23], a flexible energy harvesting device to harvest energy
from human motion was presented, through of a shell structure made of PVDF
material (Figure 2. 10a). This device was tested by integrating ten shell structures in
a band for wearing on the elbow joint and with four shell structures for wearing on the
finger to harvest the bending motion given by human body. A maximal power output
of 210 pW was obtained on a resistive load of 90 kQ for the structure integrated in the
elbow, with a bending velocity of 0.8 Hz.

Other examples involving human kinetic energy scavenging include the linear impact-
based generator proposed by Renaud et al. [2.24]. The device (shown in Figure 2. 10b)
includes a 750-gr impact mass and two piezoelectric cantilevers at the two ends of the
groove to harvest the impact energy. The device was predicted to harvest up to 40 ptW
when positioned on a wrist of a walking person, with excitation of 1 Hz frequency and

0.1 m.s2 acceleration.

a)

Shell structure Fabric '\Ta gt

Fabric

Inertial Mass

Figure 2. 10: Examples of piezoelectric human-limbs energy scavengers [2.22], [2.23]

Rotational devices were also employed to harvest human kinetic energy at knee level.
Among these latter, the one proposed in [2.25] consists of a piezoelectric bimorph,
whose solicitation is imposed by a plectrum standing in the inner part of the circular
frame (Figure 2. 11a). When a rotation is imposed to the structure (between 0.1 and 1
rev.sl), the plectrum exerts a deflection movement on the piezoelectric material,
allowing scavenging an energy output between 160 and 490 pJ, depending on the

rotational speed. Further improvement of this design consisted in the substitution of

33
Clara Lagomarsini — PhD thesis



Chapter 2. State-of-the-art: piezoelectric and electrostatic devices

the mechanical plucking system with a magnetic one, allowing scavenging up to 0.7
mW per piezoelectric, when actuated by knee-joint motion at 0.9 Hz [2.26]. Size
reduction challenge resulted in a of 5 cm3 rotational device presented in [2.27], based
on the frequency-up conversion strategy and made of a piezoelectric beam plucking
through magnetic coupling with a rotating proof mass (Figure 2. 11b). Power outputs
in the range of ten uW were obtained with frequencies between 0.5 and 4 Hz and with
acceleration values between 1 to 20 m.s2. A peak power of 43 uW was obtained at 2 Hz

and 20 m.s2 working conditions with the rotor going into continuous rotation.

Inner Hub
Bimorph Quter Ring

Outer Ring Plectra

fixed to thigh

Inner Hub
fixed to shank

|
Shaft Casing

Figure 2. 11: Wearable rotational piezoelectric scavengers [2.25], [2.27]

Other devices were tested for energy harvesting from a backpack [2.28], from mouse-

clicking [2.29] or heart beats [2.30].

On Table 2. 2 some of the previously described devices used for human kinetic energy

harvesting are summarized.
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Ref. | Location Material Piezo dimensions C(’)I‘rf;ittiilz)is Sc;zs:;gred
[2.19] Shoe PVDF 37.5 cm3 0.9 Hz 1.3 mW @ 250 kQ
[2.20] Shoe PZT 25 cm3 (X2) 0.9 Hz 8.4 mW @ 500 kQ
[2.21] Shoe PZT 1.4 cm3 24 Hz, 0.3 m.s2 20 uW @ 33.9 kQ
[2.23] Elbow PVDF 1.8 cm3 (X10) 0.8 Hz 0.21 mW @ 90 kQ
[2.24] Wrist P.ZT 2.5 cm3 1 Hz, 0.1 m.s2 40 pW @ 300 kQ
cantilever

[2.26] Knee PZT bimorphs 0.18 cm3 (x8) 0.9 Hz 5.8 mW @ 18 kQ
[2.27] Knee PZT 0.012 cm? 2 Hz, 20m.s2 43 uW @ 150 kQ
[2.28] | Backpack PZT 5 Hz 0.4 mW
[2.29] Finger PVDF 6 mm?3 ~2.5Hz ~2.5-25 nW
[2.30] Heart PZT 0.3 cm?3 15 Hz 10 uyW

Table 2. 2: Piezoelectric wearable scavengers’ comparison

2.2 Electrostatic technology

Electrostatic scavengers are based on variable electrical capacitors, whose value is

changed by the application of an external mechanical displacement. A simple design of

parallel plate capacitor is shown in Figure 2. 12 and is made of two parallel conductive

plates (the electrodes) separated by a certain gap. The capacitance value is determined

by the area (A) and distance between the electrodes (d) and the dielectric permittivity

(g,) of the material separating them, namely:
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Figure 2. 12: Parallel-plates capacitor representation

(2.10)
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where g, represents the vacuum permittivity.

While few electrostatic devices based on dielectric permittivity variation can be found
in the literature [2.31], the majority of examples act on the variation of the capacitance

geometrical parameters (A and d).

When the capacitance (C) is charged, a certain amount of charge is stored in the two
plates (@), resulting in a voltage through the electrodes (V). These quantities are
related by the following relationship:

Q=CV (2.11)
By considering the charges concentrated on the plates surfaces, the electrical stored

energy can be written as [2.32]:

(2.12)
2

plate surface

W = ! ﬂ V(s)o(s)ds = %CV2

As previously described, electrostatic generators are based on a capacitance variation
through an external mechanical force. As the two plates of the capacitor are oppositely
charged, an electrostatic force acting on the plates will be present (Maxwell force). By
considering an isolated capacitor, this electrostatic force along the y direction (Figure
2. 12) can be derived by equation (2.12):

aw 1 __dC

P AV _1,200 (2.13)
¢ dy ZV dy

During capacitance change, the energy transferred from the mechanical to the
electrical domains is represented by the work of the electrostatic force. By supposing a
linear variation of the capacitance [C:-Cz2] with time [ti-t2], the work produced by the
force Fe on the transducer can be expressed as [2.32]:

t21 _dcCd €21
F,vdt =f —VZ__ydt = J ~vadc (2.14)
gy 2 dydt ¢, 2

tz

W(t) = f

t1
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where v represents the capacitance change velocity.

One can note from equation (2.14), that the work is positive for increasing capacitance
values, while it is negative when the capacitance decreases. When the work is positive,
the energy in the mechanical domain is increased with consequently decrease of the
electrical energy. A negative work indicates instead an energy transfer from the

mechanical to the electrical domain

Among the various possible operating modes, two main working modes are generally

used for the device energetic cycle, namely charge-constrained or voltage-constrained.

The charge-constrained cycle employs a constant charge on the capacitance plates and

1s based on the voltage variation with changing capacitance. The capacitance plates
are charged (up to Vs, named bias or polarization voltage) when the variable
capacitance reaches its maximal value Cmax. The application of an external mechanical
force, acting against the electrostatic force between the electrodes, induces capacitance
variation until its minimal value Cnin. During this stage, the amount of charge in the
system 1s kept constant, which consequently induces voltage increase across the
capacitor plates (till the maximal value Viax). The initial charge can either derive from
a reservoir controlled by an electronic circuit, to which the initial charge flows back at
the end of the cycle, either be given by a fixed charge source (i.e. electret materials), as
better explained in paragraph 2.2.3. The energy gain (F) in this working mode can be

expressed as:

1
E= E (Cnax — Cmin)VmaxVstare (2.15)

The voltage-constrained cycle instead consists in the application of a constant voltage

to the capacitance plates and in the consequent variation of the charge stored in the
capacitance induced by capacitance variation. The energetic cycle begins when the
equivalent capacitance is at its maximal value (Cnax). At this stage, the capacitor plates
are charged through a reservoir up to a polarization voltage Vmax. When, the
capacitance decreases to its minimal value (Cmin) due to external mechanical

excitation, the voltage is kept constant. Consequently, the excess charge on the
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capacitor will flow back to the reservoir during the capacitance decrease phase,

resulting in a net energy gain (F) given by:
1 2
E= E (Crmax — Cmin)Vinax (2.16)
The different phases of these two working modes can be represented through the Q-V

diagrams, which outline a surface area representing the electrical energy generated

during the process (Figure 2. 13).

A
a) b)
Q Q
2 Cmaxecmin 3 2
C:Cmax / C=Cmax
Cmaxécmin
Discharge at C,;,

3

1 V 1 Discharge at C,,,;, Vv

Figure 2. 13: Q-V diagrams for charge-constrained (a) and voltage-constrained (b) cycles in
electrostatic scavengers

Capacitance variation can be achieved through electrostatic transducers designs either
through vibration energy harvesters (VEH) either by the use of soft deformable
dielectric materials (Dielectric Elastomers Generators: DEG), as described in the next

paragraphs.

2.2.1 Vibrating Energy Harvesters (VEH)

These devices are normally made of two electrically isolated plates, whose position is

changed by vibration excitations acting on the device.

Two kinds of displacement are normally imposed to the electrode: either in the

principal direction of their plane (Figure 2. 14a), either in the normal direction (Figure
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2. 14b). In the perpendicular motion of the electrodes (out-of-plane gap closing
configuration), the distance between the two electrodes is varied, while the overlapping
area is kept constant during the energy cycle. In the second case, also called in-plane
gap varying configuration, the parameter which determines the capacitance variation

1s the overlap area between the two electrodes.

a)

Vibratlon

A A
C(t) = eosr% (2.17) C(t) = eoer%t) (2.18)

Figure 2. 14: VEH working modes: out-of-plane gap closing (a) and in-plane overlap varying (b) [2.33]

Most of the electrostatic VEH devices developed in the literature are in the centimeter
scale and work under resonant frequencies ranging between 2 Hz to 2 kHz, when
external acceleration between 0.25 g and 14.2 g are applied to the systems [2.33]. In
the next paragraph, significant examples found in the literature for low-frequencies

energy harvesting devices suitable for wearable applications will be presented.

2.2.1.1 State-of-the-art on wearable devices

In [2.35], an innovative multilayer out-of-plane electrostatic energy harvesting device
for heart blood pressure scavenging was reported. The system presents a cylindrical
structure with a diameter of 6 mm and a multiplayer configuration (Figure 2. 15)

allows scavenging up to 20 pd per beat under 75 V polarization voltage.
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Figure 2. 15: Electrostatic device for blood pressure energy scavenging [2.35]

Among the low-frequency devices, Miao et al. [2.36] developed an out-of-plane “meso-
scale” device made of a 4.3 g gold proof mass, suspended through a highly flexible
polyimide membrane between a silicon plate and a basic plate made of quartz (Figure
2. 16). The equivalent capacitance of the device can vary from a minimal value of 1 pF
to a maximal value of 100 pF under external mechanical vibrations. Experimental tests
were performed through a polarization voltage source of 26 V and resulted in an output
voltage of 2.3 kV and a maximal power output power of 24uW at 10 Hz, namely the
resonant frequency of the system. The same research group presented a MEMS
electrostatic generator suitable for low-frequency wearable applications [2.37], with a
non-resonant operating mode. The device operates in constant-charge mode and, when
pre-charged under 30 V, it can deliver an output voltage of 250 V and output energy of
0.2 ud per cycle, at a frequency of 1 Hz, corresponding to the excitation frequency of

the lower human limb.

28 mm
T _1_ mass I ......
£ : Output
o 330 pm . Input
| |
= Sum
] - (. 1]
Quartz Si Cu Au  Polyimide

Figure 2. 16: Examples of low-frequencies VEHs found in the literature [2.36]
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In the following, other examples of low working frequency electrostatic devices will be
presented. These systems, even if they are not specifically conceived for wearable
applications, present dimensions and working frequencies that could be adapted for

human kinetic energy scavenging.

Among these, an innovative design of VEH rotary comb was presented in [2.38] and
shown in Figure 2. 17a. The reported harvester consisted of 12 sets of fixed combs, a
grid-like proof mass integrated with movable combs, six ladder springs, and stoppers
to avoid a pull-in phenomenon between the movable and fixed combs of the harvester.
When an acceleration is exerted on the rotary system, the movable mass rotates with
a rotary comb and thus the total capacitance of the system (made of the overlap and
air gap capacitance) changes (Figure 2. 17b). A maximum power of 0.39 upW can be
delivered on an optimum load of 80 MQ when the VEH is subjected to a vibration level
of 0.25 g at a frequency of 63 Hz.

Figure 2. 17: Rotational VEH device schematic [2.38]

More recently, Cottone et al. [2.39] presented a MEMS electrostatic silicon gap-closing
comb vibration energy harvester based on frequency amplification. This is obtained
through multiple-mass impacts to the wall of a central cavity in combination with
elastic stoppers (Figure 2. 18). By shaking the device with frequency in the range
between 10 and 60 Hz, the ball impacting within the oscillating proof mass allows the

transfer of the kinetic energy to the gap-closing comb structure, which consequently
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resonates at its natural frequency of 92 Hz. Output power between 0.25 and 0.45 ptW
were achieved at 0.3 g amplitude with 15 V bias voltage.

Interdigited fingers Movable electrode

Fixed electrode |88
\’,/

7
-/ Miniature ball

%5 . Fixed end

Protrusion
; /£
Elastic beam

Figure 2. 18: Gap-closing comb low-frequency VEH obtained through frequency amplification [2.39]

Another innovative electrostatic VEH device scavenging multi-axial low-frequency
motion was presented in [2.40] and shown in Figure 2. 19. The device structure consists
of a variable gap electrostatic architecture and employs a spherical proof mass
magnetically coupled to the transducer through a magnetic fluid for upper electrode
actuation. The proof mass is free to move on the plane and is used to magnetize the
ferrofluid. Because of magnetization, the ferrofluid applies a uniform magnetic
pressure to the top surface of the variable capacitor, thus changing the gap between
the two electrodes. Energy densities as high as 9 mJ.mm-2 were obtained with a 100 V
bias voltage, under low frequency vibration inducing ball movement with velocities in

the range between 2 and 18 mm.s-!.

Harvester Cross Section

' IMagnet

4 Magnet
B

& Mass

Magnetic fluid chamber Magnetic fluid port

Figure 2. 19: Innovative hybrid design for out-of-plane gap closing device [2.40]

The performance of low-frequencies electrostatic VEH devices are summarized in

Table 2. 3.
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Ref. Dimensions Polarization | Testing conditions Scavenged
power
[2.35] 0.11 cm3 75V 1-2 Hz ~20uW
[2.36] 18 mm3 26 V 10 Hz 24 uW @ 50 MQ
[2.37] 200 mm?2 30V 1Hz 0.2 uW @ 50 MQ
[2.38] 40 mm3 15V 63 Hz, 0.25 ¢ 0.39 pW @ 80 MQ
[2.39] 100 mm?2 15V 10-6 Hz, 0.3 g 0.25 - 0.45 n£W
[2.40] 3.14 mm?2 (X12) 100V 2 -18 mm.s’! 0.9 yW
[2.41] 10 mm? 30V 10 Hz 0.5 uW

Table 2. 3: Summary table of VEH reviewed from the literature

Electrostatic VEH are normally made of rigid materials and present quite high
resonant frequencies. For these reasons, when working with wearable low-frequencies
applications, scavengers made of soft deformable polymers are normally preferred, as

described in the next paragraph.

2.2.2 Dielectric elastomers generators (DEGs)

Dielectric elastomers generators are soft electrostatic devices made of a deformable
elastomeric membrane sandwiched between two compliant electrodes. The main
advantages of these systems consist in their low-cost, easiness of fabrication, resistance
to high strains (excessing 100% the initial length), capability of working in a large
frequency range and generating high energy density. The maximal energy density of a
dielectric elastomer generator varies between 4.1 J.g'l and 6.3 J.g'1 under biaxial
stretching [2.42]. More reasonable value around 0.84 J.g-! was underlined in recent
study taking into account losses and parameter variations [2.43]. The low-weight and
biocompatibility of these materials are particularly suitable for wearable applications.
Their main drawback, as for the VEH systems, consists in the necessity of an external

polarization source to perform the energetic cycle.
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2.2.2.1 Basic principles

The typical configuration is shown in Figure 2. 20, presenting a thin elastomeric film
whose sides are coated through compliant electrodes.

L

= " Compliant electrodes on both

sides of the membrane
Dielectric elastomer membrane

Figure 2. 20: Schematic of dielectric elastomer device: basic configuration

By applying an electric field (E) across the electrodes, electrostatic attraction will occur
between the opposite charges on the two electrodes, while homo-charge repulsion will
occur at each electrode. As a consequence, electrostatic pressure across the electrodes
(Maxwell stress) will cause the film to contract in thickness and, due to film

incompressibility, a concomitant area expansion will occur.

The Maxwell stress (pm) is expressed as:

Pm = gogrEZ (2.19)

When employed in generator mode instead, the reverse process will occur. When the
film is in stretched state (up to the maximal capacitance condition), electric charges
are placed on the two sides of the film. When the film contracts, the elastic stresses in
the film will act against the electrostatic field pressure, resulting in an increase in the
stored electrical energy. From a microscopic level (Figure 2. 21a), film release causes
opposite charges to be pushed farther apart and charges with same polarity to be
compressed together due to film thickness decrease. The energy cycle is represented in

Figure 2. 21b.
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Figure 2. 21: DE membrane in the deformed and rest state (a) and DEG working principle schematic

(b)

The energy cycle for DEGs is characterized by four main phases: stretch, charge, active
phase and discharge. During the stretch phase, an external force, acting in one (uni-
axial) or two directions (bi-axial) is applied to the film. As a consequence, the film area
(A) will increase, while its thickness (d) decreases, resulting in a total increase of the
device equivalent capacitance. When the device is at its maximal deformation state
(namely maximal capacitance), a polarization voltage is applied at the two sides of the
polymer, which will store an input electrical energy (charge phase). The structure is
therefore released till reaching a point of equilibrium between elastic and electric
stresses. This is the active phase of the cycle: the input electric energy is thus amplified
thanks to the mechanical strain movement. Finally, during the discharge phase, all
charges are removed from the structure and the material returns to its initial

dimensions.

2.2.2.2 Materials

DIELECTRIC MATERIAL: The performance of the material used as dielectric

elastomers 1s evaluated on the basis of its mechanical and electric properties. These

latter should include high electrical breakdown field, high dielectric permittivity, low

45
Clara Lagomarsini — PhD thesis



Chapter 2. State-of-the-art: piezoelectric and electrostatic devices

losses (dielectric and resistive) while from a mechanical point of view the material
should be able to sustain large stretch ratios and minimize the viscoelastic losses (i.e.
creep and stress relaxation effects) [2.44]. The most widely used elastomeric materials

are based on commercial formulations of acrylic materials and silicones.

The most employed acrylic material is 3M VHB 4910, which is a commercial material
presenting high dielectric constant and high electrical breakdown strength. Various
commercial silicones are available from major companies (Wacker, Parker,
DowCorning, Nusil...) and an in-depth comparison of their performances is out of the
scope of this PhD work. Based on the knowledge and expertise of our research group
on DEG, as well as on relevant publications comparing silicone polymers [2.45]—[2.47],
promising silicone materials have been selected such as DowCorning Sylgard 186 or
ELASTOSIL® silicone film by Wacker. As their mechanical and electrical properties
are similar, we will refer to this category of material as silicone in the rest of this
chapter. Thus, silicone elastomers are widely employed in DE designs, due to their
lower viscoelasticity compared to acrylics (resulting in higher operating frequencies)
and operability over a large temperature range. A comparison between some of the
most relevant properties for generator mode of these two categories of materials is

shown in Table 2. 4.

Acrylics Silicones
Maximum electric field [MV/m] 440 350
Dielectric constant 4.5-4.8 2.5-3.0
Maximal el'lergy scavenged 41 163
density [J.cm-3]
Maximum stress [MPa] 7 3
Equivalent Young’s modulus 9 1
[MPa]
Strain at failure [%] 400 100
Viscoelastic losses [%] 20 5-20 [2.48]

Table 2. 4: Principal characteristics of DE materials [2.48]—[2.51]
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One can note that acrylics materials present more suitable electrical properties to be
employed for generator mode devices, with scavenged energy density up to 4.1 J.cm-3
[2.51]. Their main drawback consists in their high viscoelastic losses, which in fact
drastically reduce their output power and limit their working frequency range to 50

Hz [2.52].

Other materials employed in the literature for energy harvesting devices include
polyurethane-based polymers (presenting the highest dielectric constant -around 7.5- over
the other presented DE) and natural rubber (namely a green material). Koh et al. [2.42]
presented a nonlinear model showing that natural rubber can outperform VHB
elastomers under specific operating conditions and for strains lower than 15%. In
[2.53], two different commercial natural rubbers (ZruElast A1040 and Oppo Band
8003™) were characterized as low-cost dielectrics for wave energy harvesting
applications. These materials present lower dielectric permittivity (3.4 and 2.8) and
higher stiffness compared to VHB4910, but they exhibit higher dielectric strength and
lower hysteresis losses than acrylics. Energy densities equal to 369 md.g1 were

obtained from the authors from high pressure membrane inflation tests.

New elastomers formulations are being commercially developed and many researches
are focusing on the development of new materials to improve the performance of
dielectric elastomers. Most of them focuses on the increase of the dielectric constant of
the material, through the addition of fillers to the elastomeric matrix [2.47]. These
latter may consists of: high dielectric constant ceramic particles (i.e. titanium dioxide
Ti02 [2.54], barium titanate BaTiOs (BT) [2.55], lead magnesium niobate—lead titanate
Pb(Mg1/3Nbo/3)Os—PbTiOs (PMN-PT) [2.56]), conductive particles (i.e. carbon black
(CB), multi-walled carbon nanotubes (MWCNT) [2.57], and graphite (GP) [2.58]), or
highly polarizable conjugated polymers, i.e. undoped poly(3-hexyltiophene),
polyaniline, or polythiophene incorporated by blending [2.59]

Nevertheless, the relevant dielectric constant increase determined by these techniques
may also leads to some side effects, such as increase in the Young modulus of the

dielectric or decrease of its breakdown field. In others cases, the embedded conductive
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particle could form agglomerates with consequently presence of highly conductive
groups in the elastomer matrix. This results in high losses and risk of short-circuits in
the polymer. Encapsulation strategies were thus employed to limit these phenomena,

as presented in [2.60], [2.61].

Regarding this state of art on the performance of dielectric membrane, silicone
material will be chosen for our application as they are commercially available, low cost
and develop a good compromise between electric and mechanical properties. Among all
the available silicones, Polypower from Danfoss and Sylgar186 from Dowcorning will

be used in our hybrid structure.

Dielectric elastomers materials modelling: Hyperelastic models are often employed in

the literature to describe the DE large strains. A brief reminder (strain energy,
principal stress) is detailed to underline their non-linear stress-strain behavior. The
strain energy function W is normally derived from Mooney-Rivlin, Yeoh and Ogden

forms.

The strain energy density derived from the Moonley-Rivlin model is described, under
the hypothesis of material incompressibility and isotropy under un-deformed

condition, by the following equation:

W = Co(ly —3)+ Cor(I; — 3) (2.20)
Where Cio and Co: are materials parameters and W is dependent on I; and I,
representing the first and second invariants of the left Cauchy-Green deformation
tensor. These latter can be derived from the eigenvalues of the deformation gradient

tensor as following:
L =23 +25+23 (2.21)
I = 7% + 3% + 432 (2.22)
Where 1,, 1, and A; represent the principal stretch ratios.
The Yeoh strain-energy function is instead expressed by the following relationship:
W = Cio(I; = 3)+ Cpo(Iy — 3)* + C30(I; — 3)° (2.23)
Where Cio, C20 and Cso are materials parameters and W depends only on I;.
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Odgen model assumes that the stretch ratios are always positives and thus the powers
of the stretch ratio are allowed to assume any value. The Ogden strain-energy function

1s expressed as:

=

i 243 a; [24] _
NCAREARE ) 220

Q

N
w=>
i=1

Where u; and a; are materials parameters and N is the number of terms.

For materials used in this work, mechanical material parameters were found through
classic hyperelastic tensile tests realized in the LaMCoS laboratory, as deeply
described in [2.43], or taken from the literature. In both cases, the material was
subjected to a medium strain rate in accordance with the frequency operation of the
final application (1-2Hz) and parameters were extracted from steady-state (to avoid
Mullin’s effect). Moreover, as hysteresis is very low, viscous losses are neglected in a
first approximation on this work. Figure 2.22 shows the mechanical behavior for a

medium solicitation speed for acrylics and silicones materials.
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Figure 2. 22: Mechanical behaviors models for acrylic VHB (a) and silicone Polypower (b) (modified
from [2.43])

Thus, for incompressible materials, the principal Cauchy stresses ¢; (force per unit of
area in the deformed configuration) can be calculated from the derivative of the strain

potential energy with respect to the stretch ratio 4;, as following:
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aw

t =4 dar, P (2.25)

Where p represents the hydrostatic pressure and it depends upon kinetic boundary

conditions [2.62].

This mechanical law will be used in all our analytic modelling and numerical

simulation developed in chapter 4 and 5 on our hybrid structures.

ELECTRODES: Besides the choice of the active dielectric layer, also electrodes

represent a crucial component for the device performance. These latter need to be
compliant and be electrically conductive under high applied strains. Carbon grease
electrodes are one of the most widely employed solution for fast proof-of-concepts, as
they provide good conductivity at high strains. They are low-cost and easy to apply.
Graphite and carbon powder are other easy-use and fabrication methods, providing
high adherence to the polymer surface. These dry electrodes are often employed for
multilayer devices to avoid the slippage effect between the layers observed with carbon
grease. Their main drawback consists in conductivity losses at high strains, because

the individual particles are pulled apart and lose contact [2.63].

Carbon grease electrodes are normally applied by simple smearing or spray coating on
the DE surface. For precise or patterned electrode, several deposition techniques have
been tested, i.e. shadow masking, stamping or printing techniques (see [2.64] for

details).

Metals electrodes are less employed for DE, mainly due to their high Young modulus
(imiting the film stretchability) and low elasticity (which can cause cracks on the
metal surface and thus the presence of non-conducting areas on the electrode).
Different solutions have been developed in the literature with the aim of overcome
these limitations, i.e. patterned electrodes designs [2.65] employment of corrugated
membranes [2.66] or implantation of metallic nano-clusters forming a conductive
network below the elastomer surface [2.65], [2.67]. These solutions may be adopted

especially in actuation mode, for low DE deformation strains.
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Silver nanowires (AgNw) [2.68], graphene [2.69] and single-walled carbon nanotube
(SWCNT) [2.58] are other additives frequently employed in the literature to create
electrodes. These latter are highly stretchable electrodes, promising for future
applications. Nevertheless, the higher cost of these materials and the brittleness of

their surfaces make their applicability difficult for large surface areas [2.58].

Finally, composites polymer namely conductive particles mixed into an insulating
matrix especially silicone one, 1s a class of electrodes largely employed in actuators and
generators. They are easy to process and offer correct performance in term of
conductivity. Nevertheless, their conductivity tends to drastically decrease with the

increase of strain, leading to huge research on this class of electrodes.

Based on the in-depth comparison made by Rosset et al. [2.64] and the previous
descriptions, carbon grease will be employed as fast and cheap solution to create

electrodes for our devices proof-of-concepts.

2.2.2.3 Mechanical excitation

The variation of the equivalent electrical capacitance between the rest and deformed
state in the energetic cycle (described in Figure 2.21) is strictly dependent on the
mechanical excitation applied on the elastomeric membrane. The possible deformation
modes of an elastomeric membrane are shown in Table 2.5 with the respective

capacitance variations and scavenged energy as a function of the mechanical stretch A.
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Table 2. 5: Possible elastomeric membrane deformation mode and correspondent characteristic

components

These values are derived by the hypothesis of film incompressibility and by assuming

a resulting uniform deformation on the film surface.

One can note that, when considering the same dimension of the DE membrane, the

biaxial deformation mode allows scavenging the higher electrical energy. Figure 2.23

shows the evolution of the energetic gain (namely the ratio between the scavenged

energy: Egand the energy stored in the maximal deformation state: Ejer max) as a

function of the membrane stretch ratio A.
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Figure 2. 23: Evolution of the energetic gain as a function of the extension ratio for different

deformation modes
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2.2.2.4 Existing devices for wearable applications

One of the first example of wearable DEG was developed in [2.44] and located on a boot
heel to scavenge the mechanical pressure of the foot during walking. The device, shown
in Figure 2.24, was made of 20 stacked layers of pre-strained VHB 4910 dielectric
elastomer films and was able to scavenge an electrical energy output of 0.8 J per step.
The structure presents a coupling medium (made of gel or fluid) to transfer the
compression of the heel into the deflection of the diaphragm and to increase the comfort

of the user while walking.

Figure 2.24: DEG-based energy harvesting device for foot strike energy scavenging [2.44]

To scavenge energy from foot pressure through DEGs, a “energy harvesting kit”
(Figure 2.25a) commercialized by StretchSense [2.70] is available for purchasing. This
kit includes an encapsulated DEG (Figure 2.25b) working under 1.1 kV operating
voltage and a priming managing system, which manage charge on the generator. The
kit also provides a 9 V battery to impose the initial kick start to the system, which is

then polarized through the self-priming circuit.

a) b)

Encapsulation®
Generator

Encapsulation®

1 2 3 4

Figure 2. 25: DEG-energy-harvesting kit from StretchSense (a) and dimensions of the DEG device (b)
[2.70]
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Another small-scale device working under pressure deformations was presented in
[2.71] (Figure 2.26). The device is made of 8-cm circular frame and has a mass of 1 gr.
When pushing its central part with a finger by 4-5 cm once a second, an output power

of approximately 0.12 W can be generated.

Figure 2.26: Small-scale DEG device working under pressure deformations [2.72]

An energy harvesting system based on the integration of an EAP roll on a modified
commercially available knee brace (Figure 2.27a) was proposed in [2.73]. Under a bias
voltage of 500 V the device was able to produce an average output power of 3.13 pW
over 15 seconds by bending the user knee of approximately 66 degrees through flexions

and extensions cycles of approximately one second.

In [2.74], a DEG device to be integrated at human knee level was presented, made of
an acrylic patch with a total surface area of 3 X 5 cm?2 (Figure 2.27b). Under a
polarization voltage of 170 V, the device can scavenge a final total energy of 100 pd

when a 50% stretch ratio is applied to the structure at 1 Hz frequency.

a) b)

Leg

Knee-pad

Figure 2. 27: DEG-based energy harvesters for human knee movements harvesting [2.73], [2.74]
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Other devices presented in the literature, although not tested on human body, present
dimension and working conditions suitable for human kinetic energy scavenging.
Among these, Mc Kay et al. [2.75] proposed an integrated, self-priming dielectric
elastomer generator made of two acrylic-based DEGs pairs: a portion of the generated
energy of a first DEG 1s used as extra charge for the energetic cycle of a second DEG
(Figure 2.28). This principle introduces in the circuit few additional electronic
components (diodes or dielectric elastomer switches) and partially overcome the need
of an external HV source. Only a first initial polarization voltage of 10 V is needed in
the system, making it interesting for wearable applications. The device, tested under
low amplitude (20 mm) and frequency (3 Hz) conditions, can scavenge a maximal

energy output of 4.4 mdJ, namely an energy density of 12.6md.g-1.

DEG 27 DEG 2B

Figure 2.28: Integrated self-priming circuit schematic [2.75]

A stacked DEG configuration with a total volume lower than 1 cm3 was reported in
[2.76]. The device is made of four sub-stacks of 12 active silicone membranes and can
scavenge an output power of 1.8 mW (namely 2.1 mW.cm-3 power density) under 1.6

Hz cyclical compression.

On Table 2. 6, DEG devices suitable for human movements energy harvesting are

summarized.
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Ref. Location Dimension | Polarization C(,)I:;ittiir(l)gns Sc;z::;gred
[2.44] Shoe - 1kV 1 Hz 0.8 W
[2.73] Knee - 500 V 1 Hz 3.13 yW
[2.74] Knee 15 cm? 170V 1 Hz 100 uW
[2.75] 0.31 cm? 10V 3 Hz 13mW
[2.76] 0.86 cm3 70 V.pm™! 1.6 Hz 1.8mW
[2.77] Arm 125 cm?2 - ~1 Hz 20 mW

Table 2. 6: DEGs for wearable applications summary

2.2.3 Electrets as polarization source

The main drawback of electrostatic devices is the need of a polarization source to
perform the energetic cycle. To overcome this limitation, different devices have been
proposed in the literature introducing a layer of dielectric material with embedded
electrical charges, called electret material. This material can ensure, in a small volume,
the permanent electric polarization of the variable capacitor, eliminating the need of
an external voltage source. By considering a parallel-plates capacitor design (Figure
2.29a), in the hypothesis of system neutrality, the sum of the total charge of the system
(namely the electret charge Qei, the charge on the counter-electrode @2 and the charge
on the upper electrode Q:) is equal to 0. Mechanical solicitations will induce
capacitance variation leading to charge transfer between the two electrodes in order to

re-equilibrate them, thus resulting in a current circulating in the system.

The equivalent electrical circuit (Figure 2.29b) is made of an electrical capacitance Ce:
with a series voltage generator Vs, standing as electret internal capacitance and
polarization voltage, and a variable capacitor (controlled by external solicitation) cu(t).
A parasitic capacitance is also introduced in the circuit, mainly associated to the

system geometry and to connection wires.
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Figure 2.29: Schematic (a) and equivalent circuit model (b) of electret-based electrostatic scavengers

One can derive that the current circulating in the system i(%) is:

. do, d
i(t) = d_t1 =7 [((Ve + Vo) el (2.26)

Where V: and Vs respectively represent the total voltage through the capacitor and the
surface potential of the electret and C; represents the total capacitance of the system,

made by the combination of Ce and cu(2).

Several electret-based electrostatic devices have been developed in the literature for

autonomous system design, through continuous or texturized electret surfaces.

Among the low working frequency devices, the one presented in [2.78] was able to
scavenge 38 uW under 20 Hz vibrations, using an electret layer charged at 1100 V.
The device is made of patterned electret with a total area of 2 cm2 and work under in-
plane overlap varying solicitation mode obtained though Parylene lateral springs
(Figure 2.30a). In [2.79], a device with texturized electret materials charged at —400 V
and working under in-plane gap varying mode was presented. Micro-balls are
integrated in the system as movable bearings for low-frequency ambient vibration
energy harvesting (Figure 2.30b). Under external 20-Hz-oscillation at 0.7 g

acceleration, the device can scavenge an output power of 6 uW in a low volume (3 cm3).

57
Clara Lagomarsini — PhD thesis



Chapter 2. State-of-the-art: piezoelectric and electrostatic devices

a) b)

Electré - ar hg?-aspect— microball imtf;ting layer paste

i upper plate \
‘ middle plate
gap s}

electrode electret

Figure 2. 30: Electret-based electrostatic micro-scale devices working under in-plane overlap (a) and
out-of-plane gap varying (b) modes

A broadband energy harvesting device made of two cantilever-mass subsystems with
dual resonant structure was presented in [2.80] (Figure 2.31). A continuous output
power between 6.2 uW and 9.8 uW was obtained under vibration excitation of 9.3m.s2
amplitude in the frequency range from 36.3 Hz to 48.3 Hz, namely a bandwidth equal

to 30% the resonant frequency.

Fixed support
.r/

Elcctret

'\

Masses

/

Electrodes
Stainless stcel cantilevers

Figure 2. 31: Example of electret-based low-frequencies electrostatic device [2.80]
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Our research group first worked on a hybrid generator coupling DE with electret
materials [2.81], scavenging 33uW at 1Hz and allowing fabricating hybrid devices
suitable for human movements energy scavenging. The device design and working

principle will be detailed in Chapter 4.

Table 2. 7 summarizes the properties and performance of the most relevant low-

frequencies electret-based devices found in the literature.

Ref. Dimensions Electret Vs Testing conditions Scavenged
power
[2.78] 2 cm? 1100V 1.2 mmyp, @ 20 Hz 28 uW
[2.79] 3 cm? 400V 0.7 g @ 20Hz 5.9 uW
[2.80] 7.5 cm? 950V 9.3 m.s? @ 36.3-48.3 Hz 6.2-9.8 uW
[2.82] 9 cm?2 - 50 mmyy@ 2 Hz 40 uW
[2.83] 3 cm? 600 V 0.5 mmp,@ 21 Hz 12 uyW
[2.84] 4 cm? 640V 1.2 mm;,@ 20 Hz 700 uW
[2.81] 25 cm? 1000V 1 Hz 33 uW

Table 2. 7: Review of most relevant low-frequency electret-based devices found in the literature

Details about electret physical principle and the characteristics of electret materials

mostly employed for energy harvesting applications will be given in the next chapter.

Conclusion

This chapter has allowed us to make a state-of-the-art of the two technologies employed
in this work: what emerges from this bibliographic study is that DEG devices offer the
higher energy density compared to the other technologies and can work under low

frequencies ranges, typical of human body movements (Table 2.8).
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Theoretical
] Frequency Advantages and
Technology maximal energy
) range drawbacks
density

v'No need of an external
. . olarization

Piezoelectric (PZT based) 56 X 10-3 J.cm3 P . .
xFrequency increase with

miniaturization

v"No need of an external

60 X 10-6J.cm™3 <100 kHz polarization
xLow coupling
vMEMS design

xLower energy density

Piezoelectric (PVDF-
based)

Electrostatic (VEH 44 x 10-3 J.cm-3 1Hz -2 kH
ectrostatic (VEH) 0% d.cm z z xNeed of a polarization

source

v'High energy densities

. V'L king fr
Electrostatic (DEGS) 4.1 J.cm™3 0.5-100 Hz oW WOrKHIS 1§qu§ncy
xNeed of a polarization

source

Table 2. 8: Characteristics of electrostatic and piezoelectric energy harvesting technologies [2.49],
[2.85]

It is important to underline that these values of energy density are strictly dependent

on the application and on the transduction mechanism employed in the device.

The main disadvantage of DEGs consists in the high polarization voltage needed to
perform the energetic cycle. This issue may be overcome by employing (i) electret
materials as polarization sources which allow obtaining high surfaces potentials in low
volumes or (i1) piezoelectric materials which allow obtaining high voltage outputs with
simple design systems. Hybrid devices coupling these principles (electret or
piezoelectric with dielectric materials) will be designed to obtain soft scavengers with
high energy output. The proposed hybrid devices working principles and designs will
be described in chapters 4 and 5.
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Chapter 3. Electret materials

This chapter focuses on the results obtained from the fabrication and tests of three
variants of polymeric electrets materials in the family of Parylenes, namely Parylene
C, AF-4 and VT-4. Firstly, we aim to provide an overview on the main definitions and
physical principles of electret materials, to help the reader better understanding the
presented results. Then, the fabrication techniques and characterization tests
employed in this work will be described. Lastly, the fabrication, measurements and
performances on the materials analyzed in this work will be presented and specifically
the 1sothermal surface potential decay, environmental influence on electrets charge

retention and energetic characterization of charge trapping.

3.1 Physical principles and experimental techniques
3.1.1 General definitions

Electrets can be defined as dielectric materials with a quasi-permanent electric charge
or dipole polarization. These materials can be considered as the electrostatic
equivalent of permanent magnets and can generate a quasi-permanent internal and
external electric field. Electrical charges stored in the dielectric material may consist
of monocharges (also referred to as “real charges”) and dipolar charges. These latter
are aligned dipoles that can be induced in dipolar materials containing dipolar
molecules or in ferroelectric materials. “Real charges” can be spatially distributed on
the surface of the material (surface charges) or within the bulk, forming the so-called

space charges. The different types of charges are shown in Figure 3.1.
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Figure 3.1: Types of charges in an electret material [3.1]

Electrets can be realized with different dielectrics in terms of structures and
properties. First electrets were made of thick plates of carnauba wax and other similar
substances, while, starting from early fifties, thin electrets from inorganic dielectrics
and polymers have attracted a high attention [3.2]. In our work, polymeric materials

for energy harvesting applications were tested, as better described in 3.1.8.

3.1.2 Energy traps

The phenomenon of charges trapping supposes the existence of localized states inside
the material. The energy-band theory is generally used to explain charge transport
within polymers, which are characterized by a gap, separating conduction and valence
band, higher than 4 eV. This ideal energy-band theory is modified due to high defects
density in polymer materials. According to the different nature of these defects
(chemical and physical), different energy of localized states can exist in the mid of the

energy gap [3.3].

Two types of traps can thus be distinguished, namely shallow and deep traps. Shallow

traps are present in the tail of the valence and conduction band and correspond to low
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energy charge carriers localization. Deep traps are present in the gap of the polymer

and are characterized by higher energetic depth, as can be seen in Figure 3.2.
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Figure 3. 2: Energy diagram in a polymer electret (a) and possible distribution of the density of the
localized states (b) [3.4]

According to traps density and energetic level, these localized states can either enhance
or reduce charge mobility. Several physical mechanisms were widely discussed in
literature [3.3] to describe charge transport in materials submitted to different
external energies.

De-trapping toward the transport states (conduction and valence bands) and
recombination between charges of opposite polarity are the main mechanisms
responsible for reducing trapped charges density. Oppositely, de-trapping can

randomly occur towards deeper localized states, commonly named re-trapping.

3.1.3 Charges stability over time

The term “quasi-permanent”, used to describe the polarization of electret materials, is
because the amount of charges implanted in the electret does not remain constant over
time, but decay with a certain speed. The charge decay over time can be due to internal
mechanisms, such as bulk neutralization or surface conduction or to external

environment, 1.e. neutralization by gas air ions.
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This latter can occur from recombination between surface charges present on the
electret materials and free ions present in a surrounding gaseous environment (i.e.
air).

Surface displacement of charges may occur due to carriers hopping through different
traps or may be of ohmic nature. This mechanism can be quantified through surface
conductivity of the material, which is also influenced by external environmental
condition, such as air relative humidity [3.5].

Bulk neutralization consists in charge decay through the bulk of the material and is
mainly caused from charge injection or internal polarization processes.

Charge injection may result from charges migration in the bulk of the material. These
charges can be present in the interface between air and electret or between electret
and metal electrode.

Internal polarization may be due to volume conduction (namely charge transport
through the bulk of the material) and to the dipolar response (in case of presence of
intrinsic dipole in the material).

All the phenomena are shown in Figure 3.3.

Gas neutralization Charge injection (+)

Surface conduction

K|+
+V 4
ot
Volume __$
conduction DIELECTRIC
+ 4+ + 4+ + JI\_ _
R Q N _| ELECTRODE
\ AN
Charge Dipolar
injection (-) response

Figure 3. 3: Mechanisms responsible for electret charges decay over time [3.6]
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Several models have been developed in the literature based on kinetic equations taking
in consideration different charge mobility phenomena (i.e. capture and release from
traps, creation of carriers pairs, recombination, stochastic hopping...) [3.3]. As a
deepen study of charge transport in the materials from a microscopic point of view goes
beyond the objective of this work, the reader is referred to the literature [3.3], [3.7] for
deeper information about the physical mechanisms of charge decay in polymeric

electrets.
3.1.4 Electret surface potential

The surface potential of an electret is determined by the net charge density of the
electret in a certain instant of time. The information extracted from surface potential
measurements only concerns the total amount of charges retained in an electret

material and not their energetic or spatial distribution.

Assuming a thin space-charge dielectric layer with a uniform distribution of charges
in the lateral dimension (schematic in Figure 3.4), the surface charges density ¢ can
be derived from the surface potential V; through the equation 3.1:

&g Vs (3. 1)
7774

where ¢, represents the vacuum permittivity, &. the dielectric material relative

permittivity and d the thickness of the electret material.

! .

d Dielectric Zp

4 Electrode

Figure 3. 4: Electret material configuration

Equation 3.1 can also be used to determine the theoretical maximal charges density
(0max) an electret can retain. This value can be expressed by equation 3.2:
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Omax = €0&r Emax (3.2

where E,,,, represents the maximal electric field strength the material can withstand.
It is important to highlight that this theoretical limit is calculated under the
assumption that all the charges stand on the surface of the material. Beneath, other
parameters determine the maximal charge retention in the electret, i.e. trap sites

availability and charging conditions.
3.1.5 Charges injection by corona discharge method

Depending on the physical principle employed for electret production, different types
of electret materials can be distinguished (i.e. thermo-, mechano-, electro-electrets...).
Electro-electrets are produced by application of a strong electric field across the
dielectric material sandwiched between two metal electrodes, causing polarization,
injection of charge carriers or both [3.8]. Electrets formed by carrier injections can also
be achieved either by electron beam implantation or corona discharge method. This
latter is the technique chosen in this work due to its short duration, its simple use and
implanted charges surface homogeneity and stability over time. The schematic and

experimental setup employed in this work is shown in Figure 3.5.

Needle HV generator

Electrostatic
Probe

Grounded sample
holder

Climatic chamber

Figure 3. 5: Schematic and experimental setup of corona discharge method employed in this work for
electret fabrication.
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Corona discharge of air is the mechanism exploited for electret fabrication in this
technique. When a conductive needle is electrically charged (normally with a voltage
ranging between 5 to 10 kV), the surrounding air is ionized by electrical discharge. The
produced ions are then accelerated by potential difference toward the sample, whose
lower face stands to the mass. A control grid is placed between the needle and the
sample to guarantee a homogeneous charge distribution on the electret surface and to
control its maximal charging potential. When the surface potential of the sample
equals the one of the grid in fact, no more potential difference pulls ions towards the
electret surface and no more charges implantation occurs. Depending on the corona
polarity, either positive or negative ions can be produced. Negative air corona
discharge mainly generates CO; ions, while (H,0),H* ions predominate in case of

positive corona discharge [3.9].

In the setup employed in this project, two double polarity high voltage (HV) generators
(SPELLMAN and SRS PS350) are respectively connected to the needle and to the
control grid, which stands at 3 cm from the needle end. The possibility to control the
HV generators polarity allowed us to produce both negatively and positively charged
electrets materials. The metallic plate connected to the mass for sample positioning
stands at a fixed distance of 2 mm from the grid. The sample plate spatial position is
controlled by a rotation motor: once the charging process is completed the sample is
shifted to the measurement stage to register the surface potential decay (SPD) over

time.
3.1.6 Surface potential decay (SPD) measurements

Surface potential decay (SPD) measurements were performed using an electrostatic

voltmeter with the experimental setup shown in Figure 3. 6:
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a) Electrostatic b)
voltmeter —
Vs
~ Dielectric
Electrode
-

Figure 3. 6: Schematic of experimental setup of surface potential measurement (a) and electrostatic
voltmeter employed in this work (b)

In this work, an electrostatic voltmeter TREK 347 and a Kelvin probe were employed.
This instrument consists of a vibrating sensor which determines the surface potential
of the electret by detecting the electric field generated by the charges above the surface
of the material. By placing the probe over the material surface, a parallel-plate
capacitor C 1s formed between the probe surface and the charged surface of the
material. This configuration induces in the vibrating sensor element a current,

proportional to the electric field present on the surface under test:

dcC (3.3)
I = UE

where U represents the potential difference between the tested surface and the
vibrating probe. This current value is treated by a detection circuit to produce a tension
V in the probe allowing the compensation of the current I. This value is thus equal to
the surface potential V;of the material under test. As already discussed in 2.2.3, this
is one of the most important parameter determining the performance of electret-based
electrostatic generators. The electrostatic voltmeter employed in this work presents

measurement accuracy higher than 0.05% and a resolution of 1 V [3.10].

71
Clara Lagomarsini — PhD thesis



Chapter 3. Electret materials

By monitoring Vs over time, the SPD of the electret can be evaluated. As an example,
the SPD of 25um-thick Teflon FEP is shown in Figure 3.7 for positively and negatively

charged samples.
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Figure 3. 7: SPD of 25-um-thick Teflon FEP [3.11]

A qualitative diagnosis on the conduction process in the electret material can be

derived from the SPD curves.

- In case surface conduction prevails, the SPD is independent from the initial charging
voltage, depends on the materials thickness and has a non-uniform distribution over

the sample surface.

- In case of dominant bulk conduction in the dielectric, the SPD follows a power law
decrease over time and its trend is dependent from the initial charging voltage. In
addition, the cross-over phenomenon may occur. This effect, which was observed in
different literature works [3.12], [3.13] manifests when V,(t) curves obtained at higher

values of initial charging potentials (Vo) cross the ones obtained for samples with lower
Vo.

- Gas neutralization may be evaluated by comparing SPD curves of electrets fabricated

under the same charging conditions but kept in different gaseous environments.
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As it was shown in [3.14], surface conduction becomes important only in highly humid
environments, while gas neutralization plays an important role especially in highly
insulating dielectrics and in particular environments [3.15]. When SPD at ambient
environmental conditions are monitored, several theories [3.16] instead consider bulk

transport process the main responsible for surface potential decay over time.

3.1.7 Energy distribution of trapped charges

In this work, Thermally Stimulated Discharge (TSD) method was employed to
characterize the electret charge trapping from an energetic point of view. This
technique consists in heating up the charged electret material and measuring the

surface potential over time upon thermal stimulation.

As described in paragraph 3.1.2, ions are trapped in localized states in the material.
The trapped carriers during the heating process will gain enough energy to be de-
trapped and to jump to the conduction or valence bands or in other neighbor traps sites
(re-trapping process). Through thermal stimulation, the energetic characterization of

material traps can thus be derived.

Beneath, by using this technique, surface potential thermal stability of electrets

materials for our applications can be evaluated.

In this experiment, the electret sample was put on a grounded plate and heated up
using a temperature controller (LINKAM TMS 94). During thermal stimulation, the
corresponding surface potential of the electret over time was measured each second
using the electrostatic voltmeter (TREK 347), by using the experimental setup shown
in Figure 3.6. By differentiating the electret surface potential Vs(T) as a function of
temperature, the thermally stimulated current was derived as described in [3.1]. This
was done by assuming that no re-trapping occurs and, once a carrier is de-trapped, it
directly moves to the valence or conduction band, no more contributing to the electret
electric field. Equation 3.4 describes the derived released thermally-stimulated

current:
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Eoér st (T)

(D) ===B—7

where &, and ¢, respectively represent the vacuum permittivity and the relative

(3. 4)

permittivity of the material. d represents the thickness of the material, while g and T
are respectively the heat rate and the absolute temperature in Kelvin. Starting from
I(T), the energy activation of the traps can be derived. In fact, this current represents

the charges released from the electret over the time and can be expressed by equation

3.5:

_dn -E,
I(T) = — = = nvexp T (3. 5)

where n 1s the total number of carriers contained in the traps, which have activation
energy equal to Fa. vexp(—E,/k,T) is the probability per unit of time that a carrier
escapes from the trap, where ki, is the Boltzmann constant and v represents the
attempt-to-escape frequency which typically stands between 10!2 s-1 and 104 s1 in
polymer electrets [3.4]. When assuming the temperature linearly increasing with time,

the release current in equation 3.5 becomes:

i =-4 - J ' (_E“) dr’ (_E“)
—_ — e— —— — * —
It n exp 3 . exp KT vV exp iy T (3. 6)

From the solution to equation 3.6 differentiated with respect to temperature, the
relationship between activation energy and peak temperature can be derived as

following:

Ea T, v T, kb
In (L) + ln( P )

Within the rangel012 < v/ 8 <1016, applicable to the majority of polymeric materials
[3.1], and 273 < T, <773 (°K), equation 3.7 can be simplified as:

(3.8)

1 (T”V) 3.52
~In(—)-3.
kap .8
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From the temperature at which the release current peak occurs (7p), one can thus
derive an estimation of the activation energy of the traps present in the material.
Different current peaks indicate the presence of different energy traps in the material,
while if the carriers are trapped at a single energy level, only one peak appears in the
derived TSD current. The magnitude of the TSD current and specifically its time
integral gives an indication on the amount of charge released during thermal

stimulation of the electret material.

3.1.8 Electrets in energy harvesting applications: state-of-

the-art

Among the different electret materials employed in literature works for energy
harvesting applications, we may distinguish two categories: inorganic materials and
polymeric materials. The most widely used inorganic materials are: silicon oxide (Si102)
and aluminum oxide (Al2Os). These latter can provide high surface charge density and
temperature stability, but their long-term charge retention at ambient conditions is
usually lower compared to polymeric materials [3.17]. Besides, soft and compliant
electret materials are necessary in our energy harvesting devices, in order to adhere

to the complex scavenger structure and follow its mechanical deformation.

These are the reasons why polymeric materials were selected in this work as electrets
for the development of energy harvesting devices. Among this category, different types
of polymers can be found in literature works. Fluorinated polymers such as Fluorinated
Ethylene Propylene (FEP) [3.11], PolyTetraFluoroEthylene (PTFE) [3.18], CYTOP™
[3.19] and Teflon AF [3.20] are the most widely employed due to their long-term
charges stability. Table 3.1 shows their interesting parameters as electrets materials

[3.21].
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Electret Dielectric strength € Maximal surface charge
[V.am-1] density [mC.m2]
Teflon
100-140 . .1-0.
(FEP/PTFE) 2.1 0.1-0.25
CYTOP 110 2 1-2
Teflon AF 200 1.9 0.1-0.25

Table 3.1: Characteristics of the most well-known polymeric electrets employed in the literature for
energy harvesting applications

Other examples of electrets polymers employed in the literature for energy harvesting

applications are Kapton [3.22], PolyPropylene (PP) [3.23] or PolyEthylene (PE) [3.24].

More recently, Parylene materials have emerged as electrets for energy harvesting
applications [3.25]—[3.27]. This class of poly(p-xylylene) polymers are produced by
chemical vapor deposition (CVD) and are a promising category of electrets as they can
combine the adaptability to complex shapes with high surface charge densities. Among
them, the most widely known are Parylene C and AF-4 (often referred as Parylene HT).
In this thesis, both have been studied as electret materials for energy harvesting
devices, together with Parylene VT-4, which is another variant of fluorinated Parylene.
On this latter, no literature works as electret material can be found, mainly due to its
later commercialization. Parylene C is the most widely employed in energy harvesting
devices and the preliminary tests made on this thesis are aimed to be compared with
the results found in the literature and as reference point for the fluorinated polymers
study. Figure 3.8 shows the results found in the literature on different Parylene
variants stabilities as electret materials, fabricated with the parameters reported in

Table 3.2.
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Figure 3. 8: Surface potential for different Parylene materials reported in literature works

isch
Ref. Material Substrate Corona (?1.sc arge
conditions
. In=0.02 pA, Ig= 0.2 pA
.2 .32-um Paryl HT 1 f
[3.27] 7.32-um Parylene Soda lime wafers Ts= 100 °C, tc=180 s
. Vn=+2.7 kV, Vg=+300 V
[3.28] 6-um Parylene C Copper jig Ts= RT, tc=180 s
Copper mesh embedded in Vn=—4 kV, Vg=—500 V
[3.26] 5-um Parylene C PDMS Ts=100 °C
(3.25] Parylene C: 4um, 6pum, 8um, 11 40 pm Pyrex + 200 nm Cr Vn=-8 kV, Vg=—1.2 kV
’ pm, 23 um +300 nm Au + 40 nm Cr Ts=RT

Table 3.2: Specifications of Parylene electret materials reported in Figure 3.8. In and Vn stands for the

needle current and voltage respectively; Ig and Vg represent the grid current and voltage; T's stands

for the charging temperature and tc the charging process duration.

Compared to Teflon electrets, which can maintain high surface potentials over long

durations (see Figure 3.7), Parylene materials have high surface charge density (close

to 2 mC.m2) and display additional advantage to be highly compliant.
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3.2 Electrets fabrication and tests
3.2.1 Materials characteristics and fabrication

Electret material characteristic and performance are of crucial importance in case of
electret-based electrostatic generators. The electret material used in the previous
energy harvesting device made by our research group [3.11] consisted in a 50um-thick
Teflon FEP film, which is commercialized in form of films by DuPont™. To be able to
adapt the electret material to different and more complex shapes, in this work we
focused our attention on Parylene electret materials, specifically on three variants:
Parylene C, Parylene AF-4 and Parylene VT-4. These highly conformant poly(p-
xylylene) polymers exist in fact in different variant, whose basic version is named
Parylene N. Its chemical structure and the one of the materials tested in this work are

shown in Figure 3.9.

a
/ E F
-‘PHECA@—LHﬂX—- -+HZC©—CHAX—- «—zec @CFZ };—ﬁ %HngH%ﬁ
FF "
Parylene N Parylene C Parylene AF-4 Parylene VT-4

Figure 3. 9: Chemical structure of the basic variant of Parylene (N) and of the materials tested in this

work.

These materials exhibit excellent chemical and dielectric properties, as reported in

3.3 for the three materials analyzed in this work.
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Definition

PARYLENE C PARYLENE AF-4 PARYLENE VT4
Poly(tetrafluoro-para- | Poly(tetrafluoro-para-
xylylene) F-AF4: xylylene) F-VT4:
Poly(monochloro- Substitution of 4 H Substitution of 4 H

para-xylylene)

atoms by 4 F atoms at
the additional
(aliphatic) groups

atoms by 4 F atoms at
the aromatic benzene
ring

Density [g.cm3] 1.29 1.51 1.60
Durable heat

100 350 140
resistance [°C]
Melting point [°C] 290 500
Dielectric constant (@
. 2.24 2.
1 KHz) 3.00 38
Dissipation factor
0.0395 0.0019 0.0018
(@1 KHz)
Dielectric strength
180-220 1000 280
[V.um?] @ 5 pm
Volume resistivity
(@ 23°C, 50%RH) 8.8x1016 2.0x1017 1.1x1017
[Q:cm]
Surface resistivity (23 1.0x101 50X 1014 4.7X1017

°C, 0 %RH) [Q2:cm]

Table 3.3: Principal properties of the studied Parylene variants [3.29]—[3.32]

Parylene C presents an asymmetric polymeric chain due to the substitution of a
chlorine atom in one of the aromatic hydrogens of the basic variant. The two
fluorinated polymers instead are both characterized by 4 fluorine atoms, which stand
in the benzene ring in case of Parylene AF-4, while they are situated in the additional

group for Parylene VT-4.

The first material tested in this project was Parylene C, which was produced by
Chemical Vapor Deposition (CVD) using the facilities of Néel Institute, at the CNRS
of Grenoble. This laboratory has a high level of expertise on the deposition process of
Parylene C using a device for low pressure CVD, shown in Figure 3.10. Details about

the elaboration process of Parylene materials can be found in APPENDIX A.
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Figure 3. 10: Chemical vapor deposition (CVD) equipment [3.29]

Samples were deposited on a stack of Inox 416L and a 50-nm-thick Au substrate. The
choice of a metal substrate was made to reproduce the real application of electrostatic
energy scavengers, where a ground electrode is present in the lower part of the electret
material and to guarantee the electrical contact with the mass during the charging

process and the monitoring of the surface potential decay.

The maximal layer thickness fabrication for Parylene-C material was equal to 6.5 pm
+ 0.5 um, as the experimental CVD setup employed for the fabrication is not adapted
for higher thickness values. To monitor the influence of the material thickness on the
charges stability over time, a stack of two Parylene-C layers with a total thickness of
13.5 um was also fabricated. All the samples were deposited on substrates of total
surface equal to 9cm?2 using A-174 silane adhesion promoter.

Fluorinated Parylene tests were made on three different samples thicknesses (3, 6 and
9 um) fabricated by the company Comelec SA on 9-cm2surface-area Aluminum
substrates. All the samples were pre-treated by plasma activation and adhesion

promotor vaporization.
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3.2.2 Electrets charging and SPD monitoring

Electrets were fabricated by charging with corona discharge method by using the
experimental setup described in paragraph 3.15. Samples were charged for 180 seconds
using a needle voltage of + 8kV (depending on the desired polarity of the electret
material), and by setting the control grid potential according to the desired initial
surface potential of the electret. Once the charging process was completed the electret
Surface Potential Decay (SPD) and the Relative Surface Potential Decay (RSPD),

namely the ratio between Vs(t) and Vs(0), were registered over time.

The first preliminary series of tests were performed by charging at ambient
environmental conditions Parylene-C samples. On this polymer, different studies can
be found in the literature: Genter et al. [3.25] found RSPD values of Parylene C deposed
on a stack of Cr/Au/Cr after 100 days respectively equals to 0.38 and 0.65 of the initial
value for the 6-um and 11-um thick samples, corresponding to surface potentials of
—285 V and =510 V. RSPD values equals to 0.76 after 21 days were reported by Wada
et al. [3.28] for 6-pum-thick Parylene C samples deposed on copper jig and charged at
—2700 V. Yi Chiu et al. [3.26] presented 5-pm-thick samples deposed on copper
substrates with RSPD values after 724 days equals to 0.52.

The differences in the SPD values reported in these studies may be attributed to the
different fabrication parameters, which influence the performance of the electret
material, as shown in [3.3]. In this work, we chose to monitor the SPD at ambient
environmental conditions of the two thicknesses of Parylene-C samples deposed on Au
substrates with different charging voltages, as shown in Figure 3.11. High value of
charging potentials were chosen on the basis of the characteristic required for electret
materials in our energy harvesting devices [3.11]. Indeed, scavenged energy increases
with the increase of the surface potential value of the electret as reported in our
previous study [3.11] and detailed in chapter 4. The target for the surface potential of
the electret is +1000V, leading to interesting level of scavenged energy and easy

comparison with the generator designed in past studies realized at our laboratory.
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Figure 3. 11: Absolute (a) and relative (b) SPD on Parylene C samples with different charging voltages.

The surface potential trends and values obtained were consistent with the ones found
by Gender et al. in [3.25] (where Vg=—1200 V): 7-um sample surface potential after 100
days was equal to —300 V with a charging voltage of —1000 V, while the 13.5-pym thick
samples with a charging voltage of —2000 V reached a final surface potential of
approximatively —500 V. Studies on influence of pre-charging annealing temperature
on Parylene-C charges stabilities were also performed in our laboratory and presented

in [3.33], showing a further improvement of charge retain in the polymer.

Due to the symmetric polymer chain and the apolar nature of fluorinated Parylenes,
we predicted higher charges stability in these polymers over Parylene-C. In this latter
in fact, partial initial implanted charges annihilation can occur due to the C — Cl polar
groups present in the lateral polymeric chain, thus reducing the total surface potential
over time. Consequently, a deeper study was performed on the performance of the
fluoropolymer AF-4 and VT-4 as electret materials. On this latter, no literature works

can be found, while few studies were performed on Parylene AF-4 as electret material.
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Specifically, Raschke et al. [3.34] presented the first tests on Parylene AF-4 electret
material, charging an electret sample at —500 V and showing its temperature stability
over time. Lo et al. presented a micro-power generator built by depositing a 7.32um-
thick layer of Parylene AF-4 on a PolyEtherEtherKetone (PEEK) rotor and able to
harvest up to 8.23 uW power at 20 Hz [3.27]. These promising results require
confirmation with further investigations on long-term charge stability. Starting from
these considerations, the influence of charges polarity (Figure 3.12) and initial
charging voltage (Figure 3.13) on the long-term charge stability of Parylene AF-4 was
monitored in different samples thicknesses (3, 6 and 9 um) to evaluate its feasibility
for energy harvesting applications. For all samples, three different measurements were
performed to evaluate the results repeatability. Median value is represented on the
figures. The corresponding initial surface charge densities o5 [mC.m2] calculated from

(3.1) for different charging conditions are reported in Table 3.4:

3 (AF-4) 6.6 9.9 13.2
6 (AF-4) 3.3 5.0 6.6
9 (AF-4) 2.2 3.3 4.4

Table 3.4: Initial surface charge density os [mC.m-2] of Parylene AF-4 electrets with different
thicknesses (d) and charging voltages (Vs)
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Figure 3. 12: Comparison of positive and negative charges stability for different thicknesses of Parylene
AF-4 samples

For Parylene AF-4, long-term stability for positive and negative charges appears quasi-
identical: the surface potentials for samples of respective thicknesses 3, 6 and 9 um
after 280 days were equals to 170 V, 438 V and 695 V for positive polarization and to
—-158 V, —430 V and —-716 V for negative polarization. These latter correspond
respectively to surface charge densities of 1.1, 1.5 and 1.7 mC.m-2, which are higher
than the different Teflon variants reported in Table 3.1 and comparable to the values

found for CYTOP.

To evaluate the influence of the initial charging voltage on the long-term SPD, we chose
to monitor negative homocharges, as negative charged electrets were employed in our
energy harvesting device and as long-term stability resulted close for both polarities.
Figure 3.13 shows the results on different thicknesses of Parylene AF-4 for different

charging potentials.
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Figure 3. 13: Influence of control grid voltage on negative charges stability of different Parylene AF-4
samples thicknesses. Absolute (a) and relative (b) surface potential decay

SPD of 9um-thick Parylene VT-4 was also monitored over the long term for different
initial charging potentials (=1000 V, —1500 V and —2000 V, respectively equals to 2.3,
3.5 and 4.7 mC.m2), as shown in Figure 3.14.
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Figure 3. 14: Influence of control grid voltage on negative charges stability of 9-um-thick Parylene VT-4
samples: absolute (a) and relative (b) surface potential decay

From the above figures, one can distinguish two different SPD zones in the analyzed
samples: a first rapid exponential decrease which occurs in the first 5 days and a second
slower decay in the following days. The function that better described the trend of the
SPD curves, as already found by Li et al. [3.35] for PolyEthylene (PE), was the double

exponential, with R-square values for all the samples higher than 0.90.

V(t) = a;e~t/™ + a,e~t/" (3.9

Where a; and az and 7; and 7, respectively stand for the amplitudes and the time
constants of the first (a1, 7;) and second (az, 7,) exponential components. 7, and 7, are

the principal interesting values in our study for the evaluation of the device lifetimes.

Table 3.5 shows the time constants obtained from the fitting for selected samples to

underline the influence of the Parylene variant, charging voltage and thickness on the
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SPD. The other fitting parameters and examples of fitted curves results for the

proposed sample are reported in APPENDIX B.

6- um Parylene AF-4 | 9- pm Parylene AF-4 | 9- ym Parylene VT-4
Vo [V] 7,[d] 7, [d] 7,[d] 7, [d] 7,[d] 7, [d]
—1000 7.7 460.8 14.6 833.4 8.5 744.6
—1500 0.7 220.1 4.7 817.7 4.1 438.2
—2000 0.2 191.0 4.2 351.4 1.0 322.8

Table 3.5: Time constants of the SPD curves (until 150 days) fitted with a double exponential function

The following considerations can be extracted from the above results:

- For all the charging potentials, 72 (which stands for charge time constant in the
second part of the SPD curve) is significantly higher than ;. These dynamics
are consistent with the trends commonly observed for long-term measurements
in other experimental studies on polymeric electrets [3.3] and could be
associated with the presence of two types of traps in the material, namely
shallow and deep traps (see paragraph 3.1.2). The dynamics of the two types of
traps are respectively represented by 71 and 72. For our applications, in order to
guarantee the lifetime of the device, the long-term charge stability is the most
important parameter, which is associated to deep traps charge retention.
Consequently, 9-um-thick Parylene AF-4 charged at —1000 V seems the best
candidate among the different tested samples.

- For all thicknesses, it can be observed that the final surface potential of the
samples reaches approximatively the same values for the different charging
voltages and consequently higher initial charging voltages induce high SPD.
This behavior was confirmed by charging a 3 pm-thick Parylene AF-4 sample
with an initial surface potential of —200 V. The sample surface potential after

280 days was within the same confidence interval as the ones charged at higher
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initial potentials, with final Vs value equal to —140 V. Relative SPD resulted
equal to 0.7 instead of 0.18 obtained for samples with an initial surface potential
of —1000 V. The potential achieved corresponds to trap site saturation, leading
to a stabilization of the surface voltage independently from the initial charging
one.

- Regarding the influence of the thickness, thicker electrets present higher long-
term charges stability, as commonly observed in literature for polymeric
electrets [3.25]. For same charging potentials, higher thicknesses samples
present higher time constants (r:1 and 72). This can be associated, as discussed
in [3.36], by the presence of a higher internal field caused by charge injection in
thinner electrets, which can determine partial charge drift in the volume of the
material. Charge transport by hopping between the shallow traps in the
material volume can thus appear, resulting in a faster SPD for higher charging
voltages and for lower material thicknesses. The desired characteristics for
electrets employed in electrostatic energy harvesters are: low thicknesses (to
increase the equivalent electrical capacitance value), high surface potential
values and stability over time. From the above considerations, it can be
concluded that thicker Parylene samples present higher stability and surface
potential over time. A compromise between thickness and surface potential
value needs thus to be found for our application, as it will be discussed in chapter
4.

- From Figure 3.12, one can note that the analyzed Parylene AF-4 samples
present a difference between positive and negative homo-charges stability lower
than 10%, making this material suitable for applications with double polarity
electret materials [3.37]. For these devices, PTFE and FEP are not suitable
materials, due to the lower stability of positive charges compared to the negative
ones, except when applying specific treatments with titanium-tetrachloride
vapor [3.38], [3.39].

- By comparing 9-um-thick Parylene AF-4 sample to Parylene VT-4 with same
thickness, it can be concluded that the long-term charge retention of the two
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fluoropolymers is similar, with SPD differences in the range of 5%. Specifically,
surface potential values as high as —740 V and —-780 V were respectively
obtained after 100 days. This similarity could be associated to the similar
properties of the two materials (as shown in Table 3.3) in terms of volume and
surface conductivity. Both materials present good charge retention over time
and can thus be considered potential candidates as electrets for electrostatic
energy harvesters.

As expected, by comparing the same thickness (6 um) of Parylene-C with the
fluorinated variant AF-4, this latter presents a surface potential after 100 days

~50% higher, as shown in Figure 3.15.

—&—6 um Parylene AF-4
9003 - -6.5 um Parylene C

abs(Vs) [Volts]

Time [Days]

Figure 3.15: SPD comparison between 6-pm thick Parylene C and AF-4

For these reasons, the test described in the following part will be focused on fluorinated
Parylene materials. The feasibility of all the tested Parylene electret materials when

integrated in the energy harvesting device will be evaluated in chapter 4.

To better reproduce our real application of energy harvesting devices, fluorinated
Parylene samples charge stability was also monitored when deposited on Al-metalized
surface of SemiFlex™ 3D printing material from Ninjatek. A 100pm-thick aluminum
layer, standing as electrostatic generator ground electrode, was deposited using a
metal sputter system (QUORUM Q150T). The results of Parylene AF-4 SPD showed

good agreement with the one deposed directly on the metallic surface, demonstrating
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good polymer adhesion also when deposited on the scavenger substrate. The schematic
and the results obtained on the two different substrates are shown in Figure 3.16 for

the 9-um-thick sample charged at —2000 V.
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Figure 3.16: Schematic (a) and RSPD median values (b) of 9-pm thick Parylene AF-4 deposited on
different substrates with Vs=—2000 V

3.2.3 Thermally stimulated discharge (TSD)

measurements

The tests performed in the previous paragraph, only concerned the measurement of
the total charge retained in the material for different charging parameters and
environmental storage conditions. In this part, Thermally Stimulated Discharge (TSD)
measurements results will be presented with the aim to characterize the charge
retention in the polymer from an energetic point of view, as explained in paragraph

3.1.7.

Experiments were performed by linearly heating up the sample to a maximal
temperature of 250 °C with a speed of 2 °C.min-l. RSPD measurements and derived

charge release current, calculated using equation 3.5, are shown in Figure 3.17.
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Figure 3. 17: Thermally stimulated potential decay (a) and derived charge release current I(T) (b)

TSD measurements on Parylene AF-4 confirmed the results found from isothermal
potential decay measurements: while linearly heating up the electrets, higher
thickness samples showed higher charge stability. Specifically, the half-value
temperature T;,,(i.e. the temperature at which the surface potential of the electret
reaches a value equal to half the initial one) of the 9-pm-thick sample of Parylene AF-
4, 1s 10 °C higher compared to the 6-pm-thick sample and 25 °C higher compared to
the thinner material tested (3 um). By comparing this material with Parylene VT-4,
one can note that this latter presents a half-value temperature equal to 155 °C, namely
62 °C lower compared to the same thickness of the other fluorinated polymer sample.
For Parylene AF-4 the temperature peaks (Tp) of the derived release currents
correspond to 185 °C, 191 °C and 196 °C for respectively increasing thicknesses, while
for 9-um-thick Parylene VT-4 Tp is equal to 160 °C. Using equation 3.8, the activation
energies of 9-um-thick Parylene AF-4 and VT-4 samples were calculated and were
found to be respectively equals to 1.23 eV and 1.16 eV. These values are consistent

with the ones found in the literature for polymeric electrets [3.3] and with the value of
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1.26 eV found in [3.40] for Parylene AF-4 and can be associated to space-charge
polarization of the fluorine species. As shown in [3.41], C-F bonds dissociation and
consequent migration and trapping of fluorine species at the interface with electrode
may occur at low frequencies and high temperatures (>100°C). These fluorine species
compensate the positive charge on the electrode, thus inducing surface potential
decrease because of electrical neutrality. This hypothesis seems to be in agreement

with our results and could explain the peaks shown in Figure 3.17.

From results obtained on TSD, 9-um-thick Parylene AF-4 presents better performance

in term of stability compared to the same thickness of Parylene VT-4.
3.2.4 Environmental charges stability

In chapter 3.2.2, SPD results obtained when keeping the samples at normal room
temperature (RT) conditions (mean temperature and RH respectively equal to 26°C
and 40%) were presented. Nevertheless, when considering our wearable application,
harsher environmental conditions can occur, influencing electrets charge stability over
time. The evolution of electret surface potential, when exposed to different temperature
and relative humidity (RH) values, was thus evaluated for the 9-um thick fluorinated
Parylene samples. As this work aims in developing energy harvesting devices for
wearable applications, it can be assumed that the maximal temperature value at which
the electret materials will be exposed is equal to 80°C. The maximal RH value was
calculated using the humidex index, which is an indicator used by meteorologists to
describe how hot the weather perception , by combining the effect of heat and humidity
[3.21]. The humidex can be calculated by the following simplified formula, based on
works carried out by Masterton et al. [3.42]:

1 1

5417.75 (273.16_Tdew) —10 (3. 10)

Humidex = Ty, + 0.56X [6.11Xe

where T,;, represents the air temperature (°C) and T,,,the dewpoint (K). Table 3.6
shows the effect on human body caused by the different humidex ranges [3.43]:
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ZONE HUMIDEX RANGE EFFECT ON HUMAN BODY
1 Less than 29 Little or no discomfort
2 30 to 34 Noticeable discomfort
3 35 to 39 Evident discomfort
4 40 to 45 Intense discomfort

Table 3.6: Degree of comfort or discomfort of human body for different humidex ranges

Considering an air temperature equal to 30°C, corresponding to the maximal mean
temperature registered during summer in France, it can be calculated that a humidex
index equal to 39 (limit of zone 3) is obtained for RH value equal to 60%. We thus set

the maximal RH values used in the protocol equal to 60%.

In the first set of experiments, the influence of temperature and RH in the first days
after samples charging was evaluated. Samples were charged using corona discharge
method with an initial charging voltage equal to —1000 V. After 48 hours, two
environmental conditions-controlled protocols were applied (Figure 3.18) using a
climatic chamber (VOTSCH VC0018) and monitoring the SPD of the samples every
second during the experiment duration. In the temperature-controlled protocol (Figure
3.18a), the temperature was linearly increased with a speed of 0.25°C/min till the
maximal temperature of 80°C. Then, this value was maintained constant for 2 hours
before linearly decreasing it until reaching the environmental one. During all the
protocol duration, the RH value was maintained fixed at 35%. In the RH-controlled
protocol instead ( Figure 3.18b), the relative humidity was varied between 30% and
60% by maintaining each RH value constant for 1 hour to let the sample absorb water
and then increased to the following step with a speed of 5%.min-l. The temperature

was maintained fixed for all the protocol duration at 30°C.
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Figure 3. 18: Results obtained from the temperature (a) and RH (b) protocols applied on 9-um thick
fluorinated Parylene samples after 48 hours from charging

When the first protocol was applied, 9-um-thick Parylene AF-4 and VT-4 samples
RSPD at the end of the measures were respectively equal to 0.86 and 0.74, with values
higher than 0.95 for temperatures lower than 72°C. The RH protocol induced RSPD
values respectively equal to 0.95 and 0.98 for AF-4 and VT-4.

It is important to highlight that in this phase (48 hours after charging) the surface
potential of the samples is not yet stabilized to a constant value, and the SPD measured
in these experiments stands in the same confidence interval calculated for samples
maintained at RT conditions (Figure 3.14). For these reasons, we were not able to
quantitatively define how the environmental conditions influenced the SPD of the

samples.

To better understand this point, the same protocols were applied on a stabilized 9um-
thick fluorinated Parylene charged at —1000 V, namely all the measurements described
in Figure 3.18 were done 200 days after the electret charging was done (these samples
are named “long-term sample” in the rest of this chapter). In this case, when applying
the two environmental protocols, the surface potentials of the samples remained quasi-
constant for all the experiments durations, with RSPD values higher than 0.95 (Figure
3.19a).
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We thus tested the performance of long-term samples when extended solicitations were
applied, by maintaining them at the extreme environmental conditions of the two
protocols for 24 hours in the climatic chamber. These conditions correspond to 80 °C
and 35% RH for the temperature protocol and to 60% RH and 30 °C for the relative
humidity one. The results obtained on 9um-thick Parylene AF-4 and VT-4 are shown
in Figure 3.19b:
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Figure 3. 19: SPD values of long-term samples during the application of two environmental protocols
(a) and maintained for 24 hours at extreme environmental conditions (b)

One can note that AF-4 and VT-4 showed good stability (RSPD close to 1) when
maintained for 24 hours at 60% RH. In addition, Parylene AF-4 was found to be an
excellent electret also for harsh environments applications, showing RSPD value equal
to 0.95 when 24-hours thermal solicitation at 80 °C was applied. Parylene VT-4,
although presenting lower thermal stability over time compared to the other

fluorinated variant, showed a high RSPD value equal to 0.80.

Conclusion

In this chapter, three poly-p-xylylene polymers variants, namely Parylene C and the

fluoropolymers Parylene AF-4 and VT-4 were tested as electret materials for energy
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harvesting applications. We demonstrated that the fluorinated variants present
surface potential over long-term more than 50% higher than Parylene C, probably
because of their apolar nature and symmetric chemical structures. These
fluoropolymers showed after 100 days surface potential values as high as —740 V for 9-
um-thick Parylene AF-4, and equal to —780 V for the same thickness of Parylene VT-4
samples, independently from the initial charging voltage. From isothermal potential
decay measurements differences lower than 10% were observed between the positively
and negatively charged Parylene AF-4 electrets, indicating its applicability also for
devices with double polarity electrets materials. Faster potential decays were
measured in samples with lower thickness due to higher charge injection from the
surface to the bulk. Thermally Stimulated Discharge (T'SD) measurements confirmed
the results obtained for isothermal SPD, specifically the higher stability of 9-um-thick
Parylene AF-4 sample over the thinner ones. TSD peaks were shown at temperatures
(respectively equals to 185 °C, 191 °C and 196 °C for thicknesses of 3, 6 and 9 um for
Parylene AF-4) comparable to Teflon AF with same thickness, namely 50°C higher
than CYTOP [3.44]. Moreover, Parylene AF-4 showed temperature stability up to 100
°C for all the thicknesses tested and higher charge retention than Parylene VT-4 when
maintained for 24 hours at 80°C. Both materials presented good stability when
maintained for 24 hours in high RH environments.

In conclusion, 9-pm-Parylene AF-4 resulted the most suitable electret between the
polymers tested for the development of energy harvesting devices.

In the next chapter, the application of these three conformant electrets polymers on
energy harvesting devices (with particular focus on 9-pm-Parylene AF-4) will be

presented and discussed.
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Chapter 4. Electret-based energy

harvesting devices

As discussed in Chapter 1, the aim of this work is to fabricate an energy scavenger to
be integrated at human limb level to exploit the relative movement between the upper
and lower part of the limb, namely a variation of the angle. The design of the device
needs thus to be properly chosen to fit the location and the characteristics of human
movement. This means that the scavenger needs to work under low working
frequencies (1 to 2 Hz when considering walking or running) and low deformation
forces (of the order of few Newton). In addition, the device needs to be made of soft
materials and to be compliant in order not to disturb human movements. To accomplish
these requirements and to obtain an energy level useful for low-power consumption
devices supply (see paragraph 1.1), a hybrid structure coupling electret material with
dielectric elastomers is chosen. In this chapter, the first hybrid energy harvesting
device previously developed by our team will be presented. A description of the working
principle and the constitutive equations will be first introduced. Then, both the
influence of the electret material performance studied in chapter 3 and the scavenger
shapes will be discussed aiming to increase the power output of the device and reduce
the total encumbrance of the structure. Lastly, the results on the experimental
realization of an energy harvesting prototype will be presented and different solutions

for the power management unit will be discussed.

4.1 Device working principle

The schematic and working principle of the device are shown in Figure 4. 1.

100
Clara Lagomarsini — PhD thesis



Chapter 4. Electret-based energy harvesting devices
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Figure 4. 1: Schematic and working principle of the energy harvesting device

The main structure is constituted by a texturized support (® in Figure 4. 1) on which
a ground electrode (@) and an electret material (®) are deposited. This latter is charged
by corona discharge method up to surface potential Vs, given by implanted charges (see
paragraph 4.3.1 for details). On the upper part stands the elastomeric membrane (@)
on which a compliant deformable electrode (®) 1s applied. The elastomeric membrane
1s used as dielectric layer between the upper electrode and the electret material.
Beneath guarantying the applicability of a stretch to the device, it also avoids the
contact between these two elements, which could compromise the stability of the
electret material over time. The total equivalent electrical capacitance (Ciot) of the

device in the rest state is given by the contribution of the series of the three elements:

1 1 1 1
=—+ +— (4.1)
Ctot CDE Cair Cel

Namely Cpr, Cair and Cel represent respectively the equivalent capacitances of the
dielectric elastomer, of the air and of the electret material. When uni-axial mechanical
deformation is applied to the structure, the dielectric elastomer (@) stretches and the
two lateral sides of the texturized support (®) undergo a vertical movement: the
electret material (®) thus moves toward the upper part of the device, thus reducing
the air gap between the electret and the dielectric elastomer. The texturized support
on which lays the electret material was necessary to couple the two electroactive

elements (electret and dielectric): in fact, while the hyperelastic nature of the
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elastomeric material allows it supporting high deformation strains, high solicitations
on the electret material could lead to mechanical fracture and electrical discharge.
Ideally, when the structure is at its maximal deformation state, no residual air gap is
present between the two electroactive elements. In this state, the device presents the
maximal equivalent capacitance. The charges induced on the two electrodes (® and @)
by the electret material (®) will thus reorganize following the device capacitance
variation. Consequently, a flux of charges between the two electrodes will occur
resulting in an electrical current circulating through an external electrical load R.
Then, the device will go back to its initial position. When the electret gets away from
the upper electrode, the electrical current will flow back through the load R. As the
mechanical force acting on the device is quite sinusoidal, the output current and

voltage are alternatives.

The equivalent electrical circuit describing the working principle is shown in Figure

4.2.

1(t)

We
I®

R T v(t)

ha

Figure 4. 2: Equivalent electrical circuit of the energy harvesting device

As explained in paragraph 2.2.3, the device is represented as a variable capacitor Cqot,
namely the series of the three constitutive elements and a constant voltage generator,
whose value (Vs) is equal to the electret surface potential. The constitutive equations

of this device can be expressed as:
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4 t R RCy
1 (2 90\ (4.2)
LPaUg - tz - tl t1 R (E) at

where i stands as the electric current, @ represents the electric charge on C;,; at the
instant t, R the resistive load and Pas the average power output calculated between

the instants t1 and ts.

4.2 Proof of concept

The first hybrid structure developed in 2012 by our team with this principle was
constituted by a texturized triangular support made of three patterns, as shown in

Figure 4.3 [4.1].

Ltot

, FC? ® e W/Wk

Ji

@

Figure 4. 3: First device schematic

Based on the desired location (behind the knee), the scavenger handles an active
deformation of 50% at 1 Hz in a pure-shear mode (the width W is supposed to remain
constant during deformation). It is composed of active parts (L) and passive parts (Lg)
which amplify the output deformation to reach the desired deformation level in the

active part.

The optimal dimensions of the scavenger at rest were: Lit=10 cm, gi=1.2 cm, Li;=2 cm,
W=3cm, La=1.5 cm. The electret material (O in Figure 4.3) chosen in the first device

consisted of a commercial 50-um-thick Teflon FEP. Its optimal surface potential was
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found to be equal to —1000 V. The elastomeric membrane chosen in this application
consisted of a silicone membrane (Danfoss Polypower®) with a rest thickness of 40 pm
and a dielectric constant equal to 3, and an upper electrode made in carbon grease (846
MG Chemical). This first proof of concept scavenges up to 33 uW, on an optimal load of
99 MQ. The corresponding scavenged energy density, was about 0.55 md.g-1 and can
increase up to 1.42 md.g1 in ideal case (with no residual air gap).

Optimizations are necessary to reach the required level of 100 uW enough to supply a
low-consumption device. The scavenger shape must be adjusted in order to reduce the
residual air gap leading to increase of the output performances. Before that, one can
be interested in the influence of the dielectric material but also of the electret surface
potential value on the output power.

To evaluate the influence of the dielectric elastomer on the device performance, we
compare the device parameters in case of presence and absence of this elastomeric
membrane (DE). In this last case, the dielectric layer separating the two elements 1s
simply replaced by air (dielectric constant of 1) with the same thickness. Simulations
of the three-patterns triangular shape (Figure 4.3), in the ideal case with no residual
airgap, were first performed by implementation of equations 4.1 and 4.2 on Matlab
Simulink. Capacitance calculation through equation 4.1 consists of a simple analytical
equation detailed in [4.1], calculated for all the deformation states through geometrical
considerations on the resulting deformed configuration. Ideal pure-shear case is
considered with no edge effect and no mechanical losses.

Simulation results obtained on the device performance with two different dielectric

materials (DE and air) are shown in Figure 4.4.
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Figure 4. 4: Influence of the dielectric elastomer membrane on the device performance: evolution of the
total electrical capacitance as a function of time (a) and average scavenged power for different loads.

One can note that, when considering the same device encumbrance, the presence of the
DE membrane increases the total capacitance of the device and the energy harvested:
while in case of presence of the DE an ideal power of 85 pyW can be scavenged on an
optimal load of 20 MQ, the maximal power scavenged with a layer of air is equal to 62
PW on an optimal load of 40 MQ, namely 27 % lower. The dielectric elastomer
membrane contributes to enhance the performance of the device. Indeed, the dielectric
constant of the DE is higher and its breakdown field is more than 10 times larger
compared to the one of air (whose breakdown field is equal to 3 kV.mm-!). More the
permittivity of the dielectric elastomer increases, more energy is scavenged. Regarding
materials available (see chapter 2), acrylic and silicone could fit our requirements of
high dielectric constant but acrylic elastomers develop too high electric and mechanical
losses thus reducing the potential scavenged energy. Thus, silicone will be used in our
improved prototype (specifically Sylgard 186 from Dow Corning). Moreover, more the
elastomeric membrane is thin, more energy is scavenged. The simulations have shown
a diminution of at least 18% in the theoretical output power between the case of

minimum elastomeric thickness (40 um) and maximum one (350 pm) [4.2].
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On another end, as underlined in [4.1], electret surface potential has a huge impact on
the output performances of the scavenger. For the first proof of concept detailed in
Figure 4.3, 33 uW was scavenged with a Teflon FEP electret developing a surface
potential of —1000 V, but 150 uW is expected with the same structure with —2000 V

surface potential of the electret.

Electret thickness could also be influent. Figure 4.5 shows the performance of the
triangular shaped prototype (Figure 4.3) when Parylene AF-4 electret (one of the most
promising electret material, as seen in chapter 3) is employed, as a function of its
thickness and surface potential. The dielectric elastomer is classic silicone membrane

with a thickness of 40 pm and a dielectric constant of 3.
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Figure 4. 5: Performance of the triangular shaped device with Parylene AF-4 as electret material:
influence of the thickness (Th) and of the surface potential (Vs)

As derived from equations (4.2), lower electret material thickness and higher surface
potential Vs result in a higher power scavenged by the device. As an example, 6-um
and 9-um-thick Parylene AF-4 could scavenge a theoretical output power of
respectively 240 uW and 210 uW when Vs=—1000 V. Nevertheless, the results obtained
in chapter 3 revealed higher charge retention for higher thickness electret materials,

leading to higher device lifetime and performance.
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Figure 4.6 shows the results obtained when integrating the charge stability results
given by the various Parylene materials after 100 days in the analytical modelling
previously presented (derived from equations 4.1 and 4.2). Parameters (Parylene type,
thickness, measured dielectric constant, measured surface potential after 100 days)
and the theoretical performances (output power on optimal load) for a three-patterns
triangular support are summarized in Table 4.1. No residual air gap is considered in

the deformed state.
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Figure 4. 6: Performance of the device with different electret Parylenes

Name Parylene e Thickness V. [V] Pave [1W] Rop: [MQ]
type [pnm]
C1 C 3.15 7.0 —300 29.1 3.0
C2 C 3.15 13.5 =500 53.5 4.0
Al AF-4 2.24 3.0 -158 6.8 2.5
A2 AF-4 2.24 6.0 —430 44.8 3.0
A3 AF-4 2.24 9.0 =740 119.5 3.5
Vi VT-4 2.38 9.0 =780 135.2 3.5
Teflon FEP [4.1] 2.10 50.0 —1000 85.0 20

Table 4. 1: Characteristics of the Parylene electret material and corresponding scavenger performance
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Simulation results revealed that output power higher than 100 pyW can be obtained
when employing 9-um-thick fluorinated Parylene materials. Specifically, a theoretical
average output power of 120 pW and 135 pW can be respectively obtained with
Parylene AF-4 and VT-4. These values are higher than the one obtained with the first
prototype (85 uW in theory). This is due to the high charge density present in the two
polymers (respectively equals to 1.7 mC.m2 and 1.8 mC.m-2 for AF-4 and VT-4) which
guarantees a high electret surface potential in a lower material thickness, lower

thickness resulting in a higher equivalent capacitance.

Figure 4.7 shows the capacitance variation over time (equation 4.1) and the voltage
output (equation 4.2) of the device made of 9-um-thick Parylene AF-4 electret material,
which resulted from chapter 3 as the most suitable among the tested polymers in terms
of charge retention and environmental stability. This device described in Figure 4.3

(triangular shape), is subjected to a deformation of 50% at 1 Hz.
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Figure 4. 7: Electrical parameters of the device with 9-um-thick Parylene AF-4 (sample A3 in Table 4.
1): capacitance variation (a) and output voltage through the optimal load (b)

The electrical capacitance (Figure 4.7a) first linearly increases and then reaches its
maximal value (no residual airgap, g—=0) with an exponential trend. The higher
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capacitance variation occurs for deformation values higher than 40% (point reported

in Figure 4.7a), namely an air gap between the two elements lower than 0.6 mm.

Figure 4.7b shows the output voltage trend through the 3.5 MQ optimal load. One can
note that the output voltage presents an alternative trend as a function of the
deformation state on the device, due to charge recombination between the two
electrodes. This trend is classic for electret-based electrostatic devices [4.1],[4.6]. The
maximum power transfer to the external load (R) occurs when this latter is close to the
harvester internal impedance. A power management unit will then be necessary to
adapt the voltage output to the final storage or application unit, as it will be discussed

in paragraph 4.5.

The results obtained with silicone dielectric elastomer and Parylene AF-4 electret are
promising (120 uW) but remains theoretical. Further improvements (on the prototype
shape) are necessary to guarantee its performance and lifetime (millions of cycles
without performance deterioration). Indeed, the triangular shape guarantees a simple
solution as coupling element between the DE and the electret material, but it also
creates a stress concentration area on the electret in the tip of the triangle structure.
The Comsol structural mechanical module was employed for Finite Element Method
(FEM) simulations of the triangular shape, using the parameters described in Table

4.2.

Y dul
Material oun[?\/I?Z] wus Poisson ratio
ELECTRET 50-um-thick Teflon FEP 480 0.48
DE 40-um-thick Danfoss 11 0.47
Polypower
GROUND ' 130-pm-th1c1.< 300 0.49
ELECTRODE electrically conductive tape
FRAME 400-um-thick plastic acetate 1600 0.4

Table 4. 2: Parameters employed for structural mechanics FEM simulations
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Figure 4.8b shows the von Mises stresses developed on the triangular device by the
application of an external mechanical force in the maximal deformation state, shown

in Figure 4.8a:
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Figure 4. 8: Device schematic in the rest and deformed state (a) and simulations results on the Von
Mises stresses [Pa] acting on the structure in the maximal deformation state (b).

Simulated von Misses stresses are high (750 MPa), underlying an important
deformation for the electret material that can cause mechanical breakdown or
accelerate the fatigue process (creation and propagation of cracks). Beneath the high
mechanical stresses developed in the electret material, the tight apex angle results in
a higher residual final air gap between the two electroactive elements in the central
part of the structure, as shown in Figure 4.8a. The ideal condition of g=0 cannot be
reached in experiments with this shape, resulting in a lower variation of the electrical
capacitance of the device and in the decrease of the total energy harvested by the
device. Numerical simulations confirm the experiments done in [4.1] and revealed a
residual final air gap (gr) between the upper and lower part of the structure equal to
500 pm in the maximal deformation condition, which is a huge value. Decreasing the
residual air gap is necessary to achieve the needed output electrical power of 100 pW
that could supply low-consumption sensors. To overcome these limitations (output
power, stresses), new design structures are conceived, with the aim of ameliorating

the performance and lifetime of the devices.
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4.3 Scavenger design optimization

Starting from the first realized prototype, shape optimization was performed over the
3-frames triangular shape with the aim of increasing the power output. We propose to
degrade the triangular shape up to a ‘bol’ shape to reduce the sharp profiles. Two
control geometrical parameters were employed to this aim: the curvature radius of the
apex (Ra) and the one of the basis of the triangular shape (Ry), see Figure 4.9. Ry was
varied between 0.2 and 2 mm, while R, values between 0.5 and 10 mm were tested.
The objectives are the minimization of von Mises stresses on the prototype and
maximization of the capacitance variation of the device between the rest and the
deformed state (50%). On Table 4. 3, the different material parameters and properties

employed in the FEM simulations are reported.

Young modulus
Material er
[Mpa]
ELECTRET 50-pum thick Teflon FEP 2.0 480
40-pm thick Sylgard 186
DE (Hyperelastic Moonley Rivlin model with 2.70 0.85 [4.4]
C10=0.1056MPa and C01=0.08MPa [4.3])
UPPER . .
ELECTRODE 846 Carbon conductive grease (MG Chemical) - 0.1
LOWER
. i . 3
ELECTRODE 100-nm thick Au electrode 79%10
SUPPORT . . . ..
FRAME 0.8mm-thick 3D-printed Filaflex (Ninjatek) - 3.62

Table 4. 3: Parameters employed for FEM simulations

One can note that the electret used here is the same as the one in the proof of concept
as we want to underline only the benefit of the design optimization and not the
materials and shape benefits. The dielectric elastomer is the Sylgard186 which has
quite the same characteristics of the Danfoss Polypower elastomer and which will be
used in the experimental part. The first optimization showed that the structure
reaching the higher capacitance variation was the one with Ry = 0.2 mm and R.= 10
mm, namely the ‘bol’ structure. Nevertheless, high von Mises stresses were present at

lower electrode level, which can induce electrode cracks or fractures. Indeed, when Ra
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is higher than 2 mm, the length of the electret material is too small and the structure
cannot handle high strains without high stresses at lower electrode and electret level.
For this reason, a ‘serpentine’ shaped support was conceived with a variable number
N of basic patterns. Shapes with N varying between 10 and 30 were tested, this upper
limit being fixed by the spatial resolution of the 3D printing fabrication. The optimal
number of serpentines to insure high deformation on the structure (50%) is equal to
25. In the following, this prototype will be named ‘serpentine’ shape. The last shape
chosen from the preliminary optimization was the one presenting Ry= 0.2 mm R,= 2
mm, named ‘rounded’ prototype, due to low von Mises stresses and the low air gap
reachable in the maximal deformation state. The three shapes schematics and

parameters of a single pattern are shown in Figure 4.9.
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L1 [mm] 10 10 10
‘ROUNDED’ Ra [mm] 10 2 10
Ry [mm] 0.2 0.2 0.2

o, [Pa] 1.9x108 8.9x10¢ 6.1x106

‘SERPENTINE" .

Figure 4. 9: Schematics and dimensions of the shapes chosen from the optimization study

One can note that, from a mechanical point of view, the lower stresses applied to the
lower electrode and to the electret material are obtained for the serpentine-shaped
support (6.1 MPa). The ‘bol’ shape presents instead the higher values and thus this
shape will be studied only for comparison with the other structures. The ‘rounded’

structure and the von Mises stresses results obtained on the electret from FEM
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simulations (mechanical module of Comsol Multiphysics) in the maximal deformation

state are respectively shown in Figure 4.10 a and b.
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Figure 4.10: Resulting deformed structure on the ‘rounded’ device (a) and von Mises stresses [Pa]
distribution on the electret material (b)

One can note that lower final air gap values (equal to 100 um) (Figure 4.10 a) can be
obtained in the deformed configuration, with no stress concentration areas in the
geometry (Figure 4.10 b). Stresses distribution on the electret material are more

uniform and 2 orders of magnitude lower than the simple triangle shape.

For the three chosen prototypes, the electromechanical module of Comsol Multiphysics
was employed to calculate their capacitance variation following the 1-Hz cyclic
mechanical deformation representative of human motion. Indeed, analytic expression
of the capacitance variation assumes a more complex form in these shapes and cannot
be calculated through simple geometrical considerations as in the simple triangular
case. Beneath, analytical method does not account for edge electrostatic effects that
can decrease the global capacitance value. Perfect pure-shear deformation mode was
implemented for DE deformation, with constant membrane width in the different

phases (see paragraph 2.2.2.3 for details) and material parameters listed in Table 4.3.

The energies scavenged by the devices were calculated with Matlab Simulink
equations implementations. Simulations results obtained for the average scavenged

power and for the voltage output on the optimal resistive load are shown in Figure
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4.11, while Table 4. 4 summarizes the principal electrical parameters calculated in

case of no residual air gap (gr) in the final deformation state.
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Figure 4.11: Performance of the devices: average output power as a function of the resistive load R (a)
and output voltage through the optimal R (b)

Cmax [F] Cumin [F] Cmax / Cmin | Pavg [AW]
BOL 6.28%1010 | 2.7x10-10 2.36 130
ROUND | 5.6x1010 | 2.71x10-10 2.07 112
SERP 5.0x10-10 | 2.69%x10-10 1.85 33

Table 4. 4: Summary table on the different devices performance

As underlined in Figure 4.11 b, the three structures develop quite similar output
voltage trends, typical of electrostatic structures. Only the maximal value and the
response time differ. The ‘bol’ exhibits the maximal output voltage while the ‘rounded’
structure shows the quickest response time (sharp increase and decrease when electret
gets close and away from the dielectric). Regarding the performances, the ‘serpentine’
shape can scavenge only 33 uW for a wide range of resistances probably due to a low
capacitance ratio. A ratio of 2 is generally the minimal value for a scavenger to be

efficient. The ‘bol’ structure scavenges the highest output power (130 uW) on a huge

114
Clara Lagomarsini — PhD thesis



Chapter 4. Electret-based energy harvesting devices

optimal load of 280 MQ. The ‘rounded’ prototype presents the best compromise between
scavenged output power and mechanical stresses on the structure: a theoretical output
power of 112 uW can be obtained on an optimal resistive load of 130 MQ. This prototype
was thus chosen for the experimental realization and tests, as described in the

following paragraphs.
4.3.1 Experimental tests

Experimental realization of the ‘rounded’ prototype was performed using materials
listed in Table 4. 3 (Sylgard186 as dielectric and Teflon FEP as electret), in order to
validate the optimization of the shape design. The support frame was realized using
the 3D printing facilities of FABLAB in Grenoble. The 3D printer employed for the
prototypes frame realization was Ultimaker 2 Extended+ model, whose printing
parameters were adapted through experimental tests for flexible materials printing.
SemiFlex™ by Ninjatek, whose principal characteristics are reported in Table 4. 5, was

the material selected for the prototype realization.

SemiFlex™ 3D Printing Filament
mechanical properties
Tensile Strength, Yield [MPa] 9
Tensile Strength, Ultimate[MPa] 43
Tensile Modulus [MPa] 25
Elongation at Yield [%] 49
Elongation at Break [%] 600

Table 4. 5: Principal mechanical properties of the 3D printing material: SemiFlex™ by Ninjatek

Due to the semi-flexible nature of the material and to its low tensile modulus (25 MPa),
the resulting frame is suitable for wearable applications as low stretching force is
required to deform it (see performance paragraph 4.3.2). On the 3D-printed frame, 100-
nm thick Au electrode was deposited through metal sputtering (QUORUM Q150T). A

good adhesion of the gold electrode to the frame is noted with a very low electrode
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surface resistance. A 50-um-thick commercial sheet of Teflon FEP was then glued on
the ground electrode with Loctite 401 glue. The electret was subsequently charged with
a surface potential of —1000 V through corona discharge method. Charging process was
performed through the experimental setup described in paragraph 3.1.5 on different
points of the electret in the deformed state, with the aim of obtaining a uniform charge
distribution on the electret surface. The surface potential of the electret was checked
thanks to an electrostatic probe (TREK 347). Then the Sylgard 186 elastomeric
membrane (home-made material obtained by mixing two parts A and B and deposited
with spin-coating process) is glued on the passive part of the frame and the upper
electrode 1s deposited onto the membrane. This compliant electrode is a hand-brushed
carbon grease electrode from MG Chemical. Finally, the electric contacts are realized:
a wire 1s soldering on the lower ground electrode and a wire is fixed onto the upper

electrode.

Figure 4.12 shows the experimental realization of the prototype, while on Figure 4.13
the mechanical test bench (a) and the experimental setup for prototype testing (b) are

represented.

Electric contact Elastomeric membrane \

i B

Li=10 cm

Figure 4.12: Prototype experimental realization

116
Clara Lagomarsini — PhD thesis



Chapter 4. Electret-based energy harvesting devices

a) Force sensor

ey

Mechanical
test bench

Force measurement

Electrostatic probe

Figure 4.13: Mechanical test bench (a) and experimental setup for prototype testing (b)

The structure is clamped on one side on the test bench and can move on the other. The
mechanical deformation was imposed to the device using a linear table from Igus,
piloted by a linear DC motor (SM56.3 from STOGRA) controlled through a Labview
interface, allowing imposing a linear movement in both directions with a determined
speed (up to 20 cm.s'1) and acceleration (up to 0.4 m.s?2). Deformation cycles of 1 Hz
and 50% were applied to the device, simulating the relative movement imposed by
human limbs. The test bench also presents a force sensor (S2M from HBM) to measure
the external force imposed to the device. To avoid electrical disturbance, a dielectric
layer (Teflon) encapsulate the prototype in the two metallic jaws. The voltage output
from the prototype is registered using an electrostatic probe (TREK 347) on a
delocalized point, to avoid additional input resistive components classically present

with recorders (i.e.
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oscilloscope probes). Measurements were performed through different resistive loads

(R) to find the optimal value.

4.3.2 Device performance

The experimental testing results on the ‘rounded’ prototype were correlated with
numerical simulations results. The minimal value experimentally reachable for the
final air gap (gr) with our prototype was equal to 100 um (measurement done with a
thickness sensor from Mitituyo in the experimental set-up described in Figure 4.13).
In fact, as our prototypes are hand-made, lower final air gaps are not reachable: the
different elements are not perfectly aligned and contact points between the electret
material and the DE appear for lower air gaps. 100 um is thus the safety value found
for gr. This condition was thus set as final deformation state of the device in the FEM
simulations to compute the scavenged power. Results obtained from the adjusted

numerical simulations and from the experimental measurements are shown in Figure

4.14.
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Figure 4.14: Device performance of the ‘rounded’ shaped prototype: experimental and FEM
simulations obtained for the output voltage obtained through the optimal resistive load (a) and for the
average scavenged power through different R (b).
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The voltage output experimentally measured has quite the same trend as the
simulated one, typical of electrostatic devices (Figure 4.14a). The maximal voltage
value is similar in the two cases (240 V), while differences can be observed specifically
in the release phase of the cycle, when electret goes forward from the dielectric
elastomer. In the stretching phase, when electret gets closer to the dielectric, the
dynamic of the structure obtained from experimental and simulation data is the same.
In the release phase, the dynamic between experiment and simulation differs; an
added phenomenon appears in the release phase which is not taken into account in the
simulations. The structure does not have the time to perfectly follow the imposed
deformation surely due to its low mechanical response time (viscous losses and
relaxation). Moreover, one can note that on the entire experiments, the voltage
response of the structure is shifted compared to the simulations, probably due to its
electric time response (bulk resistive losses in the dielectric and the electret layers and
surface resistive losses at electrodes level). An average scavenged power of 49 pW
(Figure 4.14b) was found from experimental results on an optimal load of 150 MQ with
a final air gap of 100 um, namely a value 56% lower compared to the theoretical one
calculated in the condition of gi=0 (112 pW). This corresponds to an increase of ~48%
compared to the basic triangular structure (where 33uW on 99 MQ was scavenged). A
reduction of the von Mises stresses is also obtained from FEM simulations (see
paragraph 4.3). The figure of merit (FOM) proposed in [4.5] was calculated for our

device with the following equation:

Py
FOM = —"— (4.3)
UZfS

Where Pr is the output power of the scavenger, U is the maximal voltage applied on
the capacitive transducer (— 1000V), fis the working frequency and S is the device total
surface area. The FOM obtained with our device was equal to 2x10-8
pW.(mm2.Hz.V2)~1, which is higher compared to the other electret-based devices
analyzed by the authors, as shown in Table 4. 6.
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Author [reference] FOM [10-8 pW.(mm2.Hz.V2)-1]
Tsutsumino et al. [4.6] 1
Ma et al. [4.7] 0.30
Suzuki et al. [4.8] 2x10-3
Vu Cong et al. [4.1] 1.32
This work 1.96

Table 4. 6: FOM of different electret-based energy harvesting devices

Results obtained from this prototype are promising, but further improvements are
necessary to reach the targeted value of 100 uW scavenged power. This value may be
obtained through substitution of the electret material with fluorinated Parylenes or
through prototype design solutions, as proposed in paragraph 4.4. Indeed, section 4.2
underlines that Parylene AF-4 presents a higher charge density and stability than the
structure using this electret can scavenge more than a structure using Teflon electret.
Parylene AF-4 was deposited onto our ‘rounded’ frame by Comelec Sa and experiments

on corona discharge and surface potential stability were done (see section 4.3.3).

Al already explained in paragraph 1.2 and shown in Figure 4.15, the complete energy
harvesting cycle begins with the application of an external mechanical excitation to

the transduction system.

E E
Mechanical > -
Erece Energy scavenger
Energy

E

ml

Figure 4.15: Mechanical conversion stage

The global electromechanical conversion efficiency can be expressed through the

following equation:

_ Escav (4.4)

nmecc
Emecc
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Where E,.,, stands for the electrical energy output of the scavenger and E ... the
mechanical energy applied to the prototype (Figure 4.15). It is important to underline
that not all the mechanical energy applied to the prototype will be absorbed (Eans) by
the scavenger, but part of this mechanical energy (Em)) will be given back to the
environment.

The mechanical force applied by the linear test bench on the prototype to stretch it, is

measured with the force sensor (Figure 4.16).

[N]

F _mecc

Time[s]

Figure 4.16: Mechanical force applied to the ‘rounded’ prototype

The mechanical force presents the expected sinusoidal trend, following the imposed
sinusoidal deformation: the maximal force value, correspondent to the maximal
deformation state of the device is equal to 6.8 N. This output force remains low and it
is acceptable for applications embedded on human body. The additional energy that a
person will spend to deform the prototype during daily activities can be considered
negligible [4.9]. Our device electromechanical efficiency, equal to 0.075%, was
calculated from equation (4.4). This efficiency is quite low compared to data found on
the literature, but most of the works detailed in literature present efficiency calculated
between Eans and Egcav or only consider a part of the device for the calculation. Finally,
first lifetime tests were done on our structure underlying no performance degradation

after 1000 cycles. The scavenged energy after 1000 cycles was the same as the one
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scavenged in the first cycles and no mechanical crack or visual deterioration was

notified.
4.3.3 Ideal macroscopic scavenger prototype

Section 4.2 underlines that Parylene AF-4 or VT-4 are the best choices as electret
materials for our scavenger and section 4.3 confirms that ‘rounded’ shape is the best
design. Combining Parylene AF-4 or VT-4 and the ‘rounded’ shapes seems the best

solutions to increase the output power but also the lifetime of our scavenger.

When integrated on the scavengers, electret materials withstand a mechanical cyclic
solicitation that could compromise the charge stability on the material and thus the
device performance. To verify this point, the surface potential of the electret deposited
on the ‘rounded’ 3D-printed frame was monitored as a function of the number of
deformation cycles. The tested structure is thus made of the flexible frame (SemiFlex),
a metallic ground electrode deposited on it and an electret material, consisting of 9-
um-thick fluorinated polymers (AF-4 and VT-4). First, the surface potentials of
different points on the electret surface at rest were measured, whose results are shown

in Figure 4.17.
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Figure 4.17: Schematic of the sample (a) and surface potential distribution on the electret surface for
AF-4 (b) and VT-4 (c) electret materials

At rest, the surface potential distribution on the two tested configurations are not
perfectly homogenous (presenting values in the range of [-810 V; =910 V] for AF-4 and
[-800 V; =940 V] for VT-4) surely due to the charging protocol (see 4.3.1). The central
part shows higher potentials values, probably because of structure geometry and edge
effects. We would like to check if the surface potential distribution remains the same
under cyclic deformations or if the charge migrates in the central part where higher

potential values exist.

Thus, 1 Hz deformation cycles were applied to the device and the surface potential was
measured every 100 deformation cycles applied on the material. Measurements were
performed with an electrostatic probe (TREK 347) maintained at 3 mm from the
electret surface. The results of the measurements made on the different points (mean
value and standard deviations over 4 measurements) as a function of the number of

deformation cycles applied to the device are shown in Figure 4.18.
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Figure 4. 18: Evolution of the electret surface potential of the control points as a function of the
number of cycles applied to the device for Parylene AF-4 (a) and VT-4 (b)

From the above figures one can note that surface potential of all points resulted stable
during all the 1000 tested deformation cycles, with surface potential decrease equal to
less than —0.5%. It can be thus concluded that the mechanical deformation applied on
the device does not influence the electret charge stability over time for our ‘rounded’

structure.

4.3.4 Towards an embedded scavenger

To facilitate the integration of the device on humans, the total height must be reduced.
Namely, the initial air gap must be in the millimeter scale and not in the centimeter
one. The operating principle of our hybrid structure encourages this size reduction, as
the useful capacitance variation occurs for low air gap values (< 1 mm). The concept of
‘rounded’ structure is preserved, as it allows obtaining higher device lifetimes (lower
von Mises stresses). To improve the energy harvested by the device, one solution may
consist in increasing the number of active elements in the scavenger structure,
resulting in a higher capacitance variation when passing from the rest to the deformed
state. Starting from the design consideration adopted for the first prototype, the total
length of 10 cm imposed by the scavenger location and the 3D printer resolution, it can
be derived a maximal length for the active part Li; of 1 cm, namely a number of patterns

equals to 10. With 10 patterns, no more ‘inactive’ part exists in the scavenger as in the
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previous versions (Figure 4.3 and 4.12); thus, the frame presents only a contact point
with the elastomeric membrane. Mechanically, the structure will not sustain the
1mposed stretch and the elastomeric membrane will probably crack in this area. To
avoid those damages, the frame is set tangent to the dielectric elastomer on a small
line contact (see Figure 4.19). As for the previous design, the geometrical parameters
(gi, R1 and Rg) influence on the energy output was evaluated through Comsol
Multiphysics numerical simulations (evaluation of the capacitance variation of the
structure). The initial air gap gi between the upper DE elastomeric membrane and the
lower electret surface is the main control parameter, ranging from 2 to 4 mm, as a
millimeter gap is our target for this embedded structure. Moreover, above this limit of
4 mm, the higher R: value results in higher stresses at electrode and electret level and
in higher gr values in the maximal deformation state, which leads to lower power
output. The schematics and geometrical parameters for the different prototypes named

V2, V3 and V4, are shown in Figure 4.19.
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V3 3.00 1.50 4.10 1.00
V4 4.00 2.00 3.10 1.00

Figure 4. 19: Schematic and geometrical parameters of the devices

While in the previous structures a passive and an active zone were present (to obtain
a total deformation of 50%), in this case there is no passive zone. It is thus necessary
to find for each case (namely for structures V2, V3 and V4) the maximal deformation

value (dmax).
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This parameter (dmax) was determined in order to reach a final air gap between the
upper and lower part of the device equal to 100 pm, which was found from experimental
prototype realization to be the minimal reachable value (paragraph 4.3). Figure 4.20

shows the evolution of the air gap g as a function of the deformation imposed to the

device.
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Figure 4.20: Evolution of the air gap as a function of the deformation imposed to the device

One can note that lower initial air gap values result in lower dmax: this latter is equal
to 12% for gi=2 mm, 23% for gi=3 mm and 40% for gi=4 mm. A lower mechanical input

force 1s also necessary to deform the device with lower final deformation.

The capacitance variations of the three prototypes were calculated through the
electromechanical module of Comsol Multiphysics by imposing the previously
described deformation conditions at 1Hz, while the harvested powers were derived by
the implementation of the system of equations (4.2) in Matlab Simulink. The materials
employed were the same as the ones described in Table 4. 3 (Sylgard 186 DE and Teflon
electret) in order to highlight the reduction size effect alone. Results are shown in

Figure 4.21 and in Table 4. 7.
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Figure 4.21: FEM simulations on the prototypes performance: variation of the electrical capacitance
(a) and average scavenged power (b)

gi [mm] Cmax [F] Cmin [F] Cmax / Cmin Pavg [FW] Ropt [MQ] mn [%]

V2 2 8.63e-10 2.20e-10 3.93 148 94 0.023
V3 3 1.18e-09 2.37e-10 4.97 201.98 31 0.015
V4 4 1.71e-09 2.74e-10 6.23 305.98 17 0.012

Table 4. 7: Schematic table on the devices performance

Compared to the proof of concept (33 uW on 99 MQ) and to the ‘rounded’ prototype (49
uW on 150 MQ), the three proposed solutions scavenge high level of energy (>148 uW)
for lower load values (<94 MQ). From the above results, one can note that the prototype
allowing scavenging the higher theoretical energy output is the one presenting an
initial air gap of 4 mm, namely the one presenting the higher capacitance variation

between the rest and maximal deformation state (capacitance ratio equal to 6).

The devices efficiencies were calculated using equation (4.3), resulting in values
respectively equals to 0.023, 0.015 and 0.012% for V2, V3 and V4. One can conclude
that the better choice in terms of scavenged power is represented by the prototype V4
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(306 uW). Nevertheless, the advantage of V2 consists in presenting a lower deformation
value (12%) necessary to reach the final state. This could be advantageous for
embedded solution with thin thickness when the prototype is located in zones with low

relative displacements imposed by the external source.

To sum up, prototype optimization has been performed with the aim of increasing the
output power of the device, reduce the mechanical stresses and reduce the size for an
embedded structure. Electret material and harvester structure have been analyzed
independently with the aim of evaluating their influence on the output performance.
9-um-thick Parylene AF-4 resulted the most suitable electret material among the
polymers tested, while the structure presenting the higher energy density (equal to 2.2
md.g1) consisted of a 10-frame ‘rounded’ shape with initial air gap of 4 mm (V4 in Table

4.7).

4.4 Power management unit

In this paragraph, we will consider the power management unit, namely the last stage
of the complete energy harvesting cycle. In our prototype, the energy transferred from
the variable capacitor through the resistor is alternative and presents high values
(>100 V), making it not suitable to supply low-power-consumption devices (constants
voltages between 3 V and 5 V). Most of electronic devices require in fact DC input
voltages. To this aim, a power management unit is needed to couple the scavenger

electric output to the final application input, as shown in Figure 4.22.
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Figure 4.22: Schematic of the energy harvesting cycle electrical conversion efficiency

The first simple solution is to use passive electronic components to realize the
rectifying stage: a standard full bridge rectifier is the first basic solution to obtain a

rectified signal across the storage capacitance Cs, as shown in Figure 4.23.
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Figure 4.23: Passive power management unit: full bridge rectifier

The main power losses in this type of circuit are mainly related to the diodes: forward
voltage drop, leakage current when the diodes are reverse biased and diodes’ internal

resistance [4.10].

Circuit implementation of this full bridge was performed by using the software
LTSPICE, imposing as input sources (Vs and Ci) the results obtained from the
numerical simulations (Comsol) on the ‘rounded’ device presented in paragraph 4.3.
Classic high voltage diodes (1N4148 from Vishay) were employed. Simulations results

on two different Cs values (1 uF and 1 nF) are shown in Figure 4.24
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Figure 4.24: Simulations results of passive rectification of the ‘rounded’ shapes prototype on a 1 nF (a)
and 1 pF (b) storage capacitance
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One can note that higher storage capacitances results in a higher time to be fully
charged. A total time of 4 seconds i1s necessary to fully charge the storage 1 nF
capacitance to the maximal value of 200 V, corresponding to 4 deformations cycles
(Figure 4.24a). A total energy equal to 20 ud is scavenged during these 4 cycles. As
expected, this value is lower than the one obtained from impedance matching (mean
output power of 49uW). From Figure 4.24a it can be noticed that tension decrease from
the maximal tension value occurs due to ohmic losses at diodes level and Cs level. The
voltage value obtained by the scavenger output rectification remains too high to be
exploited as power supply source. After the AC-DC conversion stage (realized with
diodes bridge rectifier), a further DC-DC conversion may thus be necessary to adapt
the transducer voltage level to the load (basically a buck converter to decrease the

voltage), as shown in the schematic in Figure 4.25.

us

Escav Rectifier |gk| DC/DC converter ||_—*

AC/DC

\ 4

Energy scavenger

Power management unit

Figure 4.25: Schematic of the complete energy management circuit

A 2-in-1 simple solution may consist in the employment of a commercialized circuit:

LTC3588-1 by Linear Technology, which schematic is shown in Figure 4.26:
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Figure 4.26: Schematic of the LTC3588-1 circuit by Linear Technology (a) and configuration employed
for simulations (b) (from the datasheet [4.11])

This circuit presents a full-wave bridge rectifier, followed by a buck converter. An

ultralow quiescent current undervoltage lockout (ULVO) mode allows charge to build

up in an input capacitor. When Vi, reaches the threshold value, an internal buck

converter transfers part of the stored energy from the input capacitor to the output.

Four output voltages (1.8 V, 2.5V, 3.3 Vand 3.6 V) can be selected through the Do and

D pins values. The advantage of this circuit consists in the regulation of the output

voltage over a capacitor, eliminating the need of an external battery to control the

energy transfer. Nevertheless, the conversion efficiency of the device is low and

diminishes drastically for low current sources, as shown in Figure 4.27.
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Figure 4.27: LTC3588-1 conversion efficiency (from datasheet)

The LTSPICE implementation was performed using the ‘rounded’ scavenger output
voltage obtained in paragraph 4.3 through the circuit implementation shown in Figure

4.26b. The results are shown in Figure 4.28.
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Figure 4.28: Simulated results on the ‘rounded’ shapes prototype for V1 and V2 (see Figure 4.26b)

One can note that a regulated voltage output of 1.8 V can be delivered by the system
after 558 seconds of start-up on the resistive load and only during 16 ms. A time
interval of 220 seconds is then necessary to reach again the level of 1.8 V. Indeed, the
scavenged energy is in fact not enough high to maintain a constant output voltage for

long durations. The ripple observed in Figure 4.28 is related to the capacitance value
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employed in the circuit. The obtained performance are lower compared to the ones
given by the passive circuit, mainly due to the high losses present in the circuit to

charge the first capacitor.

In order to obtain high conversion efficiency other power management circuits may be
employed. Among them, parallel or series Synchronized Switch Harvesting on Inductor

(SSHI), respectively shown in Figure 4.29 a and, b are widely adopted.

a) b)
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Figure 4.29: Parallel SSHI (a), and Series SSHI (b) implementations

Both the parallel and series SSHI present a voltage inversion through an inductor
element which is triggered on the scavenger peaks voltage through the presence of an
active switch. The main difference between the two techniques consists in the fact that,
while in the P-SSHI the voltage inversion occurs after an energy extraction process,
in the s-SSHI the voltage inversion and energy extraction occurs at the same time
[4.12]. Basically, in the Parallel SSHI [4.13], [4.14] the switch is open most of the time,
except for the instants in which a peak is detected in the rectified voltage output. When
this condition occurs, the switch is closed and the current flows through the inductive
element. The internal capacitor of the scavenger and the inductance form a resonant
circuit and thus the inversion of the scavenger voltage occurs through an oscillating
process. In the series SSHI [4.14] instead, the inductive element and the switch are
connected in series with the scavenger. The currents flow through the inductor and

then the diode bridge occurs only when the switch is closed. At these instants, the
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voltage inversion occurs. The power provided by series and parallel SSHI is comparable
but the optimal load for the two techniques is different [4.15].
In Figure 4.30 are instead shown two different topologies of Synchronous Electric

Charge Extraction (SECE): through a buck-boost or a flyback [4.16].

a)

S, S, b)
S e

D1 D3 leg D3 Ll% ?Lz

D2 7~ D4 D2 /A D4 S, S,

Figure 4.30: Examples of SECE circuit implementations though buck-boost (a) and flyback (b)

Differently form the SSHI techniques, the inductive elements and the switches are
connected after the diodes rectifier. This technique consists in discharging the
scavenger capacitance when the tension reaches a local maximum. Then, through an
inductive system (a flyback or buck-boost), the energy is transferred from the
inductance to the storage element Ci.. In this work we chose a SECE flyback topology
through the implementation proposed by [4.16] on LTSPICE software. This topology
seems in fact more adapted to the high conversion ratio between input and output
voltages. The schematic and the results on the total output given by our prototype are
shown in Figure 4.31. The circuit components employed are: Cs=1 pF, L1=82 mH and

L2=100 pH to create the appropriate reduction ratio, and ideal switch to reduce losses.
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Figure 4.31: Schematic (a) and results (b) on the non-linear power management circuit on the
‘rounded’ prototype described in 4.5

This technique presents the better performance compared to the previously described
passive and LTC358-1 cases.

The disadvantage of this solution consists in the presence of the active switch requiring
an energy source to commutate. Solutions may consist either in the employment of an
external battery or, ideally, in the employment of part of the energy output given by
the scavenger, as presented in [4.16]. This envisaged solution allows the complete

autonomy of the energy harvesting device.

Conclusion

In this chapter the conception, realization and tests of the first energy scavenging
device based on electret material were presented. This device presents a hybrid
structure coupling dielectric elastomers with electrets materials, acting as separating
dielectric layer and allowing the improvement of the scavenger performance. Influence
of the electret materials was evaluated based on the results presented in chapter 2,
showing a theoretical power output increase of 40% when 50-pm thick Teflon FEP was
substituted with 9-um-thick Parylene AF-4. In addition, the scavenger shape

optimization was performed and an experimental prototype scavenging up to 49 uW
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was realized, namely 50% more than the first proof of concept and with von Mises
stresses on the electret material 2 orders of magnitude lower increasing the lifetime of
the structure. Possible solutions for size reduction were presented through FEM
simulations, by the conception of structures with maximal deformations values
ranging between 12 to 40%. Among them, the optimal structure with initial air gap of
4mm was able to scavenge a maximal energy density of 2.2md.gr! (over the total

structure weight). The results are summarized in Table 4.8.

Shape Materials Output power
Electret DE Frame
Simple 50-um-thick Teflon Sylgard Plastic 85 uW (33 pW
triangle FEP 186 acetate experimental)
Simple 9-um-thick Parylene | Sylgard Plastic
. 120 yW
triangle AF-4 186 acetate
Ro'unded 50-um-thick Teflon Sylgard Semiflex™ 112 uW (49 yW
triangle FEP 186 experimental)
10 frames 50-um-thick Teflon Sylgard .
flex™ .
V4) FEP 186 Semiflex 305.98 uW

Table 4.8: Summary of the results obtained for the first energy harvesting device

Finally, discussion on power management unit solutions was performed to evaluate
the complete energy harvesting cycle, to obtain a DC output voltage for autonomous

sensors power supply.

136
Clara Lagomarsini — PhD thesis



137
Clara Lagomarsini — PhD thesis



CHAPTER 5.

DEG-BASED ENERGY
HARVESTING DEVICES

138
Clara Lagomarsini — PhD thesis



139
Clara Lagomarsini — PhD thesis



Chapter 5. DEG-based energy harvesting devices

Chapter 5. DEG-based energy harvesting

devices

In this chapter, an innovative operating mode of hybrid energy harvesting devices

employing dielectric elastomers materials will be presented.

As explained in Chapter 1, dielectric elastomer generators are electrostatic converters
based on the voltage boost of a dielectric elastomer membrane sandwiched between
two compliant electrodes. Despite their several advantages, these generators are not
well developed in the literature due to the need of an external voltage (bias or
polarization voltage) to perform the energetic cycle, which compromises their

autonomy as energy scavengers.

In order to overcome this drawback and to design a scavenger with a longer lifetime,
in this chapter we propose two different solutions to substitute the external bias
voltage in DEGs. The first one consists in employing electret material to polarize the
DEG: the operating principle, governing equations but also the influence of the
geometrical parameters of the scavenger and of the materials properties on the
estimated scavenged energy will be presented. The second solution instead aims in
fabricating hybrid devices employing piezoelectric materials as DEG polarization
source: two different prototypes have been realized and the experimental performance

will be presented.

These solutions, compared to the ones proposed in the literature (see 2.2.2.4), present
the advantages to be compact, does not need additional electronic element and can

guarantee a polarization source to the device at each deformation cycle.
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5.1 Electret polarization

The first hybrid solution proposed in this chapter consists in coupling the DEG with
an electret material: in the literature, few works on this hybrid solution have been

proposed.

Using electret materials as polarization source for DEG was firstly presented in [5.1],
with theoretical considerations on the device performance. In the next paragraph, the
design of a structure working on this principle will be presented and the influence of
the geometry and material properties will be investigated with the aim of proposing a

fully coupled hybrid device.
5.1.1 Device structure and working principle

Our experimental proof of concept for this hybrid structure is shown in Figure 5. 1.

Dielectic elastomer @ a) 5cm b)
Compliant electrodes e
\ 0O
L v ] ;.
Spacer @-\ [
i | Electrode 1. cmf ‘
Frame ® Electrets @ @ 4

Figure 5. 1: Device schematic (a) and experimental realization (b)

The structure is similar to the one described in the previous chapter: a DE membrane
(®) stands in the upper part of the device, coupled through a plastic frame (®) with an
electret material (®). The difference compared to the previous operating principle
(‘electret mode’) is the presence of a compliant electrode in the lower part of the
membrane: the DE is thus sandwiched between two compliant electrodes in order to

perform the voltage boost.
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The total surface area was set to 25 cm2, as the previous designed hybrid structure in
electret mode (chapter 4), in order to be adaptable to wearable applications and make
easler comparisons between our various solutions. The width here is larger (5 cm)
compared to our previous solutions (2.5 cm). The structure will be deformed under 50%
strain at 1Hz, leading to an initial gap of 1.2 cm with the chosen trapezoidal frame.
Contrary to our previous hybrid structure, this device is composed of only one pattern.
The trapezoidal shape of the frame ensures that the upper part (namely the dielectric
@ sandwiched between two compliant electrodes ®) is perfectly parallel to the electret
material @ if the electret stands in the lower part of the trapezoidal shape (as shown
in Figure 5.1). This parallel configuration is a simple structure to create a high level of
coupling between the electret and the dielectric material, leading to a high induced
polarization voltage level on the lower electrode of the DEG. Indeed, an electric field
appears around the electret, due its surface potential. The main central electric field,
which is higher than the edge electric field, is thus used to polarize the dielectric
elastomer. In order to avoid contact between the two electroactive elements, which
could compromise the electret charge stability over time, two 50um-thick spacers (®)

need to be placed on the oblique sides of the structure.

The working principle of the proposed hybrid device is described in Figure 5. 2.

® @

<+— ,—» Polarization —_— i 4

Dlrzg\- 3o /_ F ‘ A

f D,
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. ) G _ e e e ’ I

Storage

oz |

Figure 5. 2: Device working principle schematic
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The energetic cycle begins by applying a force F on the two sides of the device,
stretching the elastomeric membrane of a quantity A on its longitudinal length.
Consequently, the frame induces a vertically movement and the electret material
moves towards the elastomeric membrane. The air gap between the two materials thus
decreases from an initial value gi=1.2 cm to a final value gr(phase 1 to 2). The value of
gr should be the lowest possible in order to increase the induced polarization voltage
on the lower electrode given by the electret material (see 5.1.4) but enough high to
avoid the contact between the electret material and the upper electrode. In position 2,
the electret material is at the minimal distance from the membrane and the
elastomeric membrane is stretched at its maximal value, corresponding to its maximal
equivalent electrical capacitance (Cmax). During the polarization state, from position 1
to 2, the floating potential of the lower electrode of the DEG increases from 0 to a
polarization voltage value Vmin. This value is induced on the lower electrode by the
electret material polarization and it is directly linked to the initial electret surface
potential and to the final value of the air gap gf. The diode D: ensures charge flow from
the electret toward the dielectric elastomer and avoids flow-back of charges to the
electret during the rest of the energetic cycle. Then, the elastomeric membrane is
relaxed to its initial length (phase 2 to 3). During this phase, the DEG electrical
capacitance decreases from its maximal to its minimal value (Cmax — Cmin) thus
inducing a voltage boost across the dielectric elastomer (Vmin —Vmax), as classically
realized with electrostatic generators. The voltage across the DEG is then collected
through the diode D2 and storage capacitance Cs (phase 3 to 4) and the electrostatic

generator returns to the initial state (phase 3 to 4) to begin a new cycle.

The full system can be represented by the equivalent electrical circuit shown in Figure

5. 3.
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Figure 5. 3: Equivalent electric circuit of the device

The device is made of a DEG (an elastomeric membrane with two compliant
electrodes), which can be considered as a variable capacitor (Cpg) and an electret
material, acting as polarization source (modelled with a capacitance Celectret and a
voltage source Velectret). In this configuration, the polarization source is connected in
parallel to the elastomeric membrane and the energy transfer in the circuit occurs in
only one direction. By assuming a constant charge working mode during the voltage-

boost phase (phase 2 to 3 in Figure 5.2), the following relationship occurs:

— Vmin * Cmax (5‘1)

Vmax C
min

The total energy scavenged by the device E; can be expressed as the difference between

the energies stored in the elastomeric membrane, i.e. the DEG, in the rest state

(Egef min) and in the maximal deformation state (Egef max), namely:

1C
Es = Edef_min - Edef_max = E Cméllx Vriin * ( Cmax — Cmin) (5.2)
min

The total energy scavenged by the device is thus proportional to the electrical
capacitance variation of the DEG and to the square of Vmin, which corresponds to the

polarization voltage induced by the electret material in the maximal deformation state.
5.1.2 Materials selection

While in the previous scavenger design presented in Chapter 3, the elastomeric
membrane played the role of dielectric layer separating the electret material from the

upper electrode, in this working mode it performs the voltage boost of the polarization
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source. In this case, we selected an acrylic material as dielectric elastomeric membrane
because of its higher dielectric constant and dielectric strength compared to the
silicones (as shown in [5.2]), leading to a theoretical energy density more than 2.5
higher than the one obtained with silicone materials. Figure 5. 4a shows the principal
characteristics of the VHB 4910 acrylic material, which was employed as DE in the
present work and in Figure 5. 4b its dielectric strength as a function of the radial

stretch [5.3].

3M™ 4910 VHB™ Tape
Young’s modulus [kPa] 220 normalized thickness h/H
$ & SR SR
Shear modulus [kPa] 73 S o & &I
300f T LI
Maximal uni-axial reversible = A
* s rey 860 £ A
deformation [%] € i |
Poisson’s Ratio 0.49 % b
Dielectric constant@ A=1 4.55 g % Vo VHB 4310 compliant slestrades
'8 T WHB 4910 50 pm plate electrodes|
@ < VHB 4910 5 mm dism. electrodes
Dielectric loss factor @ A=1 0.43 2 wk LD e v |
1 2 3 4 5 6
Breakdown field @ A=1 [V.pm-1] 10 radial stretch %
Thermal Conductivity [W.mK-1] 0.16

Figure 5. 4: Mechanical and thermal properties of VHB 4910 (a) and variation of the electrical
properties as a function of the membrane stretch (b) [5.3], [5.4]

One can note that membrane pre-stretch can ensure a uniform strain distribution in
the material and can increase the dielectric strength of the membrane (Figure 5. 4b),
thus increasing the scavenged energy. Nevertheless, when the values of A in the two
in-plane directions are higher than 2 (corresponding to a total area pre-stretch Apre-
strecth= 4), an increase of more than 4 times in leakage currents may occur, as shown in
[6.5]. Beneath, a decrease of ~10% in the dielectric constant occurs for radial stretches
higher than 3 [5.3], leading to lower scavenged energy. From the above considerations,

a bi-axial pre-stretch equal to 1,=1.5 was applied to the material. A pure-shear mode
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(see chapter 2 for description) is assumed for the active phase imposed by the 50%
external deformation in one plane direction (uniaxial applied force F, as shown in
Figure 5.1). In the next paragraph, the impact of this hypothesis on the capacitance
estimation will be discussed. In this way, the pre-stretch and the active stretch applied
to the polymer lead to a total asymmetric DE deformation in both in-plane directions

(equations 5.3 and 5.4).

/ll,total = Al,pre—stretch * Al,active = 1.5x2 =3.375 (5.3)

A2,total = Az,pre—stretch * AZ,active =15x1=15 (5.4)

These values stand in the security margin necessary to limit leakage currents increase
and dielectric constant drop. Membrane behavior was modelled using an hyperelastic
Moonley Rivlin model, described in paragraph 2.2.2.2 using C; and Cs values
respectively equals to 0.0241 MPa and 0.0183 Mpa [5.5],[5.6].

Both compliant electrodes are made with carbon grease (846 MG Chemicals) to ensure
good electric and mechanical properties, as described in chapter 2. This grease is
classically used to realize proofs of concept, as it is easy and fast to apply.

Electret materials employed in the design correspond to a commercial 50-um-thick
Teflon FEP which properties are reported in Table 4.3. This electret is used instead of
Parylene AF-4 or VT-4, in order to allow us compare the benefits between the two
operating modes with quite the same materials. Finally, thanks to the simple geometry
of the hybrid structure, the only key parameter of the electret material is the surface

potential level Vs used for DEG polarization.
5.1.3 DE capacitance variation

A “pure shear” deformation mode was considered, with constant membrane length over
the second principal direction during deformation (Lg2). Nevertheless, as the
deformations are not perfect, a “necking” phenomenon could appear [5.8], as shown in
Figure 5. 5.
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AF

L, ‘LF

Figure 5. 5: Resulting inhomogeneous deformation in the elastomeric membrane

In order to evaluate the influence of this ‘necking’ phenomenon on the variation of the
DE capacitance, FEM simulations of the elastomeric membrane capacitance values
(DE alone) were performed using the electromechanics module of the software Comsol
Multiphysics. The simulated configuration was the one shown in Figure 5.6: a fixed
displacement condition is used to pull the opposite ends of the structure apart,
producing a strain in the active zone of the elastomer. A parametric steady-state
analysis is lead for an applied strain varying between 0% up to 50% with a step of 10%.
The dielectric elastomer is made of VHB4910, whose parameters are listed in Figure
5.5 and which i1s supposed having constant permittivity while stretching. The electrode
was supposed to be ideal, with no mechanical impact on the membrane deformation,
explaining the absence of electrodes in these simulations. The capacitance values were
deduced from the total internal electrical energy (We) computed by the software when
the capacitance Ceq is charged under a voltage V (We=0.5XC¢qxV2). Experimental
validation of the simulation results was performed using a LCR meter (HP 4248A).
The capacitance variations were measured in static conditions for different
deformation values applied to the DE membrane alone, in the first principal direction,
using the mechanical test bench shown in Figure 5. 6. A description of our test-bench

can be found in chapter 4.
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Labview interface

LCR meter = —

Figure 5. 6: Experimental setup for device capacitance measurement

Figure 5.7a shows the von Misses stresses distribution obtained in the final deformed
configuration (50% of strain applied to the membrane). The inhomogeneous
deformation clearly appears with clamped effect (high stress near limit conditions of
imposed displacement) and ‘necking phenomenon’. The initial shape is also reported
on Figure 5.7a. On Figure 5.8b the equivalent capacitance values obtained from
numerical simulations in static conditions (named ‘inhomogeneous’ condition in Figure
5.7b), equivalent capacitance from basic expression of a plate capacitance (named ‘pure

shear’ in Figure 5.7b) and the experimental validation values are reported.
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=
w 03¢
DI
a% O
- 0.25¢
0.2
L ‘
0.15
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Figure 5. 7: FEM simulation results of the von Mises stresses [Pa] (a) and comparison between the
electrical capacitance values obtained from numerical simulations and experimental measurements
(b). W=L=5cm
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As shown in Figure 5.7b, the capacitance increases quite linearly with the increase of
the strain imposed to the membrane. The maximal capacitance value Cax 1s obtained
when the maximal stretch is imposed to the membrane. The “ideal case” over-estimates
the capacitance value while the “inhomogeneous case” under-estimates it, as the
capacitance area is lower. For stretching ratios lower than 30% (stress ratio of 1.3),
experimental data are close to the pure-shear ideal model. Between 30 and 50%
instead, the capacitances values are ~10% lower than the one obtained in the ideal
case. The ‘inhomogeneus case’ presents lower values than experimental data, meaning
that the ‘necking phenomenon’ is less influent in our experiments probably due to the
mechanical movement imposed to the device by the set-up. Further experiences,
especially a video recording of the deformation during active phase, are needed to
confirm this hypothesis. Thus, to estimate the potential scavenged energy, the ideal

model of a plate capacitance will be used.
5.1.4 Electret polarization voltage

FEM simulations were performed using the electrostatic module of the software
Comsol Multiphysics (under the conditions described in 5.1.3) to predict the lower
electrode polarization voltage (V_iow) induced by electret polarization during the

deformation phase of the device.

The polarization values on the lower electrode of the dielectric elastomer were
calculated as a function of the electret surface potential (from —200 V up to —2000 V)
and the final air gap gr between the lower membrane electrode and the electret
material, as shown in Figure 5. 8. The final air gap was varied between 4.5 mm and
0.5 mm (namely the height of the spacers in the harvester structure). For higher final
air gap values, the polarization voltage on the lower electrode is too low and thus not

exploitable.
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Figure 5. 8: Lower DE electrode polarization voltages as a function of the air gap and the electret

surface potentials Vs

As expected, the polarization voltages are proportional to the electret surface potential
and to the inverse of the final air gap between the electret and the lower electrode.
Indeed, with a small final air gap, the lower electrode is located in an area where the
electric field induced by the electret is high, leading to a higher value of the floating
potential obtained on this electrode. Moreover, as the surface potential of the electret
increases, the induced electric field around the electret increases leading to higher
value of the polarization voltage on the lower electrode. Polarization voltages on the
lower electrode higher than 100 V were obtained for electret surface potential equal to

at least —400 V and final air gap of 0.5 mm.

To validate the possible high polarizations on the lower DE membrane, polarization
voltage as a function of the final air gap values was experimentally measured using
the test bench described in Figure 5.9. A 50-um-thick commercial Teflon FEP charged
with a surface potential equal to —1000 V is used as electret. The ground electrode is
made with a copper conductive tape (3M 1181), insuring a high conductivity. The

electret material and the ground electrode were maintained fixed, while another
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electrode standing as DEG lower electrode was connected to a moving surface. The
horizontal displacement of the movable part was controlled by a linear motor (set-up
described in chapter 4) at a frequency of 1Hz, reproducing the movement of the final
device. The value of the final air gap gr was varied between 0.5 and 4.5 mm using a
micro-positioner, allowing pre-positioning the fixed and movable part of the set-up. The
value of the final air gap is checked thanks to a thickness sensor. The initial value of
the air gap (gi) was fixed at 1.2 cm for each tested configuration, which corresponds to
gt in the harvester device. As in the final device, a diode D; (1N4148) is connected
between the ground electrode and the lower electrode. The lower electrode voltage was
measured using a TREK347 electrostatic probe on a delocalized contact point having

the same potential as the one obtained on the lower electrode.

Linar motor

Va e

Fixed electrode

Electret

Figure 5. 9: Experimental setup employed for lower electrode electret polarization

Two different types of electrodes, standing as lower DE electrode, were tested: one
electrode with a resistivity value equal to 1.6.10710 Q.cm (100-nm Cu electrode) and
one made of carbon grease MG Chemical (the one used in the proposed device), whose
resistivity is 117 Q.cm. The trend of the lower electrode polarization voltage is shown
in Figure 5. 10 for both types of electrodes, while Figure 5. 11 represents the maximal

lower electrode polarization values as a function of gr.
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Figure 5. 10: Trend of the lower DE electrode polarization voltages obtained for Cu electrodes (a) and
carbon grease electrodes (b)

a) b)
300 o
E L 4 E 30t ° .
;D 200t ; ¢ N
et = 20t °
2 2
Ql 100 QI LI
> ° > 10} e o ]
0 N ° L ® s hd N d : } [ ] L L L s N L s 4
0.5 1 1.5 2 25 3 3.5 4 4.5 0.5 1 1.5 2 2.5 3 35 4 4.5
Air gap gi[mm] Air gap gi[mm]

Figure 5. 11: Maximal polarization values obtained on the lower DE electrode as a function of gt for Cu
electrodes (a) and carbon grease electrodes (b)

The first consideration to be derived from these measurements is that the minimal air
gap experimentally reachable with the Cu electrode was 500 pm, while on the carbon
grease electrode it was possible to achieve only 750 um due to manufacturing issues.

Indeed, as the carbon grease electrode is applied on the surface by brushing, its
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deposition is not perfectly flat and for air gap values lower than 750 pm the moving
electrode may touch the electret on some small contact points leading to electret partial
discharge and lower polarization voltage values. The maximal floating potential is
ensured during the electret movement (go back and approach) due to the use of the
diode. The small voltage decrease observed on the maximal polarization value (i.e. from
210 V to 190 V with a final air gap of 0.5 mm) is probably due to losses at electrode and
diode D; levels. The values obtained on the carbon grease electrode were lower
compared to the one on the Cu electrode: this is surely due to the higher resistivity of
carbon grease (8 order of magnitude higher that the Cu electrode) which might cause
higher losses in the measured value of electric potential. With highly conductive
electrodes, an electrode surface potential of 220 V can thus be reached with a final air
gap of 0.5 mm, which is close to the one obtained theoretically thanks to our FEM
simulations (equal to 218 V) shown in Figure 5. 8 for the —1000 V electret surface

potential.

The polarization of the DEG lower electrode is obtained thanks to the use of an electret
material. The obtained values are interesting and exploitable if a high conductivity
electrode is used. Indeed, with carbon grease electrode, induced polarization voltages
on the lower electrode are very low (maximum of 30 V)) thus drastically reducing the
potential scavenged energy with DEG. Once the lower electrode is polarized (phase 1
to 2 in the cycle described in Figure 5.2), the classic DEG cycle can be realized and the

voltage boost across the electrode will occur (phase 2 to 3 in Figure 5.2).
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5.1.5 Scavenging phase

Once the polarization phase of the device is completed, voltage boost due to DE
electrical capacitance variation occurs (see Figure 5. 2). As previously explained in
chapter 2, in case of pure shear deformation, a voltage value proportional to A2 can be
obtained through the elastomeric membrane deformation during the active phase. To
verify these values, LTSpice simulations were performed by reproducing the

equivalent electrical circuit shown in Figure 5. 3.

As no model of variable capacitor is already implemented in the software, the voltage
V_DEG(t) through the DEG was calculated through a controlling voltage Vc and
through the electric charge given by the electret material polarization, as following

[6.9]:

NONNIG) 5.5)
C(t) Ve(b)

V_DEG(t) =

We chose a polarization voltage of 190 V induced on the DEG lower electrode by the
electret material, corresponding to a final air gap of 0.5 mm with an electret surface
potential of —1000 V (Figure 5.12). The other electrode was set to ground. The
capacitances calculated from FEM simulations (Figure 5.7) were employed as Vc(t)
values, while HV 1N4148 diodes were used in the circuit. In Figure 5. 12 the results

obtained for the voltage across the DE and the energy stored on a 1 nF capacitance are

shown.
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Figure 5. 12: Voltage across the elastomeric membrane (a) and in the storage capacitance (b)
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These values were consistent with equation 5.1: the membrane voltage boost simulated
across the DEG corresponds to 2.2 times the polarization voltage given by the electret
material which is close to the theoretical value of 2.25 (calculation done with ideal plate
capacitance). A time of 20 seconds (corresponding to 20 deformation cycles) is necessary
to charge the storage capacitance to the maximal voltage value, corresponding to a
stored energy of 84 uJ. The energy density of our hybrid device is 0.14 md.g1. Of
course, this value remains lower than the one that can be obtained with a pure DEG
(up to 0.8 J.g'1) but it is enough high to supply a low power consumption system and it

an embedded and autonomous solution (no need of high voltage supply).

Despite the high polarization voltages obtainable from the experimental tests on the
DE membrane and the estimated scavenged energy of the device, experimental
realization of the final prototype presents critical points. Indeed, high polarization
voltages are reachable with high conductivity electrode. With carbon grease electrode,
a maximum of 30 V is reachable with a final air gap of 750 um. This final air gap value
1s chosen to limit the risk of electret discharge due to lower electrode contact. To
present high performance in DEG mode, the hybrid structure need highly conductive
compliant electrodes that can be deposited easily and whose thickness can be perfectly
controlled. Grease electrodes do not represent an appropriate solution but conductive
polymers or composite polymers (i.e. carbon charges in silicone matrix) could be
employed. Moreover, the presence of a common ground on the electret electrode and on
the upper DEG electrode induces problems in the lower electrode polarization. For
these reasons, no truthful experimental results were obtained for the DEG phase
(phase 2 to 3 in Figure 5.2) with this hybrid structure and different solutions for
autonomous DEG devices development were conceived by employing piezoelectric
materials as polarization sources for autonomous DEG devices. This constitutes the

topic of the next part of this chapter.
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5.2 Piezoelectric polarization

To overcome the previously described problems found for electret-based scavengers,
other solutions to polarize the DEG membrane were conceived, namely the use of

piezoelectric materials as polarization sources.

Piezoelectric materials (described in paragraph 2.1) can generate electric charge
thanks to the direct piezoelectric effect. In the literature, few works can be found on
the coupling of piezoelectric elements with the electrostatic conversion principle:
Khbeis et al. [5.10] presented the first MEMS hybrid device (with a total volume of
0.054 cm?3) coupling the two principles on a resonator beam structure made of a PZT
material and a variable capacitor made of a polymeric dielectric layer. In the paper,
the authors focus on the piezoelectric element characterization and the conception of
the electronic circuit to perform synchronous electrostatic charge control. Under
external 120 Hz solicitation, the beam structure can scavenge a maximal output power
of 145 uW. Rocha et al. [5.11] developed a hybrid device by integrating in the sole of a
shoe a PVDF piezoelectric film and an electrostatic generator, which consisted of two
metallic plates separated by a flexible dielectric foam. The authors demonstrate that
the presence of the electrostatic element can increase the energy scavenged by the
piezoelectric material alone. Under foot pressure excitation, the average energy
generated in 1 hour by a running person (2 Hz) was equal to 50 mdJ. More recently,
Cornogolub et al. [5.12] investigated the possibility of piezoelectric-electrostatic
systems by focusing on the optimization of the electrical energy transfer between the
two elements to optimize the scavenged energy. Starting from these promising results,
in this chapter two different structures combining the piezoelectric and electrostatic
generator hybrid systems will be presented: the first device employs PZT ceramic
materials as polarization source for autonomous DEG devices, while in the second one
PVDF polymeric materials are used. Our devices work under external longitudinal
mechanical excitation (strain at low frequency) representing human movements at

joints level. Moreover, the devices must present coupling mechanical structures to
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synchronize the deformations acting on the two elements, thus allowing us to employ

simple electronic circuit with few components.
5.2.1 Working principle

The working principle of these devices i1s similar to the case of electret polarization: the
polarization voltage to the DEG device (which is necessary to perform the energetic
cycle) is in this case given by a piezoelectric material: the schematic of this hybrid

system operating mode is illustrated in Figure 5. 13.

Free .| Piezoelectric e AC/DC |t DEG —| G

Figure 5. 13: Schematic of the hybrid piezoelectric-electrostatic device working principle

Piezoelectrics, differently from electret materials, presents an intrinsic internal
polarization which allows scavenging electrical energy under mechanical excitation.
From an electrical point of view these materials can be represented through the

equivalent electrical circuit model shown in Figure 5. 14 [5.13].

lpiezo () Cpiezo - Vpiezo

Figure 5. 14: Equivalent electric circuit of a piezoelectric element excited in quasi-static conditions

The electrical equivalent circuit of these systems consists of a capacitor (Cpiezo)
connected in parallel with a current source (ipiczo). This latter represents the total

current of the piezoelectric structure generated by an external force solicitation.
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Under charge mode, the total charge () that can be originated by the application of

an external applied force F, can be predicted by the following relationship:

Q
D =-r=dyT, (5.6)

Where D stands for the total developed charge density, Q represents the resulting
charge, A the total area of the piezoelectric element electrodes, ds, the piezoelectric
coefficient for the axis n along which the stress or strain is applied and T, is the stress

applied in the relevant direction.

When considering the coupling with the DEG, many different configurations could be
adopted and different charge transfer techniques could be used to polarize the
elastomeric materials. Before performing the charge transfer, anyway, a rectifying
stage is necessary. To do so, two possible solutions can be considered: two or four diodes

rectifier, as shown in Figure 5. 15.

a) b)

Vout Vpieon Vout
VpiezoI
Figure 5. 15: Possible rectifier configurations for the piezoelectric voltage output

The 2 diodes rectifier allows scavenging higher energy output when the excitation
periods of the two elements are the same (Tpiczo=TbE). The solution with 4 diodes results
more efficient when the polymer excitation is two-times faster than the piezoelectric

one (Tpiezo=2 Tor) [5.12].

Once the rectifying stage is completed, the electric charge needs to be transferred
toward the elastomeric material to polarize the DEG element and boost the

piezoelectric voltage output. As previously explained, this must occur when the DEG
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1s at its maximal capacitance value, namely the instant in which the maximal
mechanical excitation is applied. Starting from these considerations, different
configurations can be adopted. The solution proposed in [5.12] (Figure 5. 16) is

interesting when using low voltage source for the DEG polarization.

D,
N
V1

NS

D,
N
V1

ipiezo C) Cpiem AC/DC p— Cb ;é Cpe p— CS

Figure 5. 16: Possible electrical configuration of hybrid system with intermediate capacitor

This schematic is specifically adopted when no synchronization between the maximal
piezoelectric output and the DE maximal capacitance value occurs or when the
excitation frequencies of the two elements are different. An additional buffer capacitor
Cp 1s added in parallel to the piezoelectric polarization source, acting as intermediate
storage stage between the two elements (and as smoothing capacitor for the

polarization voltage).

A different situation occurs when the piezoelectric and DE deformations are
synchronized, which means that they are excited at the same mechanical frequency,
resulting in a concurrence between the maximal polarization through the piezoelectric
element and the maximal DEG capacitance. In this case, no buffer capacitance is
needed, and the rectified piezoelectric output voltage is directly used to polarize the
DEG to perform the energetic cycle. Only one diode (D2 instead of D; and D2 on Figure
5.16) is necessary to transfer the charge through the elastomer because the tension
through this latter is not alternative. The boosted output tension of the DEG is then
stored on a capacitor (Cs) using the diode Ds. The DE is then relaxed and a new
scavenging cycle can begin.
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5.2.2 Materials selection

The piezoelectric materials employed in this hybrid configuration need to generate
high voltage output at low working frequencies (1 Hz) and low deformation forces (few
Newton) conditions, which are typical of human movements. Under these conditions,
two different piezoelectric families were tested in order to compare and evaluate the
device performance with these two different polarization sources. Materials tested
consisted of a piezoelectric ceramic buzzer (7BB-27-4, Murata) and a PVDF film (DT4,
Meas-spec), made of a rectangular piezoelectric film with silver ink screen-printed
electrodes encapsulated in a thin urethane coating. Table 5. 1 shows the most relevant

properties of the two materials employed in this work.

PZT buzzer properties PVDF film properties
Plate diameter [mm] 35.0 Dimensions [cmZ] 30
Total Thickness [mm] 0.53 Capacitance [nF] 5.7
Capacitance [nF] 30.0 £30% Young’s Modulus [Gpa] 3
Plate Material Brass Relative permittivity 12
Coupling coefficient ks1 0.44 Coupling coefficient ks1 0.12
[CV.Nm1] ' [CV.Nm] '
Coupling coefficient ka3 0.75 Coupling coefficient kss 0.14
[CV.Nm1] ' [CV.Nm] '

Table 5. 1: Principal properties of the selected piezoelectric materials

As can be seen from Table 5.1 and explained in paragraph 2.1, PZT present higher
piezoelectric performance compared to PVDF, but this latter is characterized by lower
Young modulus, lower density and encumbrance that could make it more suitable for

wearable applications.

Based on the considerations described in 5.1.2, the dielectric material chosen as DEG
was an acrylic membrane (VHB 4910) sandwiched between two compliant electrodes

(864 MG Chemical carbon grease).
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5.2.3 Devices structures

Based on the characteristics of the selected piezoelectric materials, two different
structures need to be designed: one coupling DEG with a PZT buzzer and one
employing PVDF as polarization source. Both structures need a mechanical coupling
element which can transmit the uni-axial deformation (necessary to stretch the
elastomeric membrane) to the piezoelectric element and guarantee the concurrence
between the maximal DEG capacitance and the maximal piezoelectric polarization

voltage.

1. PZT-BASED STRUCTURE

For the PZT ceramic, a non-texturized structure similar to the one presented in
paragraph 5.1.4 for electret polarization seemed more adapted due to the hard and un-
deformable nature of the piezoelectric material. The electromechanical coupling
coefficient kss being higher than the ksi one for the PZT buzzer, implies that the
stretching movement imposed to the DE element needs to be converted on a
compressive periodic force on the piezoelectric buzzer. Indeed, piezoelectric materials
do not work well in quasi-static conditions. Various principles can be used to frequency-
up the input mechanical excitation. Among them, mechanical impact solution on the
PZT buzzer was chosen: a hitting cubic mass was employed to convert and transmit

the mechanical excitation to the PZT material.

Schematic of the harvester structure and operating mode are represented on Figure 5.
17. The energetic cycle begins with the application of a strain along the x axis. This
induces the structure to get elongated, imposing a stretch to the dielectric elastomer
and a lateral displacement to the sides of the trapezoid (phase © to ®). The arc-shaped
structure (connected to the lateral sides of the trapezoidal frame) pushes down the
hitting mass, which impacts the PZT buzzer, producing an output voltage due to the
direct piezoelectric effect (phase ®@). This voltage is conditioned and serves as
polarization voltage for the DEG (@ to ®). During the scavenging phase (® to @), the

structure is released and the dielectric elastomer membrane can increase its stored
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energy (given by the piezoelectric material polarization) thanks to its capacitance
variation. The input electric energy is thus amplified by means of the strain movement
and then the device returns to the initial state (® to ®). The hybrid structure was

performed under cyclic release-deformation cycles of 1Hz working frequency.
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Figure 5. 17: Schematic and working principle of the PZT-based prototype

The experimental prototype is shown on Figure 5. 18, while the geometrical

parameters are reported in Table 5. 2.

a) . b)
; . : L,

I SR

Figure 5. 18: PZT-based experimental prototype in rest (a) and deformed (b) state
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Li [em] 5

Lf [em] Li-A=75

W [cm] 5

gl [cm] 1.2
Structure weight [gr] 14

Table 5. 2: PZT-based structure parameters

The frame, the arc-shape and the impact mass were 3-D printed with Semiflex™ by
Ninjatek (see Table 4.5 for details), resulting in a light-weight and highly deformable

structure. The thickness of the frame and the arc-shape is 0.8 mm.

The piezoelectric material (PZT buzzer) was glued in the middle of the frame, as shown
in Figure 5.18. The cubic mass optimal side length was found through experimental
tests (maximization of the output voltage for a given input mechanical impact) to be
equal to 0.7 cm, with a total weight of 1.2 mg. In order to synchronize the maximal PZT
output voltage with the maximal DE capacitance, the mass was glued under an arc-
shaped support, which is connected to the lateral sides of the trapezoidal support. The
arc was dimensioned in such a way that the mass applies the higher impact force
during the maximal deformation state. Finally, the pre-stretched dielectric elastomer
was set on the upper part of the device and sandwiched between the two compliant

carbon grease electrodes.

2. PVDF-BASED PROTOTYPE

The second prototype schematic, characterized by a PVDF polarization element, is

shown in Figure 5. 19.
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a) b)

Dielectric elastomer Compliant electrodes
ez

PVDF

Figure 5. 19: PVDF-based device schematic in the rest (a) and deformed (b) state

In this case, a 3D-printed serpentine-shaped frame made of Semiflex™ was employed:
the flexible nature of the PVDF material resulted well adapted to be integrated on a
texturized frame in order to convert the high deformations applied into voltage.
Moreover, the texturized frame allows limiting the deformation applied to the DEG,

which stands in the upper part of the device.

Also in this case, the frame allowed us to synchronize the maximal electrical
capacitance of the DEG with the maximal output voltage of the PVDF material: when
the device is stretched through an external force, the piezoelectric material is deformed
and generates electrical charges. These latter are transferred to the upper DEG (which
1s in the maximal capacitance state) as polarization source. Then, when the structure
1s released, the DEG goes back to its minimal capacitance configuration, thus boosting

the PVDF polarization voltage.

In this case, the support frame element allows the piezoelectric solicitation in the
longitudinal direction and, to further improve the energy conversion, the PVDF
element was constrained along its length using tape. This latter, when the frame is at
its maximal stretch, guarantees the exertion of a pressure on the polymer length, thus

exploiting both the kss and ks: electromechanical conversion coefficients.

The experimental prototype realization and dimensions are respectively shown in

Figure 5. 20 and Table 5. 3.
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Figure 5. 20: Experimental prototype in the rest (a) and deformed (b) configuration

Li [cm] 8

Lf [em] Li-A=12

W [cm] 3

gi [cm] 1
Structure weight [gr] 11.5

Table 5. 3: PVDF-based structure parameters

As shown in Figure 5.20 and Table 5.3, the total height of this prototype is lower than
the one of the first presented device, resulting in a lower encumbrance and a higher
embeddable structure for wearable applications. Due to the polymeric nature of this
piezoelectric material, the total device weight is ~20% lower than the PZT-based

prototype.
5.2.4 Mechanical excitation

Devices tests were performed using the mechanical test bench presented in paragraph
4.3.1 under uni-axial 50% deformation cycles at 1Hz frequency (typical of human
limbs). The results on the total mechanical forces measured on the two prototypes to

pass from the rest to the maximal deformation state are shown in Figure 5. 21.
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a) PZT-based prototype b) PVDF-based prototype
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Figure 5. 21: Resulting mechanical forces trends on the two hybrid devices (the measures performed
on 2 prototypes resulted highly reproducible)

The mechanical force presents the expected sinusoidal trend with time and its
maximum value corresponds to the maximal deformation position (end of the stretch
phase). The maximal values obtained on the PZT and PVDF-based devices were
respectively equals to 9 and 7 N. These low values will not disturb the user during
daily activity and do not require additional efforts (see 4.3.2). By comparing the results
obtained for the two prototypes, one can note that the mechanical force needed to
deform the PVDF-based prototype is 20% lower. We attribute this difference to the arc-
shape support in the PZT-based device, which made the structure more rigid and
consequently more difficult to deform. The maximal total mechanical energies inputs

for the PZT and PVDF based prototypes are respectively equal to 273 mdJ and 261 md.
5.2.5 DE capacitance variation

The DEG capacitance variations resulting from external stretch were derived from
numerical simulations (Comsol Multiphysics as described in 5.1.3) and experimentally

measured using the setup described in 4.1.5. Figure 5. 22 shows the results obtained
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from the two prototypes (the dimensions of the DE in the two cases are reported on

Table 5. 2 and Table 5. 3).
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Figure 5. 22: Comparison between the electrical capacitance values obtained from numerical
simulations and experimental measurements in the PZT-based (a) and PVDF-based (b) prototypes

The values found for capacitance variation from the simulations and experimental
measurements are in good agreement and reflect the trend observed for the electret-
based prototype. The PVDF-based device presents slightly lower capacitances values
than the PZT-based one, due to geometry configuration (not the same area for the
DEG). The manufacturing issues and the experimental tests conditions employed
result in a ratio between the maximal and minimal capacitances values respectively

equals to 2.2 and 2.15 (instead of 2.25 predicted by analytical ideal model). The values
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obtained for capacitance variation are high enough to scavenge energy with

electrostatic converters.
5.2.6 Experimental setup

Due to the synchronization of the maximal piezoelectric output voltage with the
maximal DE capacitance, no intermediated buffer capacitance was needed and passive
elements can be used in the circuit. Based on these considerations, the circuits shown

in Figure 5. 23 were employed for devices testing.

D D
a) 1 2 b) 1 ,33 2 3
Piezo == D4 Piezo == D Coea Cs

T

Figure 5. 23: Equivalent circuits models employed for the experimental characterization of the

piezoelectric material alone (a) and of the hybrid device (b)

The first circuit (Figure 5. 23a) allowed us to evaluate the energy scavenged by the
piezoelectric material. The rectifier circuit was realized using two diodes, based on the
considerations described in paragraph 5.2.1. Two different low losses diodes were
tested, 1N4148 (Vishay) and BAS45A (Nexperia), the latter resulting in lower losses
in the output energy value. For the hybrid system, the circuit shown in Figure 5. 23b
was employed. Similarly to the case of electret polarization, the active element (DEG)
is connected in parallel with the polarization source and a unidirectional energy
transfer occurs thanks to the presence of the diodes. In this way, the rectified
piezoelectric output is directly transferred to the DEG element to perform the energetic
cycle. The measurements were performed using the setup described in paragraph 4.3.1,
under deformation-release external excitation at 1Hz and with acceleration value set

to 8 m.s2 and 50% deformation. Different values of storage capacitance Cs were tested,
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starting from a value of 1 nF, close to Cpra, until a value of 1 pF, namely 3 orders

higher.
5.2.7 Devices performance

In order to characterize the performance of the proposed devices, the voltage across the
rectified voltage output of the piezoelectric device and through the DEG (respectively
corresponding to points 1 and 2 in the hybrid circuit of Figure 5. 23b) were registered.

The results for the two devices are shown in Figure 5. 24.
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Figure 5. 24: Voltage outputs of the piezoelectric material and through the DE membrane in the PZT-
based (a) and PVDF-based (b) prototypes.

From Figure 5. 24, the following consideration can be derived:

- The polarization voltage given by the piezoelectric materials presents the
expected sinusoidal trend following the mechanical 1Hz excitation. The PZT
element maximal voltage output (which presents a peak value equal to 85 V) is
more than 5 times higher than the PVDF material (whose maximal value is
equal to 15 V). In addition, it was observed that the PVDF output voltage

presented a less constant trend among the different deformation cycles
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(variation of the maximal output). This can be attributed to the fact that the
PVDF material is glued on the serpentine frame and deformed on all its length,
following the deformation given by the support. Due to its low Young modulus
and to the soft nature of the material, the deformation it withstands in the
different deformation cycles can slightly vary. Consequently, a standard
deviation equal to = 4 V on the maximal voltage output values was observed.
The PZT voltage output presented instead a higher repeatability through the
different deformation cycles. This can be associated to the lower degree of
freedom of the PZT buzzer (which is fixed on the bottom of the trapezoidal frame)
and to the more localized mechanical excitation. The hitting mass impact point
1s in the centre of the ceramic and exercises quite always the same force on the
piezoelectric material, resulting in a lower difference among the different cycles.
This mechanical consideration can be also the reason explaining the difference
between the curves shapes: while the slope of the PZT voltage output curve is
higher, V_PVDF goes back to 0 V with a lower speed. This difference in the
dynamic of the two hybrid structures could be attributed to the different
solicitation conditions (impact versus longitudinal).

Moreover, it can be noticed that the two structures reach a released state (no
output voltage) before the end of the relaxed phase and that their behavior just
before reaching the rest position differ. A slightly variation of V_PZT occurs
probably due to seismic movement of the structure imposed by the test bench
(namely one additional peak). In the V_PVDF curve voltage, electric losses can
be observed, mainly associated to the impact of the electronics on the
piezoelectric material output.

Concerning the DE membrane voltage boost (Vmax=Cmax*Vmin/Vmax), it can be
observed from the above graphs that theoretical predictions well represented
the experimental results. Specifically, the voltage across the DE after the
scavenging phase passes from 85 V to 180 V in the PZT-based device, while the
polarization voltage given by the PVDF material (15 V) is boosted from DE
membrane to a value of 30 V. These latter correspond to respective amplification

170
Clara Lagomarsini — PhD thesis



Chapter 5. DEG-based energy harvesting devices

of 2.12 and 1.93, which are close to the theoretical value of 2.25 and to the
experimental values of 2.2 and 2.15 respectively found from capacitance
variation for PZT and PVDF prototypes (see paragraph 5.2.5). The slight
differences between the two values may be attributed to leakage current at

electrodes or diodes levels or to measurements incertitude.

To characterize the two systems, the energies stored on the storage capacitance Cs were
compared using the piezoelectric element alone (point 1 of the circuit in Figure 5. 23a)
and the hybrid systems (point 3 of the circuit in Figure 5. 23b). Results obtained using

Cs equal to 1 nF (close to Cpra value) are shown in Figure 5. 25.
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Figure 5. 25: Voltage outputs through 1nF storage capacitor in the PZT-based (a)
and PVDF-based (b) prototypes.

For each deformation cycle the storage capacitance is charged (from which derives the
‘steps’ present in the curve) due to charge transfer from the DEG though the diode Ds.
The voltage presents a slight decrease after each cycle due to electric losses in the

circuit.

For the first hybrid system, the maximal voltage of 180V was obtained through the
storage capacitor after 10 seconds, namely after 10 deformation cycles. 12 deformation
cycles were needed in the PVDF-based prototype to reach the maximal voltage of 30 V

across the storage capacitance, which is a value significantly lower compared to the
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first case. Beneath, the steps observable in Figure 5.25a are less defined in the second
prototype. These results are in accordance with the voltage output values presented in

Figure 5. 24 and well reflect the previously described considerations.

The storage capacitance charging time is attributed to the difference between Cpg and
Cs values: higher Cs result in higher stored energy but consequently the time needed
to charge them is higher. Compared to the piezoelectric element alone, the values
obtained with the hybrid system reflect the voltage boost given by the DE membrane.
The total stored energies are respectively equals to 17.13 pd and 0.45 ud for the PZT
and PVDF hybrid devices, which correspond to energy density of 16.1 ud.gr! and 0.6

ud.gr1 of active material.

Even if the values obtained in this section are lower compared to the previously
described electret prototypes, they represent a proof of concept of the piezoelectric-
electrostatic conversion principle with a complete in-one structure (namely the two
electroactive materials are deposited onto one structure and not on two different host

structures).

Further improvements of these quantities are possible and different factors can
contribute to increase the energy output of the device, as described in the next

paragraph.
5.2.8 Performance optimization

Evaluations on the devices performance optimization was performed though the
implementation of the equivalent circuit of the system (Figure 5. 23b) on LTSPICE
software, as previously described in 5.1.5. Three parameters have been considered with
this aim: the influence of the number of dielectric layers forming the DEG, the
polarization voltage (piezoelectric voltage output) on the DEG and the working
frequency of the device. In the last two cases, the maximal voltage output of the

piezoelectric materials was verified though experimental tests.
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- Effect of the dielectric layers stack

The first simple solution to increase the performance of the presented prototypes is to
employ a stack of N dielectric layers as DEG. This solution, frequently employed in the
literature [5.12], [5.14], can allow us to increase the equivalent capacitance of the DEG.
Results of voltages through the storage capacitor obtained for the two prototypes are

shown in Figure 5. 26.
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Figure 5. 26: Voltage though the storage capacitor for stack configurations with different number of
dielectric layers (N)

One can note that the increase of the dielectric layers numbers (N) decreases the
storage capacitor charging time. A difference of ~25 seconds is registered among the
single-stack structure and the one made of the stack of 10 dielectric layers. This is due
to the resulting lower difference between the DEG capacitance and the storage one,
which leads to a higher energy transferred to Cs during the discharge phase of the
energy cycle. In fact, for each deformation cycle, the height of each step in the storage

capacitance voltage is higher with increasing number of DE layers.
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-Effect of the polarization voltage

DEG polarization voltage increase leads to higher device scavenged energy (see 5.1.1).
In order to evaluate this possibility, different polarization voltages were considered for
the DEG device. For the PZT-based prototype, voltages values equal to 100V and 125V
were compared. Indeed, we experimentally verified that these values were reachable
through higher impact mass volumes and for higher mechanical deformations
accelerations. In case of PVDF-based prototype, instead, due to the lower encumbrance
and softness of this piezoelectric material, higher polarization voltages were reachable
by stacking different PVDF on the structure. Through the stack of 4 PVDF layers,
voltages output up to 4-times the single layer can be obtained. The integration and
synchronization between each PVDF layer is in fact easy to obtain for the conceived
geometry. Figure 5. 27 shows the simulation results obtained on the voltage stored

through Cs for the two prototypes.
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Figure 5. 27: Voltage through the storage capacitor for different piezoelectric voltage output
polarization

As expected, higher polarization voltages lead to higher stored energy. The theoretical
AZ-proportionally between input and output DEG voltages was verified for both
prototypes. Maximal stored energies of 58 uJ and 9.2 ud can be respectively obtained
for the PZT and PVDF-based devices with this technique.
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- Effect of the working frequency

Another parameter considered in this study was the working frequency of the device.
In fact, so far, a mechanical deformation of 1Hz (correspondent to the walking
frequency) was employed. Nevertheless, higher frequency (close to 2 Hz) can be
registered on human body movements while running. The influence of the working

frequency on the charging time of the storage capacitor is shown on Figure 5. 28.
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Figure 5. 28: Influence of the working frequency on the voltage through the storage capacitor

In this case, while the energy transferred for each cycle is the same in the two tested
conditions (as seen from the same step height in the voltage curves) the maximal stored
energy is reached ~20 seconds before for the higher frequency case. This is associated
to the higher power output obtained from the piezoelectric materials in our

configuration when working at 2 Hz frequency.

Conclusion

In this chapter, two different solutions for DEG-based device polarization have been

proposed. In the first one, the DEG is coupled with an electret material, while in the
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second one piezoelectric elements are employed as polarization source. Results are

summarized in Table 5.6.

Polarization | Polarization Total .
] ) ) Energy density
material voltage dimensions
Prototype 1 Electret 190 V L5xW5xH1.2 cm3 0.14 md.g!
Prototype 2 PZT 85V L5XW5xH1.2 cm3 16.1 pd.g-1
Prototype 2 PVDF 15V L8xXW3xH1 cm3 0.6 pud.gt

Table 5.6: Results obtained for the second operating mode energy harvesting devices

In the first case we showed that an energy output of 84 pJ can be obtained after 20
seconds on a 1-nF storage capacitor when polarized with an electret material charged

at —1000 V.

For piezoelectric polarization, the conception and experimental testing of two different
prototypes was performed. The first one is made of a trapezoidal shape coupling DEG
with a ceramic PZT: this structure, under 1Hz mechanical deformation (typical of
human body) can develop a maximal polarization voltage of 85 V, resulting in a total
energy scavenged of 17.13 ud. The second one, employing PVDF as active materials, is
lighter and more embeddable compared to the first one, but its performance are lower:
a maximal polarization voltage of 15V, corresponding to a total 0.45 pd scavenged

energy was obtained.

Even if these values are lower compared to the electret-based solution, we showed that
the employment of DE layers stack, increase of piezoelectric voltage output and
increase of the device working frequency can improve the performance of these
harvesters. This new proposed solution is in fact interesting for further development.
Contrary to electrets materials, piezoelectric materials are less influenced by external
environmental conditions and can thus be considered as a promising alternative for

DEG based hybrid devices, especially for wearable applications.
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Conclusions and perspectives

The work carried out during this PhD project aims to fabricate soft wearable energy
harvesting devices to scavenge the kinetic energy at human knee level to supply low-

power consumption sensors.

In this context, we fulfilled the following principal objectives:

1. Study and characterization of conformant polymeric electret materials employed
as polarization source for electrostatic energy harvesting devices with
evaluation of their performance in harsh environments, targeting wearable
applications.

2. Optimization of the performance of the first generation of hybrid devices
developed by our research group based on the coupling between dielectric
elastomers and electret materials.

3. Conception and realization of new hybrid solutions and designs of dielectric

elastomers generators devices.

To fulfill these objectives, we have first reviewed the most employed technologies
in the literature for kinetic energy harvesting applications. From the comparison of
these technologies, we have concluded that dielectric elastomers generators present
the most suitable characteristics for satisfying the requirement of our applications,
namely high-energy density, low working frequency (1 to 2Hz, typical of human
movements), low-weight and softness. Nevertheless, further studies need to be
performed to overcome the principal drawback of these structures, namely the need of
an external polarization source to perform the energetic cycle. To overcome this
limitation without introducing in the system additional electronics or bulky systems,
we have identified that hybrid devices made by the coupling with piezoelectric or
electret materials may respond to the need of external polarization elimination in
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DEGs. An extensive state-of-the-art research on these two technologies was thus
performed, especially by focusing on the examples of wearable applications found in

the literature.

Starting from these considerations, the first part of the work was focused on
electret materials, whose stability along the time was shown to be the most important
parameter for electret-based devices performance. Highly conformant electret
materials with long-term charge stability were envisaged for our applications. The
chemical structure and properties of poly(p-xylylene) polymers (i.e. Parylenes) seemed
adapted to reach these objectives. Three variants of Parylene materials (C, AF-4 and
VT-4) were thus fabricated and tested through long-term surface potential monitoring
of corona discharge electrets. In fact, while in the literature Parylene C is widely
employed among other commonly used electrets (i.e. Teflon families or CYTOP),
fluorinated Parylenes AF-4 and VT-4 are less or no used as electret materials.
Nevertheless, the presence of fluorinated atoms in their chain was expected to
guarantee a longer lifetime than the C variant. The results obtained from the
measurements made on different samples thicknesses and with different charging
parameters confirmed our hypothesis: charge densities equal 1.7 mC.m2 and 1.8
mC.m-2 were respectively found after 100 days for AF-4 and VT-4 polymers, which are
comparable with the best result found in the literature on corona discharge polymer
electrets. Beneath, we showed that Parylene AF-4 presents good stability both for
positive and negative charge over long time (300 days), making it advantageous over
other reviewed materials. Both fluorinated polymers present good stability in harsh
environments (temperatures up to 80°C and relative humidity reaching 60%),

indicating their suitability for wearable applications.

The second part of the work was focused on the development of hybrid energy

scavengers coupling electroactive materials.
An optimization study was carried out to increase the performance obtained on the

first generation of hybrid DE-electret devices. These structures can scavenge energy
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through the principle of charge recombination between the electrodes of a variable
capacitor. We showed that substituting 50-um-thick Teflon FEP (employed in the first
proof of concepts) with 9- um-thick Parylene AF-4 can enhance the device output power
of 40%, while shape optimization leads to 49% performance increase, confirmed by the
tests realized on experimental prototypes. Possible solutions for more embeddable
structures designs were proposed, the optimal one resulting in an initial air gap of 4

mm and a scavenged energy density of 2.2 md.gr-1.

Other operating modes for electrostatic transducers were also investigated, through
the conception of innovative hybrid devices solutions working as autonomous DEGs.
Electrets materials were first tested in this new coupling concept, showing that their
permanent electric polarization can be employed for HV source replacement. While in
the first operating mode the device works under electret charge recombination
following capacitance variation, in this case the electret material is employed for DEG
polarization. We correlated the obtained polarization voltages on the DEGs to the
geometrical parameters of the device through FEM simulations and experimental
measurements, experimentally showing polarization values of 200 V on the DEG
electrode. This high polarization voltage can allow scavenging over the complete
energy harvesting cycle, a stored energy equal to 84 pd in 20 seconds, through a simple

rectifier circuit.

New hybrid structures were also realized coupling DEGs with piezoelectric materials.
Specifically, we presented two different devices allowing the synchronization between
the maximal piezoelectric material output and the maximal DEG capacitance. The first
one 1s based on the solicitation of a piezoelectric ceramic under impact mode, while the
second one operates under longitudinal solicitation of a PVDF material. The two
structures, aimed as proof-of-concepts of this innovative hybrid solution, showed the
feasibility of this new polarization source. The first structure can scavenge a total
energy of 17.13 pd over 10 seconds under 1 Hz-mechanical stretching, while the one
made of PVDF, even if lighter and less encumbering, presented lower performance
(0.45ud over 12 seconds). The energy values experimentally obtained from these
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prototypes are lower than in case of electret polarization. Nevertheless, this new
solution may represent a promising alternative to electret materials, as the
polarization given by piezoelectric materials derives from their internal structure and
1s thus not sensitive to discharge upon contact or external environmental conditions
(in the range considered by our applications). Indeed, through simulations, we showed
that several parameters can improve the global performance of the structure, namely,
the number of elastomers layers, the working frequency, and the piezoelectric output
voltage. The latter can be obtained through stacking structures, or through scavenger

geometrical parameters optimization.

From a global point of view, one more stepping stone has been posed towards the
development of wearable energy harvesting devices. In fact, even if the energy obtained
with our prototypes are lower compared to classical DEGs, our solution is completely
embeddable. It requires few electronics components and no external polarization

source 1s needed, thanks to the coupling between electroactive materials.

Based on these promising results, new perspectives for the development of this work

can be envisaged:

1. Dielectric elastomer and electrodes improvement

Improvement of the elastomeric membrane employed as active material in this
work can be envisaged to increase the device performance. Specifically, on the
bibliographic review (chapter 2) we have found that composite materials
embedding fillers in the polymeric matrix can enhance the dielectric constant
of the material. When overcoming the main issue associated with this technique
(increase of the losses and decrease of the breakdown field), this can lead to an
increase in the energy output scavenged by our devices. Incorporation of these
high-performance composite elastomers in our scavengers is thus envisaged in
future works.

Moreover, our experiments indicate that the lower conductivity of carbon grease

electrodes limits the maximal polarization that can be obtained with our
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structures in DEG mode. The employment of more performant electrodes could

thus boost the performance of our devices.

2. Development of an embedded structure

The optimization study performed on the first operating mode has led to the
fabrication of a second generation of more performant prototype. New more
embeddable structures have been designed and simulation results underline
energy scavenging boost up to 3 times. Further studies could consist in the
realization and testing of an operational prototype to experimentally verify
these possible higher values. Moreover, the integration of the proposed
structures on a wearable band to test its performance on a real application is

envisaged, towards the supply of a low-power consumption sensor.

3. Improvement of the hybrid DEG-piezoelectric structure

Two proof-of-concept structures coupling DEGs with piezoelectric materials
were experimentally realized, demonstrating the feasibility of this new working
mode for autonomous devices. As showed in numerical simulations, different
parameters can be varied to increase the performance of the structure. In the
optic of these results, experimental realization of optimized structures is
envisaged to further push ahead the comparison between the two presented

DEGs polarization sources in this work: piezoelectric vs electret materials.
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Résume

Ce manuscrit présente mes travaux de these sur le développement de dispositifs de
récupération d'énergie cinétique a partir de mouvements du corps humain pour
produire de I’électricité. Cette solution est une alternative prometteuse pour
I'alimentation de dispositifs a faible consommation d'énergie. Les textiles électroniques
pour la surveillance médicale déportée ou les implants biomédicaux sont quelques-
unes des applications possibles pour lesquelles un systéme d'auto-alimentation serait

bénéfique.

Dans ce contexte, en 2013, un premier prototype de récupérateur d’énergie souple a été
développé par notre groupe de recherche a travers une collaboration entre les
laboratoires LaMCoS et G2Elab. Ce générateur électrostatique est basé sur la
technologie des générateurs a élastomeres diélectriques (Dielectric Elastomer
Generators DEGs), qui fonctionnent sur la déformation mécanique d'une couche fine
de matériau diélectrique (acrylique ou silicone) entre deux électrodes déformables et

un matériau électret (i.e. isolant constituant un réservoir de charges stockées).

Les objectifs de ce travail de these se sont focalisés sur l'optimisation du premier
prototype pour réaliser un dispositif de deuxieme génération plus performant, moins
encombrant et avec une durée de vie plus longue. De nouvelles alternatives de
récupérateurs hybrides basées sur d’autres principes de fonctionnement mais aussi
diverses associations de matériaux actifs ont aussi été proposées et ont constitué une

autre partie importante de ce travail de these.

Le manuscrit a été organisé en cinq chapitres. Le premier chapitre introductif vise a
donner une vue d'ensemble du principe de fonctionnement et des principales

technologies de récupération de I'énergie ambiante afin d’aider le lecteur a comprendre
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les motivations du choix technologique adopté dans le présent travail pour récupérer

I'énergie cinétique humaine au niveau du genou.

Dans le deuxieme chapitre, un état de l'art sur les générateurs piézoélectriques et
électrostatiques est présenté. Ce chapitre décrit le principe de fonctionnement et les
équations régissant ces technologies, les performances et les conditions de travail
optimales pour ces systéemes. Des exemples issus de la littérature ont été décrits avec
des applications centrées sur la récupération de 1'énergie cinétique humaine. A partir

de cet apercu, des choix technologiques se sont dégagés pour développer nos DEGs.

Le troisieme chapitre est consacré a la caractérisation de différentes variantes de
Paryléne en tant que matériau électret pour des applications de récupération d'énergie.
Le principe physique des matériaux électrets et les techniques expérimentales utilisées
dans ce travail pour la caractérisation des électrets sont présentés. Ensuite, les
résultats obtenus sur l'applicabilité des différentes variantes de Paryléene pour nos
applications sont décrits pour diverses conditions de tests prenant en compte des

parameétres environnementaux.

Dans le quatriéeme chapitre, le premier dispositif de récupérateur d’énergie est exposé
en se focalisant principalement sur l'optimisation du design, l'influence des matériaux
utilisés sur les performances des structures et la réduction de la taille. Les résultats
obtenus sur la réalisation expérimentale d'un prototype opérationnel sont fournis et

différentes solutions pour le circuit de gestion d'énergie sont considérées.

Le dernier chapitre présente le deuxieéme mode opérationnel de récupération d’énergie,
employant des élastomeres diélectriques comme transducteurs actifs pour la
conversion d'énergie. Deux solutions de polarisation couplant des générateurs a
élastomeres diélectriques avec des matériaux actifs (électret et piézoélectrique) sont
proposées, en se concentrant sur la réalisation expérimentale et les performances du
dispositif. Les résultats obtenus sur trois prototypes opérationnels sont décrits. Des
pistes d’amélioration de leurs performances sont finalement discutées ouvrant de

nouvelles perspectives pour de futurs travaux.
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Un bilan global cloture enfin cette thése, avec un résumé des points les plus pertinents
de ce travail. Des perspectives basées sur des dispositifs hybrides sont proposées dans

le but de disposer d'une structure complete finale incorporable sur le corps humain.

Chapitre 1 : Objectif et contexte

Le terme récupération d'énergie désigne le processus consistant a convertir 1'énergie
environnementale ambiante en énergie électrique pour un faible niveau de puissance
(<1W). Pour un niveau de puissance électrique plus élevé, le terme « production
d’énergie » désigne généralement des structures bien connues telles que les éoliennes
ou les panneaux photovoltaiques. Durant ces derniéres années, des récupérateurs
d'énergie a petite échelle ont été développés pour l'alimentation des dispositifs
électroniques embarqués a faible consommation d'énergie, avec 'objectif de remplacer
les batteries dans des systemes de capteurs. Grace aux développements de systémes
électroniques a ultra-basse consommation, la consommation d'énergie et la taille des
dispositifs et composants électroniques ont considérablement diminué. Les niveaux de
consommation d'énergie des dispositifs a petite échelle sont généralement compris
entre quelques microwatts pour les capteurs et les actionneurs des systémes
microélectromécaniques (MEMS), jusqu’a quelques centaines de milliwatts pour les
lecteurs GPS (Global Positioning System) et MP3. L'une des technologies les plus
matures et les plus développées pour la transduction d'énergie concerne les cellules
photovoltaiques, qui convertissent la lumiere en énergie électrique. Les générateurs
thermiques sont eux utilisés pour produire de 1'électricité a partir d'un gradient de
température en exploitant l'effet Seebeck. Néanmoins, lorsqu'il n'y a pas de gradients
de lumiére ou de température dans I'environnement, d'autres sources d'énergie doivent
étre envisagées. Parmi celles-ci, les sources d'énergie mécanique représentent I'une des
sources les plus prometteuses, en particulier a petite échelle, en raison de leur
omniprésence, leur densité énergétique élevée et leur polyvalence. Diverses sources
d'énergie mécanique (vibration, pression ou déformation) peuvent étre trouvées dans

I'environnement quotidien, comme les phénomenes naturels (vent, vagues,
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mouvements sismiques ...), les machines et équipements industriels, les appareils
électroménagers (ventilateurs, frigos ...) et les véhicules (voitures, avions, trains...). De
plus, les mouvements humains peuvent étre utilisés comme source d'énergie cinétique

de haute amplitude / basse fréquence, comme présenté dans ce travail de these.

Les niveaux d’énergie produite dans les différentes parties du corps humain ont été
discutés dans le §1.3 et les principales stratégies de récupération d'énergie pour
dispositifs embarqués (électromagnétiques, piézoélectriques et électrostatiques) ont
été énumérées. La comparaison entre les différentes technologies a été faite pour
permettre au lecteur de comprendre l'emplacement et le choix technologique des

dispositifs de récupération d'énergie développés dans ce travail.

Considérant la déformation résultante induite par le mouvement des jambes, les
fréquences normales de marche / course (1-3 Hz) et I'encombrement maximal du
systeme (surface de 10 X 5 cm?2, faible épaisseur), les convertisseurs électrostatiques
basés sur les élastomeres diélectriques (DE pour Dielectric Elastomer) ont été
sélectionnés comme technologie pour la récupération d’énergie dans ce travail. En effet,
par rapport aux matériaux piézoélectriques, les DE peuvent supporter un haut niveau
de déformations, développer une densité énergétique élevée et sont des matériaux tres
souples, intéressant pour les capteurs embarqués (masse additionnelle modérée, haute
conformabilité et pas de géne pour l'utilisateur). Le principal inconvénient de la
technologie DE étant la source de polarisation externe, des structures hybrides
garantissant le remplacement de cette tension extérieure doivent étre congues. Les
solutions proposées dans ce travail consistent a coupler des DEG avec des matériaux

électret et des matériaux piézoélectriques.
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Chapitre 2 : Etat de ’art: technologies piézoélectriques et

électrostatiques

L'objectif de ce chapitre est de passer en revue les deux technologies utilisées dans ce
travail pour la conception et le développement des dispositifs de récupération d'énergie,

a savoir les dispositifs piézoélectriques et électrostatiques.

Pour ces deux technologies, les principes de base et les équations décrivant les modes
de fonctionnement sont reportés et les matériaux utilisés pour la fabrication des

dispositifs sont décrits.

La piézo-électricité provient de matériaux présentant une forte asymétrie cristalline.
Au repos, le systeme est a 1'équilibre électrique mais, lorsqu'une sollicitation
mécanique est appliquée, les charges sont décalées par rapport a leur barycentre. En
conséquence, un dipole électrique est formé dans la cellule unitaire du cristal. La
somme des dipoles individuels conduit a une polarisation qui induit un potentiel
électrique sur des faces d'électrodes opposées (effet piézoélectrique direct).
Inversement, l'application d'un champ électrique a travers le matériau induit une
modification de la structure mécanique (effet piézoélectrique inverse). Le principe de
base et les équations de l'effet piézoélectrique ont été décrits ainsi que les différents
modes de fonctionnement. Parmi les différents matériaux piézoélectriques, l'attention
s'est particulierement portée sur deux catégories : les céramiques et les matériaux
polymeres. Les performances du titanate de zirconate de plomb (PZT) et du fluorure de
polyvinylidene (PVDF) ont été discutées car ces matériaux piézoélectriques ont été
incorporés dans nos dispositifs. Les coefficients de déformation et les coefficients
électromécaniques des matériaux céramiques sont significativement plus élevés que
ceux du PVDF, ce qui entraine des tensions de sortie plus élevées. Néanmoins, en
raison de leur rigidité et de leur grande fragilité, les matériaux PVDF sont préférés

pour les applications a haute conformabilité et a faible impédance mécanique.
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Le §2.2 décrit les générateurs électrostatiques, qui sont des condensateurs électriques
variables, dont la valeur est modifiée par l'application d'un déplacement mécanique
externe. Apres avoir décrit les équations et les modes de fonctionnement de ces
générateurs, nous décrivons deux technologies de transducteurs électrostatiques : les
récupérateurs a énergie vibratoire (VEH) et les générateurs a élastomeéres

diélectriques (DEGs).

Le premier groupe consiste en deux plaques électriquement isolées dont la position
varie soit dans la direction principale de leur plan, soit dans la direction normale. La
plupart des dispositifs électrostatiques VEH développés dans la littérature sont a
I'échelle centimétrique et fonctionnent sous des fréquences de résonance comprises
entre 2 Hz et 2 kHz, lorsqu'une accélération externe comprise entre 0,25 g et 14,2 g est

appliquée aux systéemes.

Les générateurs a élastomeres diélectriques (DEG) sont des dispositifs électrostatiques
souples constitués d'une membrane élastomere déformable prise en sandwich entre
deux électrodes modelables. Les principaux avantages de ces systémes résident dans
leur faible cott, leur facilité de fabrication, leur résistance aux contraintes élevées
(dépassement de 100% de la longueur initiale), leur capacité a travailler dans une large
gamme de fréquences et leur forte densité énergétique. Cette technologie étant celle
développée dans ce travail, une description détaillée des principes de base, des
équations, des matériaux et des modes de fonctionnement des dispositifs existant a été
développée dans ce chapitre. Le dernier paragraphe décrit une solution employée dans
la littérature pour surmonter le besoin d'une source de polarisation externe pour
effectuer le cycle énergétique dans les dispositifs électrostatiques. A savoir,
I'intégration dans ces dispositifs d'une couche de matériau diélectrique avec des
charges électriques incorporées (électret) pour assurer la polarisation électrique
permanente du condensateur variable, éliminant le besoin d'une source de tension
externe. Le principe de fonctionnement et les principaux dispositifs a base d'électret
trouvés dans la littérature ont été reportés en y incluant un premier prototype
développé par notre groupe de recherche en 2013. Ce générateur hybride, adapté aux
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mouvements humains, couple les DEGs avec des matériaux électret et peut récupérer

jusqu’a 33uW a 1Hz.

Chapitre 3. Matériaux électrets

Ce chapitre est axé sur les matériaux électrets, dont la stabilité dans le temps constitue
un parametre fondamental pour la performance des dispositifs incorporant ces
matériaux. Des électrets hautement conformes avec une stabilité de charge a long
terme ont été envisagés pour nos applications. La structure chimique et les propriétés
des polymeres de type poly(p-xylyléne) (connus sous le nom de Paryléne) semblaient
adaptées pour atteindre ces objectifs. Nous avons ainsi mené des études sur trois

variantes de Paryléne (C, AF-4 et VT-4).

Tout d'abord, un apercu des principales définitions et principes physiques des
matériaux électret a été fourni pour aider le lecteur a bien appréhender les résultats.
Ensuite, les techniques de fabrication et les tests de caractérisation utilisés dans ce
travail sont décrits. Plus précisément, la méthode de dépot chimique en phase vapeur
(CVD) a été utilisée pour le dépot du Parylene. Alors que les échantillons de Paryléene
C ont été déposés en utilisant les installations de 1'Institut Néel au CNRS de Grenoble,
les variantes fluorées ont été déposées par la société Comelec SA basée en Suisse. Pour
former des électrets, ces films de Paryléne de quelques microns d’épaisseur ont été
soumis a une décharge corona. La stabilité des charges implantées a été enregistrée a
partir de mesures de décroissance de potentiel de surface (SPD) en utilisant une sonde
électrostatique sans contact couplé a un voltmetre spécifique (TREK 347). Nos
résultats ont été comparés avec les travaux de la littérature concernant les électrets a
base notamment de téflon et considérés comme étant parmi les plus performants (mais
non utilisables pour nos dispositifs car non conformant). En fait, alors que dans la
littérature le Parylene C est employé parmi d'autres électrets couramment utilisés

(familles des Téflon ou CYTOP), les Parylenes fluorés AF-4 et VT-4 sont plus exotiques

190
Clara Lagomarsini — PhD thesis



et leur utilisation en tant qu’électret est discrete et apparait ainsi comme une

originalité dans ce travail de these.

L’intérét de Parylenes fluorés réside dans la présence d'atomes fluorés dans leur chaine
garantissant une durée de vie plus longue que celle de la variante C (qui de plus est
polaire). Les résultats obtenus a partir des mesures effectuées sur différentes
épaisseurs d'échantillons et avec différents parametres de charge ont confirmé cette
hypothese : des densités de charge de I'ordre de 1.8 mC.m2 pour les polymeres AF-4 et
VT-4ont été trouvées cent jours apres la décourage corona. Ces résultats sont
comparables au meilleur résultat trouvé dans la littérature sur les électrets chargés
par décharge corona. Par ailleurs, nous avons montré que le Parylene AF-4 présente
une bonne stabilité a la fois pour les charges positives et négatives sur une longue
période (300 jours), ce qui le rend attractif. Des mesures de décharge thermiquement
stimulée (Thermally Stimulated Discharge : TSD) ont complété ces mesures et en
particulier une meilleure stabilité des échantillons de Parylene AF-4 de 9 pm
d'épaisseur par rapport aux échantillons plus minces. Enfin dans le contexte de ces
travaux, les deux polymeres fluorés présentent une bonne stabilité dans des
environnements hostiles (températures allant jusqu'a 80°C et humidité relative
atteignant 60%), ce qui les rend aptes aux applications embarquées sur le corps
humain. Le Parylene AF-4 a montré une stabilité en température allant jusqu'a 100°C
pour toutes les épaisseurs testées et une rétention de charge plus élevée que le

Parylene VT-4 lorsqu'il était maintenu pendant 24 heures a 80 °C.

En conclusion, le Paryléene AF-4 de 9 pm d’épaisseur est ressorti comme étant 1'électret
le plus approprié pour le développement de dispositifs de récupération d'énergie

électrostatiques a base d’électrets.
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Chapitre 4. Dispositifs de récupération d’énergie a base

d’électrets

Ce chapitre commence par la description du principe de fonctionnement et la
performance du premier dispositif de récupération d'énergie hybride précédemment
développé par notre équipe. Ce dernier était constitué d'un support triangulaire
texturé constitué de trois motifs et capable de récupérer une énergie théorique de 85
PW et expérimentale de 33 pW lorsqu'une déformation active de 50% a 1 Hz était

appliquée au dispositif.

Ici, nous avons analysé a la fois I'influence de la performance des matériaux électrets
étudiés dans le chapitre 3 et la géométrie des récupérateurs, avec pour but
I'augmentation de la puissance de sortie du dispositif et la réduction de I'encombrement
total de la structure. Nous avons montré a travers des simulations que le
remplacement du Teflon FEP de 50 pm (utilisé dans le prototype disponible avant le
démarrage de cette these) par du Parylene AF-4 de 9 pm d'épaisseur permettait
d’augmenter la puissance de sortie du dispositif de 40%, tandis que l'optimisation de
la géométrie permettait de gagner pratiquement 50%. Ces résultats ont ensuite été
confirmés par des tests réalisés sur des prototypes expérimentaux. De plus, les
premiers résultats de la durée de vie du dispositif ont été présentés, montrant que le
potentiel de surface du matériau électret était stable pendant au moins 1000 cycles de

déformation (tests stoppés ensuite par manque de temps).

Des solutions possibles pour la conception de structures plus intégrables ont également
été proposées (§4.3.4) la solution optimale se traduisant par un entrefer initial de 4

mm et une densité d'énergie récupérée de 2,2 md.gr1.

Pour finir, des solutions ont été suggérés pour la réalisation du circuit de gestion
d’énergie : un circuit simple de redressement a 4 diodes, un circuit commercialisé

LTC3588-1 par Linear Technology et un circuit de gestion d'énergie non linéaire basé
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sur la technologie d'extraction synchrone de charge électrique (SECE) en topologie

flyback.

Chapitre 5. Dispositifs de récupération d’énergie a base de
DEGs

Dans ce chapitre, d'autres modes de fonctionnement de générateurs électrostatiques
ont été étudiés, a travers la conception de solutions innovantes de dispositifs hybrides

fonctionnant comme des DEG autonomes.

Les matériaux a électrets ont d'abord été testés dans ce nouveau concept de
fonctionnement, montrant que leur polarisation électrique permanente peut étre
utilisée pour le remplacement de la source haute-tension dans les DEGs. Alors que
dans le premier mode de fonctionnement (chapitre 4), le dispositif fonctionne sous la
recombinaison de charges d’électret suivant la variation de capacité, dans le cas
présent le matériau électret est utilisé pour la polarisation du DEG. Les tensions de
polarisation obtenues sur les DEG ont été corrélés aux parametres géométriques du
dispositif par des simulations FEM et par des mesures expérimentales, montrant
expérimentalement des valeurs de polarisation de 200 V sur 1'électrode du DEG. Cette
tension de polarisation élevée permet de stocker, sur tout le cycle de récupération
d'énergie, une énergie égale a 84 pJd en 20 secondes, a travers un simple circuit

redresseur.

De nouvelles structures hybrides ont également été réalisées en couplant des DEG avec
des matériaux piézoélectriques. Plus précisément, nous avons présenté deux dispositifs
différents permettant la synchronisation entre la sortie en tension maximale du
matériau piézoélectrique et la capacité maximale du DEG. Le premier prototype est
basé sur la sollicitation d'une céramique piézoélectrique (PZT) en mode choc, tandis
que le second fonctionne sous sollicitation longitudinale d'un matériau PVDF. Ces deux
structures, ayant pour vocation de valider le concept de cette solution hybride

mnovante, ont démontré leur faisabilité comme nouvelle source de polarisation. La
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premiere structure peut récupérer une énergie totale de 17 pJd en 10 secondes sous un
étirement mécanique a 1 Hz, alors que celle en PVDF, méme si elle est plus 1égere et
moins encombrante, présente une performance inférieure (3,8 pJ en 12 secondes). Les
valeurs d'énergie obtenues expérimentalement a partir de ces prototypes sont plus
faibles qu'en cas de polarisation d'électret. Néanmoins, cette nouvelle solution peut
représenter une alternative prometteuse aux matériaux électret, car la polarisation
donnée par les matériaux piézoélectriques dérive de leur structure interne et n'est donc
pas sensible a la décharge, aux contacts ou aux conditions environnementales externes
(dans la gamme considérée par nos applications). Enfin, grace a des simulations, nous
avons montré que plusieurs parametres permettent d’améliorer la performance globale
de la structure, a savoir le nombre de couches d'élastomeres, la fréquence de travail et

la tension de sortie piézoélectrique.

Pour conclure sur 'ensemble de ce travail de thése, nous avons proposé une structure
optimisée de DEG a partir d’électrets originaux a base de Parylénes fluorés ainsi que
de nouvelles structures alliant des céramiques et des élastomeres. Méme si 1'énergie
obtenue avec nos prototypes est inférieure a celle des DEG classiques, notre solution
est completement autonome et intégrable et ouvre de nouvelles voies prospectives.
Notre approche est d’autant plus attractive qu’elle nécessite peu de composants
électroniques et aucune source de polarisation externe n'est nécessaire, grace au

couplage entre matériaux électroactifs.

Sur la base de ces résultats prometteurs, de nouvelles perspectives peuvent étre
envisagées comme l'optimisation des matériaux élastomeres diélectriques et des
électrodes utilisées dans ce travail. La réalisation de structures plus complexes, dont
les briques ont été énoncées lors de simulations dans ce travail, permettront

d’atteindre des énergies produites comparables aux DEG conventionnels.
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APPENDIX A

APPENDIX A
CHEMICAL VAPOR DEPOSITION (CVD)

Chemical vapor deposition is a material-processing technology allowing depositing
high quality and purity film on substrates. There are several types of CVD processes,
from low pressure to atmospheric pressure to plasma enhanced deposition. In this
work, low-pressure CVD was employed to deposit Parylene-C materials to metallic
substrates to test their suitability for electrets in energy harvesting applications. CVD

process can be divided in the following principal phases:
1- SUBLIMATION

This phase, which is carried out at a temperature ranging between 100 to 170°C at
a pressure of 1 Torr, allows the sublimation of the initial dimer (dichloro-di-para-
xylylene), which is transformed in the gaseous phase. This is possible thanks to the
combined action of vacuum and temperature and it is strictly dependent on the

vapor pressure, the mass of the dimer and the substrate temperature.
2- PYROLYSIS

The gaseous molecules obtained from the sublimation process is then pulled, under
vacuum, into the pyrolysis furnace, which presents a temperature ranging between
640°C and 690°C and a pressure of 0.5 Torr. The gaseous dimer is thus split into
gaseous monomer (mono-chloro-p-xylylene) thanks to the thermal cleavage of

methylene-methylene bonds.
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3- POLYMERIZATION

The monomer gas is then drawn by vacuum into the deposition chamber, which was
maintained in this work at ambient temperature. During this last phase (which
occurs close to 1 Torr pressure), the gaseous monomers deriving from the pyrolysis
process are deposed on the metal substrate. To enhance the adhesion of the
monomers onto the substrates, we employed in this work the adhesion promoter

silane A174 in liquid phase.

Excess non-polymerized gas is removed by a cold trap, standing in the side of the

deposition chamber, presenting a temperature lower than —70°C.

The different phases are summarized in Figure A.1:

Cl Cl

cl
(o o ey
Hzc—QCHz HZC@CHz poly-(p-xylylene)

p-xylylene

Sublimation Pyrolysis Vacuum

pump

Cold trap

Polymerization

Figure A.1: Different phases of the CVD process

The deposition total duration and the film thickness are controlled by the initial mass
of the dimer and by the sublimation temperature. Higher dimer mass leads to higher
film thicknesses and thus lengthens the deposition time. Higher sublimation

temperatures increase the sublimation speed and thus shorten the deposition
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duration. Nevertheless, when the sublimation speed is higher, higher percentages of
molecules evacuate to the cold trap (and thus not polymerize on the substrate, reducing

the film thickness), due to their higher kinetic energy.

Effect of dimer mass and sublimation temperature on the deposition are shown in

Figure A.2, from [1.A]
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Figure A.2: Effect of the dimer mass on the Parylene C (PPX C) film thickness, compared to the basic
variant Parylene N (PPX N) (a) and influence of sublimation temperature on the deposition time (b)
(modified from [A.1])

Fluorinated polymers are deposited through the same process, but with different
deposition conditions. In this work, the CVD parameters for VT-4 and AF-4 are not
reported as these samples were deposited by Comelec Sa. On figure A.3, the chemical
transformations in the different phases of the process form Parylene VT-4 and AF-4

are given.

REF 1.A : Abdel Kahouli, ‘Etude des propriétés physico-chimiques et (di)-électriques du parylene C
en couche mince’, PhD thesis
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PYROLYSIS

POLYMERIZATION

SUBLIMATION
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H,C CH,
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Figure A.3: Fluorinated Parylenes chemical transformations during the different CVD phases
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SPD CURVES FITTING

The surface potential decay curves obtained from electret charging and surface

potential measuring (through TREK 347 electrostatic probe, see 3.1.6), were fitted

using the Curve Fitting tool in Matlab, to derive the decay parameters.

The function that better described the trend of the SPD curves was the double

exponential:

V(t) = ae ™ + a6

We will report in this section the fitted curves and fitting parameters of selected

fluorinated Parylene samples, whose results have been discussed in paragraph 3.2.2 of

this manuscript.
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Figure A.4: 6-um-thick Parylene AF-4 fitting curve (for Vs=—1000 V) and parameters

6-um thick Parylene AF-4
Vo [V]| a1 [V] | 74[d] | a2z [V] | 72 [d] | R-square
—1000| —-376.8 | 7.7 | —579.3| 460.8 0.98
—1500| -709.3 | 0.7 | -702.9| 220.1 0.93
—2000( -2175 | 0.2 | —-935.6| 191.0 0.96
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Figure A.5: 9-pm-thick Parylene AF-4 fitting curve (for Vs=—1000 V) and parameters
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Figure A.6: 9-um-thick Parylene VT-4 fitting curve (for Vs=—1000 V) and parameters

Clara Lagomarsini — PhD thesis

9-um thick Parylene AF4
Vo [V]| a1 [V] | 74[d] | a2 [V] | 72 [d] | R-square
—1000| -210.7 | 14.6 | =777.9| 833.4 0.99
—1500| —-354.7 | 4.7 | -854.2| 817.7 0.92
—2000| =795.7 | 4.2 | -935.6| 351.4 0.96
9-um thick Parylene VT-4
Vo [Vl| a1 [V] | 74[d]| az2[V] |72 [d] | R-square
—-1000| -73.3 | 85 | —879.6 | 744.6 0.95
—1500| —460.4 | 4.1 | —1008.0| 438.2 0.99
—-2000| —461.9 | 1.0 | -1060.0 | 322.8 0.94
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